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Doped graphene for metal-free catalysis
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Graphene has attracted increasing attention in different scientific fields including catalysis.

Xiang-Kai Kong,? Chang-Le Chen*® and Qian-Wang Chen*®©

Via

modification with foreign metal-free elements such as nitrogen, its unique electronic and spin structure

can be changed and these doped graphene sheets have been successfully employed in some catalytic

reactions recently, showing them to be promising catalysts for a wide range of reactions. In this review,
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we summarize the recent advancements of these new and interesting catalysts, with an emphasis on the
universal origin of their catalytic mechanisms. We are full of hope for future developments, such as

more precisely controlled doping methods, atom-scale surface characterization technology, generating
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1. Introduction

Catalysis is an important phenomenon ubiquitous in nature as
well as in artificial chemical transformations. It is not only one
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more active catalysts via doping, and finding wide applications in many different fields.

of the hottest topics in academic research, but also affects the
chemical industry and changes our lives much more pro-
foundly than we realize. Without molecular sieve catalysts for
the conversion of methanol to gasoline, mankind would be
confronted with a serious shortage of energy. The synthesis of
ammonia via heterogeneous catalysis using a K-promoted iron
oxide system has helped to resolve the food production pro-
blem. Supereminent activity and high selectivity are the pre-
requisite of catalysts, which can accelerate the chemical
reactions and save the undesired consumption of reactants.
In addition, good stability, convenience for recycling and low
toxicity are also desirable properties for various catalysts.
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Metallic nanoparticles are undoubtedly the most vibrant
catalysts due to their good performance in a series of para-
mount chemical reactions in modern chemistry. However, their
use on an industrial scale is restricted by limited reserves, high
cost and low stability. In the drive towards green and sustain-
able chemistry, carbon nanomaterials without metal elements
have been explored and studied extensively in catalysis."
Labeled as metal-free catalysts, carbon nanomaterials have
attracted more and more attention due to their fine perfor-
mance in some chemical reactions, such as oxygen reduction
reaction in fuel cells,>® oxidative dehydrogenation,”*" oxida-
tion of various alcohols and hydration of different alkynes,"?
reduction of nitrobenzene and oxidant of thiols and sul-
fides.™ It is generally accepted that carbon nanostructures
are mainly classified into three categories: (1) 2D graphene,
with completely flat sp> hybridizations, being of good conduc-
tivity and seminal catalytic function; (2) 1D carbon nanotubes
and nanofibers with high strength; and (3) 0D fullerene with
good semiconductor properties. The latter two allotropes are
constructed by curved sp® hybridizations, whose n orbitals
contain a certain amount of s electrons in addition to p
electrons. Here, this review will focus on graphene, which is
assembled by planar sp> hybrid carbon atoms with the s, p, and
p, atomic orbitals on each carbon atom forming three strong
bonds with the three surrounding atoms."?

Graphene, which is composed of one monolayer of carbon
atoms with a honeycomb structure, has attracted considerable
interest among the public because of its unique electronic,
optical, thermal, and mechanical properties. It is a zero band
gap semiconductor with the valence and conduction bands
touching at the Brillouin zone corners.'® High-quality graphene
can be prepared by various methods including micro mechan-
ical exfoliation, epitaxial growth and chemical vapor deposition
(CVD). However, the zero band gap property weakens its
catalytic activity and limits its broader applications.'”"'®
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Fortunately, the introduction of heteroatoms into graphene
presents the potential to tweak its electronic and electrochemi-
cal properties by changing the electronic density within the
graphene sheet.’® Accordingly, doping with foreign non-
metallic atoms has been demonstrated both experimentally
and theoretically as a successful method to tune graphene’s
electronic structure, increasing active sites and enhancing
catalytic activity significantly. However, much of the research
in this field is still in its infancy. Some groups have reviewed
the applications of graphene-based materials in catalysis, how-
ever the authors only lay emphasis on the graphene-metal/
metal oxide nanocomposite catalysts"'®?>*' and oxygen
reduction reactions.*?°>*

In this review, we will discuss the latest advances in the
catalytic chemistry of doped graphene, which has been con-
sidered as one of the most promising metal-free catalysts, with
the hope of increasing the awareness of this novel catalyst and
stimulating further exploration of its applications in more
reactions. The reports of different doped graphenes are intro-
duced according to the type of the doping element. Foreign O
element is usually attached to the respective materials in the
hydroxyl and carboxyl forms, not a doping format in a strict
sense. However, it is still a metal-free modification, similar to
the doping structure. Moreover, it is the origin of graphene-
related materials employed as metal-free catalysts in synthetic
applications'> and is often used as the precursor for other
heteroatom doping. Additionally, the oxygenated groups are
inevitable in graphene-based materials and cannot be comple-
tely removed during the reduction process, making its catalytic
properties very important in this discussion. In each element
doping section, the existing synthetic method will be intro-
duced briefly and readers can refer to previous reviews if
required to get more detailed preparation information.'*>"'®>*
Then, the progress of both experimental and theoretical inves-
tigations will be discussed. Finally, a brief summary and an
outlook on the future development of doped graphene in
catalysis will be presented.

2. Graphene-functionalized with
foreign elements

2.1. O-attached graphene (y = 3.44)

Oxygen heteroatoms are often unavoidable in graphene, espe-
cially when it is obtained from the classic Hummers method
owing to the employment of strong oxidizing agent. Even after
sufficient reduction, these attached oxygen functional groups
are inevitable and cannot be completely removed. Graphene
oxide (GO) is usually synthesized by exfoliation of graphite
oxide obtained by the oxidation of natural graphite powder
with various oxidants in acidic media'® (Hummers method). It
is frequently used as the precursor to prepare graphene and
could be regarded as a typical O-attached graphene. Although
the precise atomic and electronic structures of GO remain
largely unknown, as a simplified model, it can be depicted as
individual graphene sheets decorated with abundant oxygen

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 A new structure model of GO: (a) surface species and (b) folded
carbon skeleton. With permission from ref. 26, copyright 2006, American
Chemical Society.

functional groups on both the basal planes and edges.>® Based
on a series of detailed characterizations, Dekany’s group have
unraveled the chemical structure of GO and proposed a cred-
ible model, which has a corrugated carbon network including a
ribbonlike arrangement of flat carbon hexagons connected by
C=C double bonds (as seen in Fig. 1) and functional groups
such as tertiary hydroxyl, 1,3-ether, ketone, quinine and phe-
nol.***” In addition, it has now been confirmed that epoxy and
hydroxyl groups will reside on the GO basal surface, while
carboxyl groups tend to attach to the edges of the GO plane.>®*°

2.1.1. Catalytic oxidation reaction. Catalysis presents an
important role in facilitating synthetically useful transforma-
tions. Very recently, Bielawski and Dreyer reported that GO
could catalyze both the oxidation of alcohols and cis-stilbene,
and the hydration of various alkynes under relatively mild
conditions with excellent yields and desired selectivities."* This
is the first example of graphene-based materials as metal-free
catalysts in synthetic applications, opening up a new research
field. To confirm the catalytic role of GO in the oxidation
process, a series of control experiments were designed by the
authors, and it was indicated that GO would undergo partial
reduction during the catalytic conversion. The authors studied
the recyclability of the GO catalyst, and no influence was
observed on the activity of oxidation benzyl alcohol into ben-
zaldehyde under high initial loadings (> 50 wt%). However, the
recovered GO catalyst exhibited only approximately 5% conver-
sion at low catalyst loadings (<20 wt%). It was proposed that
the reduced GO was converted to GO during the catalytic
process under high catalyst loadings.

Bielawski and co-workers have made significant contribu-
tions to GO’s catalytic applications®® by using GO in a series of
other catalytic reactions, including the oxidation of sulfides
and thiols,"* C-H oxidation,®® Claisen-Schmidt condensa-
tion,** polymerization of various olefin monomers,** ring open-
ing polymerization of various cyclic lactones and lactams,** and
dehydration polymerization in the synthesis of carbon rein-
forced poly(phenylene methylene) composites.*®> Their contri-
butions inspired a great deal of interest among the public,

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Schematic illustration of colorimetric detection of glucose by using
glucose oxidase and GO-COOH catalyzed reactions. Reprinted from
ref. 36 with permission from Wiley.

inspiring many groups to explore GO’s catalytic performance in
more catalytic reactions.

Qu and co-workers have developed a colorimetric method
for glucose detection as illustrated in Fig. 2.>®* GO-COOH was
prepared by adding NaOH and chloroacetic acid into GO
solution to convert the -OH groups to -COOH via conjugation
of acetic acid moieties.?” Based on the catalytic performance of
GO-COOH samples in the reaction of 3,3,5,5-
tetramethylbenzidine oxidation in the presence of H,0,, GO-
COOH has been demonstrated to possess intrinsic peroxidase-
like activity to produce a blue color reaction following a ping-
pong mechanism, with a maximum reaction rate of (3.85 +
0.22) x 10~® M s~ . This method was simple, cheap and highly
selective, and was successfully employed for glucose detection
in buffer solution, diluted blood and fruit juice. These findings
facilitate GO’s utilization in medical diagnostics and
biotechnology.

Liu et al. have obtained GO foam via freeze drying, which
was found to serve both as a reactant affording reduced GO and
as a catalyst to convert SO, to SO5.*® Tan et al. reported the first
example of using GO to facilitate the synthesis of organic
compounds under visible light irradiation. GO was employed
as a cooperative catalyst to rose Bengal, contributing to the
photocatalytic oxidative C-H functionalization of tertiary
amines to generate imines,*® which have great value in the
synthesis of many industrially important materials and biolo-
gically active compounds. Cao et al. reported the first conve-
nient metal-free catalytic process for an efficient imine
synthesis from various amines under mild and neat conditions
with molecular oxygen as the terminal oxidant.*® Based on the
oxidative coupling of amines to imines, Su and co-workers have
probed the activity of GO and studied its catalytic mechanism.
Through the base and acid treatment of GO, it was found that
the carboxylic groups as well as the localized unpaired electrons
facilitated synergistic intermolecular arrangements, contribut-
ing to the enhanced catalytic activity of oxidative coupling of
various primary amines.?

In order to understand the experimental results, theoretical
simulations have also been employed to study the catalytic
transition states and the oxidation process of GO catalysts.
Bouklhvalov and co-workers have investigated the catalytic
properties of GO based on the oxidation model of benzyl
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Fig. 3 Optimized atomic structures for the (a) initial, (b) intermediate and
(c) final steps of benzyl alcohol oxidation over GO with the initial coverage
of epoxy and hydroxyl groups, in which 12.5% of the carbon atoms are on
the material's basal plane. The total energy costs of the reactions are
reported in eV. From ref. 41 with permission from Wiley.

alcohol to benzaldehyde.*" Based on density functional theory
(DFT) calculations, it was revealed that the reaction proceeded
via the transfer of hydrogen atoms from the organic molecule
to the GO surface. The GO model with 12.5% of the carbon
atoms covered by hydroxyl and epoxy groups has been estab-
lished initially (as seen in Fig. 3). As the benzyl alcohol
molecule moved close to the GO surface, one hydrogen atom
would transfer from PhCH,OH to an epoxy group of GO,
forming a diol on the GO sheet. The formation of dangling
bonds on PhCH,OH or on GO was found to be energetically
unfavorable, making this step endothermic. Then another
hydrogen atom of benzyl alcohol molecule would migrate to
one of the hydroxyl group on the GO surface, which resulted in
the formation of one equivalent of water, and this step was
exothermic. These simulated results have depicted detailed
images of GO’s catalytic process and were in agreement with
the above-mentioned experimental results of Bielawski and
Dreyer, where the radical groups were found to disappear after
catalytic courses.'?

2.1.2. Electrocatalysis. Electrocatalysis is one of the most
important catalytic areas and GO possesses excellent activity
toward many pivotal transformations. The electro-oxidation of
ascorbic acid, uric acid, dopamine and acetaminophen using
GO have been reported by Su’s group.*? They prepared the GO
modified electrode by employing in situ electrochemical oxida-
tion of graphite, as seen in Fig. 4. During the positive scans, the
van der Waals force between graphitic sheets could be wea-
kened owing to the oxidation process, and might be broken
with the aid of gas evolution, forming few-layer GO sheets.
Taking oxidation of ascorbic acid as an example here, the
obtained low oxidation potential and high oxidation current
demonstrated very good potential for electrochemical applica-
tions, which was explained by the increased surface area and
oxygen functional groups of GO compared to graphite. Based
on the high sensitivity and apparent peak separations for
different analysts, it was proposed that GO-modified electrodes
might find wide applications for biosensors and bioanalysis.
Apart from this, reduced GO sheet films were also prepared by
Li et al. as advanced electrode materials, and they have exhib-
ited fast electron-transfer kinetics and possessed excellent
electrocatalytic activity toward oxygen reduction.>**?

2.1.3. Photocatalysis. TiO, has been widely recognized as a
good photocatalyst due to its suitable energy gap. GO is proved
to be a semiconductor or an isolator while pristine graphene

4 | Chem. Soc. Rev, 2013, 00, 1-18
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Fig. 4 (a) Schematic of the exfoliation process (gray, red, white and blue

stand for carbon, oxygen, hydrogen and gas, respectively). (b) CV curves
obtained from 3.0 mM ascorbic acid in 0.1 M PBS (pH = 6.9) with a scan
rate of 20 mV s~ the dotted and solid lines stand for graphite and GO
electrodes, respectively. (c) Amperometric response of GO-modified
electrode held at 0.0 V for successive injection of ascorbic acid under
constant magnetic stirring. Inset: calibration plot of current vs. ascorbic
acid concentration. Adapted from ref. 42 with permission from Wiley.

has a zero band gap. Oxygenated components attached to the
pristine graphene surface are tightly related to its band struc-
ture and the induced band gap opens up possibilities for
photocatalytic applications. A GO semiconductor with an
apparent band gap of 3.3-4.3 eV for direct transition and 2.4-
3.0 eV for indirect transition was synthesized by Teng’s group.**
This band gap energy was sufficient to overcome the endother-
mic energy required for the water splitting reaction (1.23 eV).
With the irradiation of both UV and visible light, abundant and
continuous hydrogen evolution was obtained for reactions
conducted in a 20 vol% aqueous methanol solution. The
schematic corresponding energy-levels are displayed in Fig. 5.
No noticeable degradation of GO was observed, demonstrating
its high catalytic performance. Methanol was considered as a
sacrificial hole scavenger, which could catch the photo-
generated holes in the valence band of GO, avoiding elec-
tron-hole recombination.

In addition, Chen et al. reported an efficient photocatalytic
conversion of CO, to methanol using GO as a catalyst,*® and its
schematic illustration is shown in Fig. 6. H;PO, was used to
react with hydroxyl groups forming esters, which could prevent
the GO basal plane from further oxidation. GO with band gap in
the range of 3.2-4.4 eV was obtained, which was sufficient to
overcome the endothermic characteristics of the CO, reduction
under solar energy excitation. The O containing chemical
groups would stretch the band gap energy and help the
electrons excite from the valence band to the conduction band,
leading to photo-generated electrons and holes, which served
as oxidizing and reducing radicals, respectively.

2.1.4. Other catalytic applications. Further efforts were
devoted to the catalytic application of GO, since it was pre-
dicted that GO can be applied in other catalytic transformations

This journal is © The Royal Society of Chemistry 2013
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CH30H + 60H™ + 6h™ — CO; + 5H,0
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Fig. 5 Schematic energy-level diagram of GO relative to the levels for H,
and O, generation from water. During photocatalytic reaction the con-
duction band of GO with a high overpotential relative to the level for H,
generation exhibits fast electron injection from the excited GO into the
solution phase, whereas the holes in the valence band of GO do not
interact with the water molecules for O, generation, but are removed by
the hole scavenger (methanol) instead. The possible mechanism for this
methanol assisted water splitting is shown in the inset. Reproduced from
ref. 44 with permission from Wiley.
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Fig. 6 Schematic illustration of the photocatalytic CO, reduction mecha-
nism on GO, reproduced with permission from ref. 45, copyright 2013,
Royal Society Chemistry.

due to its great chemical activity induced by the presence of
plentiful oxygen-containing functional groups. For example, it
has been shown to be an recyclable acid catalyst for ring
opening reaction of epoxides with methanol or other primary
alcohols as nucleophiles and solvents.*® It has also been proved
to be an efficient and reusable catalyst for the acetalization of
aldehydes at room temperature,”” aza-Michael addition of
amines to activated alkenes,*® Friedel-Crafts addition of
indoles to o,B-unsaturated ketones,” synthesis of dipyrro-
methane and calyx[4]pyrrole®® and oxidative dehydrogenation
of propane.®® All of the above results demonstrated the crucial
role of the hetero oxygen element for the generation of active
reactions sites on graphene sheets, which proves to be highly
beneficial to its catalytic applications. Although GO is active in
so many different transformations, its exact role in these

This journal is © The Royal Society of Chemistry 2013
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catalytic processes needs more detailed investigations. Consid-
ering the complexity of the surface oxygen-containing groups,
detailed characterizations are required to understand their
distributions. Careful investigations on the differences of the
mechanism in different reactions are much needed, which
would also help to expand the applications of GO in other
catalytic reactions.

2.2. N-doped graphene (x = 3.04)

N-doped graphene (N-graphene) has been the most intensively
studied doping model. N is next to C in the periodic table of
chemical elements, and its electronegativity is larger than that
of C (y = 2.55). As such, the introduction of N into graphene
sheets could modify its local electronic structures. The N
heteroatom could be introduced directly during the graphene
growth, by a CVD method using NH; and CH, as the N and C
sources™ or via a solvothermal process using lithium nitride
and tetrachloromethane.”® Alternatively, N can be doped
through post treatment of graphene or GO, such as hydrazine
reduction,’ thermal annealing in ammonia,’>® and the arc-
discharge method.’” It has been well established that the
incorporation of N atoms into the graphene matrix can lead
to three main types of N formats, including graphitic N with
direct substitution structure, and pyridinic N and pyrrolic N
structures.”® Graphitic N means the doping N atom is com-
bined into a hexagonal ring. Pyridinic and pyrrolic N donate
one and two p electrons to the  system, forming sp” and sp®
hybridized bonds, respectively.”® More interestingly, it was
confirmed that N-doped carbon materials can improve their
biocompatibility significantly.®® It is expected that N-doped
graphene will find more and more applications in the field of
catalysis.

2.2.1. Oxygen reduction reaction. The fuel cell is an impor-
tant electrochemical energy conversion device, which generates
electricity from chemical energy directly through the reaction
between a fuel and an oxidant in its electrodes.®’ The oxygen
reduction reaction (ORR) at the cathode plays a key role in
determining cell performance, cost and durability.®> Currently,
Pt based material is regarded as an active and efficient catalyst
for ORR. However, many issues including the high cost, CO
poisoning and agglomeration trend have hindered its
commercialization.

N-graphene was reported for the first time to be a valuable
catalyst for ORR by Dai’s group in 2010.%® Ni was employed as
the catalyst and they developed a facile CVD approach with a N
containing reaction gas mixture of NHj;:CH,:H,:Ar at
10:50:65:200 standard cubic centimeters per minute for the
synthesis of N-graphene films on a large scale. The N/C atomic
ratio was ca. 4% for the obtained N-graphene and it was
demonstrated to act as a superb metal-free electrode for ORR
associated with alkaline fuel cells. As shown in Fig. 7, the
pristine graphene electrode exhibited a two electron process
for oxygen reduction with the onset potential of about —0.45
and —0.7 V. In contrast, the N-graphene electrode displayed a
one step, four electron pathway, which is more efficient for
ORR. Meanwhile, the steady catalytic current density of N-
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Fig. 7 The rotating ring disk electrode voltammograms for the ORR in air
saturated 0.1 M KOH at the pristine graphene electrode (red line), Pt/C
electrode (green line), and N-graphene electrode (blue line). Adapted from
ref. 63 with permission, copyright 2010, American Chemical Society.

graphene is nearly 3 times higher than that of the commercial
Pt/C electrode over a large potential range. In addition, N-
graphene was insensitive to CO, resolving the severe drawback
of Pt nanoparticles. This new metal-free catalyst showed high
selectivity, long-term operation stability and fine tolerance to
crossover effect, suggesting its great potential for other catalytic
applications beyond fuel cells.

Sun and co-workers prepared N-graphene by heat treatment
of graphene using ammonia, leading to 2.8 at% N doping at the
optimized temperature of 900 °C.°* The resultant N-graphene
exhibited a very high ORR activity through a four electron
transfer process in oxygen saturated 0.1 M KOH electrolyte,
comparable or even better than commercial Pt/C (Pt loading:
4.85 pg cm ?) electrodes. Based on the X-ray photoelectron
spectroscopy (XPS) analysis, they attributed the enhanced ORR
activity to the graphitic N atoms (substitutional doping) owing
to the matching relationship between activity and graphitic N
contents. Soon after, Ruoff et al. attributed this enhanced
activity to pyridinic and pyrrolic N atoms, which was in conflict
with Sun’s result above. They obtained N-graphene with differ-
ent N doping formats via annealing GO with different N
sources,® and the schematic diagram is shown in Fig. 8.
Through annealing of GO with ammonia, polyaniline or poly-
pyrrole, the content of graphitic N species, pyridinic N centers
and pyrrolic N moieties could be tuned, making this process
more suitable for practical applications. Interestingly, the total
atomic content of N in the metal-free N-graphene catalyst does
not influence the ORR process under alkaline conditions.
Instead, the activity of this novel catalyst was found to be
dependent on the graphitic N content, which was related to
the limiting current density. Moreover, the onset potential for
ORR could be improved by the increasing pyridinic N content,
which gradually converted the two electron pathway to a four
electron process.

It is still very controversial as to whether the pyridinic N
format or the graphitic N configuration determines the ORR
activity. Moreover, whether the two-electron or four-electron
pathway dominates is also under debate. Xia’s group used high

6 | Chem. Soc. Rev, 2013, 00, 1-18
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Fig. 8 Schematic diagram for the preparation of N-graphene with differ-
ent N states. Reprinted with permission from ref. 65, copyright 2012, Royal
Society Chemistry.

purity argon as a protective gas to anneal GO and melamine,
and obtained highly doped N-graphene with up to 10.1 at% N.%°
Through the electrocatalytic measurement with 0.1 M KOH
aqueous solution electrolyte, it was found that the activity of N-
graphene toward ORR was higher than graphene and not
considerably affected by the alteration of N content. As a result,
it was concluded that the pyridine-like N component deter-
mined the electrocatalytic activity of N-graphene for ORR.
Similar results were also given by Woo et al.®” Hydrazine was
used to deoxidize GO and their ORR activity in acid media was
attributed to pyridinic N centers, higher than the commercial
vulcan carbon.

In contrast, Lin and co-workers obtained pure pyridinic N
atom doped single layer graphene with N percentage of up to 16
at% by the CVD method using hydrogen, ethylene and ammo-
nia.®® In the KOH electrolyte solution with pH = 13, the
resultant two electron mechanism of ORR suggested pyridinic
N might not be an effective promoter for ORR. On the other
hand, a 3D porous structure of N-graphene with a high graphi-
tic N doping level (~44 at%) has been obtained from poly-
pyrrole, and it exhibited good activity for both ORR and oxygen
evolution reactions (OER).*

Interestingly, Dong et al. synthesized N-graphene by a sol-
vothermal method, and showed that N-graphene could act as a
catalyst to facilitate four electron oxygen reductions in alkaline
solution and two electron reduction in acidic solution.>® The
doped N atoms introduced electronic states around the Fermi
level of graphene, helpful for the electron transfer from the
band of graphene to anti-bonding orbitals of oxygen molecules,
weakening the O-O bond and contributing to the reduction of
oxygen molecules.”®

To understand the catalytic mechanism for catalyst design
and resolve these controversies, a series of simulation works
have been carried out.”"””> Boukhvalov and Son calculated the
energetics of N-graphene catalyzed ORR with different amounts
of N doping. It was found that a small amount of graphitic N
doping decreased the energy costs at the intermediate steps of
oxygen reduction significantly and the energy barriers were

This journal is © The Royal Society of Chemistry 2013
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Fig. 9 Optimized structure of each electron transformation in ORR: (a)
initial position of OOH from N-graphene, (b) OOH adsorbs on the doped
graphene, (c) O-0O bond is broken, (d) one water molecule is generated,
and (e) C-O bond is broken, the second water molecule is generated.
Gray, blue, red and small white balls represent C, N, O and H atoms,
respectively. With permission from ref. 75, copyright 2012, American
Chemical Society.

even lower than that on a Pt surface for the same process.”® In
contrast, Xia’s group have simulated the ORR process on N-
graphene with pyridinic doping in acidic fuel cells using B3LYP
hybrid density functional theory.”*”> The N doping could
introduce high positive spin density and asymmetry atomic
charge density, leading to a high catalytic activity. This electro-
catalytic process could occur spontaneously on N-graphene as
seen in Fig. 9, and the calculated average reversible potential
was 1.15 V per SHE, which was consistent with the experimental
results.

Based on the above results, it is still difficult to reach a
unified conclusion because the graphitic and pyridinic N dop-
ing formats are only considered separately in the ORR process.
This problem was partially addressed by Oshima et al.”® They
showed that catalysts with a relatively larger amount of graphi-
tic N exhibit higher ORR activity than those with a relatively
larger amount of pyridinic N atoms. Meanwhile, Ikeda’s calcu-
lations suggested oxygen molecules are preferentially adsorbed
associatively at C sits near the doped graphitic N moieties.”” In
addition, Anderson and co-workers showed there was no evi-
dence for the direct four electron oxygen reduction to water
over N-graphene with pyridinic edge sites,”" suggesting that
pyridinic N centers are a bad design for ORR applications. Very
recently, Murakoshi et al. selectively doped pyridinic N and
graphitic N within the graphene matrix with pyridine and
julolidine as the N containing precursor molecules, and they
proceeded via four- and two electron reduction pathways,
respectively, in alkali-based solutions.”® In addition, Bao et al.
studied the surface coverage, electrode potential and solvent
effect on the catalytic process based on the graphitic N-
graphene model, aiming to understand the basic chemistry of
ORR on N-graphene.”” It was concluded from their results that:
(1) hydrogen bonds of water would polarize oxygen molecules,
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Fig. 10 Reaction scheme of ORR on N-graphene in alkaline solution,
where @ presents an associative mechanism and @ a dissociative mecha-
nism. Reproduced from ref. 79 with permission from Elsevier.

facilitating their adsorption on N-graphene significantly; (2)
associative mechanism and four electron reduction pathway
were dominant in ORR; (3) the removal of adsorbed O from N-
graphene surface was the rate determining step. Fig. 10 dis-
plays the possible reaction pathways obtained from their dis-
cussion. In order to unambiguously resolve this problem,
samples with pure graphitic and pyridinic N doped single layer
graphene should be prepared and compared in ORR measure-
ments. Moreover, DFT simulations need to be carried out to
support the experimental results.

2.2.2. C-H bond activation reaction. C-H bond activation
is an important reaction traditionally catalyzed by transition
metals and organometallic complexes.*® Cheap metal-free
catalysts have emerged as promising candidates for this
transformation. N-graphene was reported to exhibit high
activity and selectivity for the oxidation of arylalkanes in
aqueous phase, affording high value-added products for
biomedical applications.® The N-doped sp> hybridized
carbon was prepared through a CVD process with acetonitrile
vapor as the N source with 8.9% N content. Control
experiments on different carbon materials suggested the N
doping greatly enhanced catalytic activity as well as
selectivity, and the activity was not related to the surface area
of the catalysts.

DFT simulation was carried out to study the catalytic
mechanism with graphitic N as the doping format according
to the XPS result. Interestingly, the catalytic active site was the
ortho carbon site, as shown in Fig. 11a, instead of the doped
graphitic N. Based on electronic partial density calculations, it
was indicated that the density states near the Fermi level for
ortho carbon are higher than those of other nearby C atoms,
conferring it a metal-like d band electronic structure and a
more metal-like catalytic performance.

2.2.3. Reduction of nitro compounds. Nitro compounds
are prevalent organic pollutants generated from agricultural
and industrial sources.®” Meanwhile, the conversion from nitro
to amino groups has great industrial relevance, such as for
preparing aniline and paracetamol.®®> The reduction of 4-
nitrophenol (Nip) to 4-aminophenol (Amp) by sodium borohy-
dride (BH, ) was found by Pal et al. in 2002%* and it has become
almost the most often used reaction to test the catalytic activity
of catalysts in aqueous solution.®> Almost all of the existing
investigations on this reaction were based on metallic material
under mild conditions. Recently, our group reported the synth-
esis of N-graphene by hydrothermal treatment of GO and
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Fig. 11 (a) Schematic representation of different catalytic sites for per-
oxide adsorption on the N-graphene. The adsorption energy is listed in the
top line (in eV) beside the corresponding sites; “XX" indicates that peroxide
can not be adsorbed on the site. The charge of different sites before
formation of peroxide is shown in the second line (in a). The inset at the
bottom of (a) shows the local configuration of peroxide on ortho carbon
site of N-graphene. (b) The electronic partial density of states for N and C
in different positions of N-graphene. Reproduced from ref. 81 with
permission from Wiley.

ammonia, and its catalytic behavior in the reduction of Nip to
Amp.*® Interestingly, the N-graphene catalytic process was
found to follow zero order kinetics (as seen in Fig. 12), which
was different from the first order kinetics observed using all of
the traditional metallic catalysts.

This result demonstrated the difference between N-
graphene and metallic catalysts, and it could be explained by
the smaller active sites. DFT calculations have also been
employed to simulate the adsorption configuration of Nip ion
on this metal-free catalyst according to the XPS and in situ FTIR
results (as seen in Fig. 13). Only the carbon atom near the
doped N atom could be activated to catch Nip ions owing to its

T=291.4K

reaction centrifugation

Absorance (a.u.)

20 250 %0 350 %0 o0
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Fig. 12 (a) Typical absorption spectra of Nip by BH4  as the catalytic

reaction proceeded, where the molar ratio between Nip and NaBH,4 was
selected as 1:100; (b) photos of the color change during the catalytic
reaction for NG. (c) and (d) Time curves of the absorbance measured for
the NG catalyst, indicating zero order kinetics. Reprinted with permission
from ref. 86, copyright 2013, Royal Society Chemistry.
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Fig. 13 In situ FTIR of the mixture composed of Nip and NG lonely (a) in

side view and (b) in top view; (c) the absorbance variation of O—H vibration
with time. With permission from ref. 86, copyright 2013, Royal Society
Chemistry.

weaker conjugation compared to other carbon atoms, so the
number of active sites on the graphene surface was much
smaller than those of metallic nanoparticles. Therefore, the
adsorption process of Nip ions on the surface of N-graphene
was more pivotal than in the cases of metals, changing its
reaction kinetics. Furthermore, the active sites of N-graphene
were positively charged owing to the large electronegativity of
doped N atoms, so Nip ions preferred to combine with gra-
phene sheet via the atom of hydroxyl group, as based on the
Mulliken analysis it had a charge of —0.450 electrons, more
negatively charged than the —0.246 electrons of the nitro group.
This was in agreement with the decrease of O-H vibration of
the in situ FTIR results.

In addition, Xia and co-workers reported the enhanced
electrocatalytic activity toward the reduction of nitroaromatic
compounds with a decreased overpotential compared with

10

20

25

30

thermally reduced graphene.®” Four nitro compounds - 2,4,6- [SI[

trinitrotoluene, 1,3,5-trinitrobenzenein, 2,4-dinitrotoluene and
1,3-dinitrobenzene - were tested using N-graphene. The onset
and peak potentials both shifted positively on N-graphene
compared to the thermally reduced graphene, indicating a
greatly decreased overpotential and the excellent activity of this
new metal-free catalyst.

2.2.4. Oxidation of benzylic alcohols. Recently, Wang’s
group have employed a heat treatment procedure to synthesize
N-graphene and reported its efficient catalytic activity toward
aerobic selective oxidation of benzylic alcohols.®® It was found
that the nitridation temperature greatly influenced the N dop-
ing concentrations and formats. Graphitic sp> N atoms were
found to be the active sites with good linear correlation with
activities (as seen in Fig. 14(a)). The activation energy and pre-
exponential factor were 56.1 £ 3.5 k] mol™" and 2.32 x 10,
respectively, following a Langmuir-Hinshelwood kinetic path-
way. The reaction process was proposed based on electron

This journal is © The Royal Society of Chemistry 2013
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Fig. 14 (a) Relationship between initial reaction rate and graphitic N
species; (b) the proposed reaction pathway for the aerobic alcohol oxida-
tion over N-graphene. With permission from ref. 88, copyright 2012,
American Chemical Society.

paramagnetic resonance characterization (shown in Fig. 14(b))
and it is suggested that the formation of the intermediate
product of sp> N-O, had a high chemical reactivity towards
alcohols.

2.2.5.
great significance in life sciences. As N-graphene has good
biocompatibility and has been demonstrated to be a highly
efficient catalyst, its application in biosensing was investigated.
Lin et al. used N plasma treatment to produce N-graphene, and
the N content could be tuned from 0.11 to 1.35% by controlling
the exposure time.®’ N-graphene had good response and high
sensitivity toward glucose oxidation, exhibiting fast electron

Electrochemical biosensing. Glucose oxidation is of

transfer kinetics. As shown in Fig. 15, the influence of ascorbic
acid and uric acid has also been studied, and glucose with
concentrations as low as 0.01 mM could be detected by N-
graphene, indicating its potential applications in biosensing.
Reduction of hydrogen peroxide by N-graphene has also
been investigated,’**"
tic activity suggested its potential applications in measuring
H,O0, release in living cells.”* In addition, calculations indi-
cated that the reactivity had the following order: pyridinic N-
graphene > pyrrolic N-graphene > graphitic N-graphene >

and the obtained excellent electrocataly-
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60 4 ! 005mM
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0 100 200 300 400

Time /s

Fig. 15 Chronoamperometric responses to successive addition of 5 mM
uric acid (UA), 5 mM ascorbic acid (AA), 0.5 mM glucose, 0.02 mM glucose,
and 0.01 mM glucose on N-graphene electrode immobilized with glucose
oxidase at —0.15 V in 0.1 M PBS (pH 7.0). From ref. 89, copyright 2010,
American Chemical Society.
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pristine graphene, which could be explained by the calculated
electrostatic potential distributions.®”

Due to the great performance of N-graphene in electrocata-
Iytic reactions, it has been applied as a sensor for simulta-
neously determining small biomolecules including ascorbic
acid, dopamine and uric acid.”® Moreover, it was found that
this metal-free catalyst could reduce triiodide by replacing the
Pt cathode in dye sensitized solar cells, resulting in a power
conversion efficiency of up to 7.07%.°* In general, N-graphene
has shown many superior features in metal-free catalysis
including high efficiency, high stability, recyclability, biocom-
patibility, making it highly attractive for further investigations.

2.3. B, S-, P-, Se-, I- and Si-doped graphene and H-decorated
graphene

2.3.1. B-doped graphene (y = 2.04). B element has unique
and basically incomparable properties. Investigations on B-
doped graphene (B-graphene) have also been carried out,”>®
since B and N both are next to C in the periodic table of
chemical elements. B-graphene could be synthesized via ther-
mal annealing of graphite oxide in the presence of boron oxide
as the B source.”” Although the electronegativity of B is smaller
than that of N, B-graphene also showed excellent activity toward
ORR in alkaline electrolytes. Furthermore, it exhibited long-
term stability and fine CO tolerance, which was superior to Pt-
based catalysts. Recently, our group carried out DFT calcula-
tions, which suggest B doping could induce local high spin
density on the basal plane owing to its strong electron with-
drawing capability, which plays a key role in facilitating the
adsorption of oxygen and OOH molecules and enhances the
ORR compared with pristine graphene.’® As shown in Fig. 16,
as the doped B atom had only three valence electrons, its p,
orbital should be vacant, leaving an unpaired single p, electron
on the neighboring C atom, which induced an interesting local
spin density. Meanwhile, since the electronegativity of B was
smaller than that of C, the paired covalent electrons will be
slightly polarized towards the C atoms, forming local positive
charge density on the B atoms as depicted in Fig. 16b, which
could be taken as new active sites for catalysis. Furthermore,
the simulated ORR process demonstrated that the OOH cluster

a 8 c2 00{C — — e
.“'ad’, \:&)383;»»’
‘aa“oa ‘aa‘
R R2eRs2:
be e —
£, 7 28939
T -0.24
b s e, & .
2 29 ] °
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’
,“, 0.5 ) 1 3 3 a
Reaction step

Fig. 16 (a) The source of the high spin density for B-graphene, (b) the
calculated NBO charge density distribution in unit of a.u. for B-graphene,
(c) relative energies of the reaction pathways of ORR on B-graphene.
Reproduced from ref. 98 with permission from Wiley.
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could adsorb on B-graphene tightly and this whole catalytic
reaction was an exothermal process with no energy barrier,
eventually forming two water molecules.

2.3.2. S-doped graphene (x = 2.58). The electronic structure
of S-doped graphene (S-graphene) was investigated by simula-
tions, which revealed that it could be either a semiconductor
with a small band gap or a metallic form, depending on the
content of doped sulfur.”® Experimentally, both hydrogen sul-
fide'” and benzyl disulfide'®" have been used as S sources,
leading to S-graphene formation from GO. Mullen et al. indi-
cated that S could be introduced into graphene sheets in a
major form of thiophene-like S."% In both cases, good catalytic
activities in ORR were observed, demonstrating S-graphene as
an excellent metal-free catalyst with high stability and selectiv-
ity. Furthermore, edge-selectively sulfurized graphene nanopla-
telets have been produced by simple dry ball-milling graphite in
the presence of sulfur (Sg) in 2013."°> The schematic presenta-
tion is displayed in Fig. 17 and the obtained material shows
good performance in ORR and its catalytic efficiency could be
improved with further oxidation. Combined with theoretical
analysis, the electronic spin density was found to be critical in
the catalysis, with S atoms and O—S—O0 doped at the edges of
graphene strongly promoting the electrocatalytic activity.

In another report, sulfated graphene, through acid treat-
ment of graphene, has been prepared as an efficient solid
catalyst. Quantitative energy dispersive X-ray spectroscopy
(EDS) mapping showed element S was distributed on the whole
surface of graphene homogeneously (Fig. 18)."** Catalytic tests
demonstrated the sulfated graphene was a good water tolerant
catalyst with high activity for the hydrolysis of ethyl acetate,'*®
dehydration of xylose'® and acid catalyzed liquid reactions
such as the esterification of acetic acid.'

2.3.3. P-doped graphene (y = 2.19). P element is in the
nitrogen group, and it has the same number of valence elec-
trons as nitrogen and similar chemical properties. A thermal
annealing approach has been used to fabricate P-doped gra-
phene (P-graphene) with triphenylphosphine as the P source,
and the obtained sample exhibited outstanding ORR activity
(higher than graphene) as well as excellent selectivity and
stability.’®® Very recently, Primo and Garcia have prepared P-
graphene by simple pyrolysis of alginate and H,PO, in the
absence of oxygen, and the obtained sample was shown to be a
good photocatalyst for hydrogen generation from water-metha-
nol mixtures. Moreover, it was found that an increase in the
amount of HPO,>” increased its catalytic activity.'® In

£ 1
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© Oxygen
« Hydrogen

© Steel Ball
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Fig. 17 A schematic representation of the ball-milling process. From
ref. 102 with permission from Wiley.
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Fig. 18 (a) SEM image of the prepared sulfonated graphene, and corres-
ponding quantitative EDS element mapping of (b) C, (c) O and (d) S. (e)
Illustration for the preparation of sulfonated graphene. Reprinted with
permission from ref. 103, copyright 2011, Royal Society Chemistry.

addition, the existing calculations showed that P substitutional
defect on graphene had low formation energy and would
introduce a larger band gap energy.'® Experimentally, triphe-
nylphosphine has been used as P source to obtain P-doped
graphite, which has showed high electrocatalytic activity, long-
term stability, and excellent tolerance to crossover effects of
methanol in ORR in an alkaline medium."%

2.3.4. Se-doped graphene (y = 2.55). Diphenyl diselenide
protected by argon was selected as the Se source to introduce Se
doping.'®"''® Se-graphene exhibited better catalytic activity for
ORR than the commercial Pt/C in alkaline electrolyte, revealing
good potential as a substitute for Pt-based catalysts in fuel
cells.’®* It was shown that the ORR activity of an only 1 wt% Se-
doped carbon material was comparable to N-doped carbon
materials with 4-8 wt% of N, indicating the good performance
of Se-graphene."'° As the electronegativity of Se is the same as C
atom, the induced charge redistribution should be smaller than
for other foreign atom doping. Therefore, its good catalytic
properties were explained by the large atomic size of Se, which
would induce high strain at the edges of carbon materials,
facilitating charge localization and contributing to oxygen
adsorption. Moreover, the polarizability of Se was high and it
was noted that lone Se pairs could easily interact with the
surrounding molecules.

2.3.5. I-doped graphene (z = 2.66). Iodine was deemed to
be a p-type doping of graphene. Huang et al. prepared I-doped
graphene (I-graphene) via annealing GO and I, at high tem-
perature in argon.""" The I-doping content could be controlled
through adjusting the ratio of GO to I. The obtained I-graphene

This journal is © The Royal Society of Chemistry 2013
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displayed excellent catalytic activity, good reusability and high
resistance to crossover effects for ORR. Based on XPS charac-
terization and detailed analysis, it was confirmed that the
formed I;~ could induce a relatively higher positive charge
density on the graphene surface, facilitating the reduction of
oxygen to OH .

2.3.6. Si-doped graphene (z = 1.90). Si doping in graphene
is still rare and represents an emerging field, especially in
catalytic research. To the best of our knowledge, there is no
experimental report on catalysis using Si-doped graphene (Si-
graphene). Zhao et al. investigated the adsorption of NO, NO,
and N,O on Si-graphene using DFT calculations, and found it
could be an ideal sensor for NO and NO, detection.''? Inter-
estingly, when the greenhouse gas N,O was adsorbed on Si-
graphene in the [2+2]-cycloaddition configuration, a N, mole-
cule was able to escape and leave an O atom attached to the
basal plane with the O-Si bond of 1.581 A, indicating that Si-
graphene could be used as metal-free catalyst for N,O
reduction.

2.3.7. H-decorated graphene (y = 2.20). H decoration is
another important functional method to modify graphene. The
fully hydrogenated graphene has been named graphane, and
has every C atom combined with one H atom and all of the
attached H atoms distributed on both sides of the basal plane,
alternately. As it has not yet been fabricated, partial H-
decorated graphene (H-graphene) may be more relevant in
practice application. The hydrogenated methods include CVD
fabrication and solution based reduction of graphite, as well as
hydrogenation of sp> carbon materials in a hydrogen gas/
plasma atmosphere.'® Yan’s group prepared H-graphene with
the H/C ratio of 0.54 and reported its catalytic activity to be
higher than the reduced graphene for the Fenton-like reaction
to degrade organic dyes."'* In addition, our group have found
that H decoration could enhance the ORR performance of
graphene based on DFT investigations.’® The r covalent bond
was broken due to H adsorption, forming single electrons and
high local spin density, which was beneficial for oxygenated
component adsorption, contributing to the ORR process.

Based on the above discussions, it can be concluded that two
alterations in the surface structure contribute to the catalytic
origins of the doped graphene: one is from the local high
electron/spin density induced by the electronegativity differ-
ence of the doped element or the broken m covalent bonds
caused by H decoration, the other is modifications at the edge
of the graphene sheets, such as the induced high strain of Se
and O=—S=—O0 groups doped by S. Both alterations in the surface
structure facilitate the adsorption of reactants and improve the
chemical activity. As such, it can be expected that new metal-
free catalysts could be prepared by doping with other elements.

2.4. Graphene doped with two elements

With the development of doping technology, the growth of
graphene co-doped with two elements has been explored by
scientists. Co-doping using elements with different electrone-
gativity could create a unique electronic structure and might
bring in special synergistic effects. The electronegativities of B

This journal is © The Royal Society of Chemistry 2013
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and N are 2.04 and 3.4, which are lower and higher than that of
C element (y = 2.55), respectively. B and N co-doped graphene
(BN-graphene) has been used as a high performance solid state
supercapacitor'** and was predicted to be a good catalyst for
the cathode ORR vig first principles calculations.'*>''®
Recently, it was fabricated through thermal annealing of GO
in the presence of boric acid and ammonia by Dai et al,
showing superior electrocatalytic activities toward ORR in alka-
line media, better than the Pt/C electrode."’” The doping level
could be adjusted, which directly influences the energy band
gap, local spin density and charge distribution. Co-doping with
two appropriate elements could create a new and smaller band
gap that will increase the conductivity; calculations suggested
B1,C;7N 1 Hye structure had the lowest energy gap, resulting in
the highest chemical reactivity or the best catalytic
performance.

In addition, Qiao and co-workers have investigated the
catalytic performance of BN-graphene both experimentally
and theoretically."*® They prepared BN-graphene using a two
step doping method, incorporating heteroatoms at desired
sites on the graphene surface and preventing the formation
of inactive by-products. For comparison, hexagonal boron
nitride (h-BN) and B-graphene and N-graphene were selected
to study the synergistic effect of the double doping. Fig. 19(a)
shows a higher cathode current and a higher potential for BN-
graphene, indicating a more efficient and more facile ORR
process on the co-doped graphene. The transferred electron
number in an ORR process was 3.97 for BN-graphene, higher
than that of single doped graphene and h-BN, indicating
excellent activity and perfect selectivity (four electron dominat-
ing pathway) for BN-graphene (as seen in Fig. 19(b)). The DFT

21 bee=-06v aor e
‘ 04 15 ‘_wn "' ) %
*g -2 e 10 =282 é g §
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Distance of B from N

Fig. 19 (a) Cyclic voltammograms of ORR on BN-graphene and the h-
BN-—graphene hybrid in an oxygen saturated 0.1 M solution of KOH with a
scan rate of 100 mV s~ (b) Summary of the kinetic limiting current density
and the transferred electron number on the basis of the RDE data and the
RRDE data (values in parentheses) on various catalysts. (c) Calculated
adsorption energies of HO, for all of the selected catalysts. N(p) and
N(g) indicate pyridinic and graphitic N bonding, respectively. (d) Adsorption
energies on various BN-graphene with B active sites as a function of the
distance to a pyridinic N atom. Reproduced from ref. 118 with permission
from Wiley.
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Fig. 20 The 2D charge redistribution in the graphene planar region
calculated by the charge difference between the doped graphene and
pristine graphene (blue for charge depletion and red for charge accumu-
lation) of B-graphene, N-graphene and BN-graphene. With permission
from ref. 119, copyright 2013, Royal Society Chemistry.

investigations revealed this co-doped sample had the largest
combined energy for the adsorption of surrounding oxygen
containing molecules. An alternative enhanced mechanism has
been pointed out, as displayed in Fig. 19(d): a B atom meta to
the doped N atom exhibited the highest adsorption energy,
whereas an ortho B bonded directly to the N atom showed the
lowest activity.

Another simulated investigation about the catalytic activity
of BN-graphene has been completed by Fan et al.''® They have
systematically studied the ORR performance of BN-graphene,
B-graphene and N-graphene. It was found that the charge
redistribution happens mostly in the region of BN cluster with
its nearest carbon atoms as shown in Fig. 20, and the formation
of the epoxide group should be important for the four-electron
process of BN-graphene.

In addition to BN-graphene, the authors have also fabricated
S and N dual-doped graphene (SN-graphene)."* Commercial
silicon dioxide was used to create mesopores as seen in
Fig. 21(a). The obtained SN-graphene exhibited good long term
stability and high catalytic activity including very high kinetic
limiting current and positive onset potential for ORR, indicat-
ing it would be a very suitable catalyst for the next generation of
fuel cells. The great synergistic effect could be attributed to the
redistribution of spin and charge densities induced by the co-
doped S and N atoms, which was calculated as shown in
Fig. 21(b).
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Fig. 21 (a) A schematic illustration of the fabrication of N and S dual-
doped mesoporous graphene from GO. (b) Spin and charge density of
graphene network (gray) dual-doped by N (black) and S (white). Reprinted
from ref. 120 with permission from Wiley.
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The S and N dual-doped graphene has also shown increased
ORR activity in NaOH electrolyte with thiophene and pyrimi-
dine as the precursors.'> However, all of these mentioned
promising co-doped catalysts were studied in alkaline media.
Recently, Woo et al. have tried to use boric acid and phosphoric
acid to introduce B and P to N-graphene, obtaining BN-
graphene and P and N dual-doped graphene (PN-graphene),
respectively.>® Their ORR activities were studied in acidic
media and both of them showed good performance, especially
the PN-graphene. Its onset potential and mass activity were
0.87 V and 0.80 mA mg ™', better than 0.75 V and 0.45 mA mg ™"
of the original N-graphene, indicating a synergetic increased
catalytic property due to the co-doping. The enhanced perfor-
mance was attributed to the asymmetry enhancement of spin
density caused by the dual-doped heteroatoms, as well as the
induced facile electron transfer on the graphene basal plane
and decrement of energy gap. The synergetic effect induced
from double doping has further enhanced the catalytic perfor-
mance of graphene, which also opens up more possibilities for
the fine tuning of the properties of graphene-based materials.
Currently, the studies of the co-doping effect are very prelimin-
ary. For example, extensive investigations are need to under-
stand the exact formats and concentrations of the co-doped
elements on the surface of the graphene, as well as their
influence for the catalytic properties.

3. Conclusion and perspectives

Table 1 summarizes different reactions catalyzed by doped
graphene. With the selection of appropriate precursors, differ-
ent metal-free heteroatoms can be doped into graphene sheets,
modifying its geometrical and electronic structures and indu-
cing interesting active sites, which contribute to their different
catalytic performance. The most common preparation method
for GO is the Hummers method, which uses a strong oxidizing
agent. GO has been widely studied and applied in many
important catalytic reactions, especially for a series of oxidation
reactions, in which the attached oxygenated groups on the
graphene surface are pivotal as the active sites. For other
heteroatom-doped graphene, such as N and B doping, there
are two preparation methods in general: the first is the syn-
chronous doping method, which depends on CVD technology,
with the addition of an appropriate carbon source and heteroa-
tom precursor, and the foreign element can be introduced into
the graphene sheets during its growing process. The other
method is the post treatment process, in which GO or reduced
GO was prepared at first as graphene substrates, which are
plasma treated or annealed at high temperatures with the
introduction of heteroatom containing molecules, affording
different doped graphene catalysts. In light of all these meth-
ods, it is still very difficult to control the doping concentration,
doping and bonding formats, distributional uniformity as well
as some other features. This is especially true for the co-doping
cases. All of these features directly or indirectly determine the
properties of the doped graphene in catalytic reactions.

This journal is © The Royal Society of Chemistry 2013
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1 Tablel Summary of the doped graphene as metal-free catalysts. [T]: conversion rate; [Y]: yield; [B]: reaction barrier; [V]: maximum reaction rate 1
Doped Doped level
graphene Catalyst preparation (atomic ratio) Catalytic application Catalytic efficiency Ref.
GO Hummers method 33.9% Oxidation of benzyl alcohol 1.6 x 10 > mol g " [T] 12
5 Go Hummers method 35.5% Oxidation of sulfides and thiols Sulfides: 51-96% [Y] 14 5
Thiols: 75-100% [Y]
GO Hummers method — Oxidation of C-H 4-85% [Y] 31
GO Hummers method 23.6% Oxidation of glucose (3.85 £ 0.22) x 107 *M s [V] 36
GO Hummers method 25.5% Oxidation of SO, 6.12 g g ' [T] 38
GO Hummers method — Oxidative C-H functionalisation of 90-97% [Y] 39
10 tertiary amines 10
GO Hummers method — Oxidative coupling of amines to 75-98% [Y] 29,
imines 40
GO Simulations 75% and 12.5%  Oxidation of benzyl alcohol to 1.64 eV for 75% [B] 41
benzaldehyde 1.10 eV for 12.5% [B]
GO In situ electrochemical oxidation of 22.5% Oxidation of ascorbic acid — 42
graphite
15 GO Hummers method — ORR > Bare GC electrode 43 15
GO Hummers method 30% Generation hydrogen from water > Pt/GO 44
GO Hummers method — Conversion of CO, to methanol 0.172 pmol g cat ' h™* 45
GO Hummers method — Ring opening of epoxides 7-99% [T 46
GO Hummers method 43.6% Acetalization of aldehydes 2-95% [Y] 47
GO Hummers method — Aza-Michael addition of amines to 65-97% [Y] 48
activated alkenes
20 Go Hummers method Friedel-Crafts addition of indoles to 40-92% [Y] 49 20
o,B-unsaturated ketones
GO Hummers method — Synthesis of dipyrromethane and  86-100% [7] 50
calyx[4]pyrrole
GO Simulations — Oxidative dehydrogenation of 9.2-25.3 eV [B] 51
propane
5 GO Hummers method — Claisen-Schmidt coupling of 10-85% [Y] 32 25
- methyl ketones and aldehydes -
GO Hummers method 38.5% Polymerization of various olefin 100% (7] 33
monomers
GO Hummers method 36.1% Ring opening polymerization of 39-100% [Y] 34
various cyclic lactones and lactams
GO Hummers method 32.9% Dehydrative polymerization — 35
30 N- CVD method with CH, and NH; as C and 4% ORR >Pt/C 63 30
graphene N sources
N- Annealing graphene or GO with different 2.8%,** 5.5%,°> ORR >Pt/C** 64-
graphene N precursors 6.6%, 7.36%, >Pt & GC electrode®® 66
10.1%°¢ > Graphene®®
N- Reducing GO by hydrazine The ratio of C to ORR >Vulcan carbon 67
graphene N at the surface is
35 0.047 35
N- CVD method with ethylene and ammo- 16% ORR <Pt 68
graphene nia as C and N sources
N- Pyrolyzing the GO-polypyrrole composite 44% ORR and OER >Pt/C & graphene 69
graphene
N- Solvothermal method 10.5% ORR — 59
40  graphene 40
N- Simulations 4%,7 2.2%"* ORR > Graphene 71,
graphene 73—
75,
79
N- CVD method with pyridine and juloli-  2.7% pyridine ORR > Graphene 78
graphene dine as N sources
45 N- CVD method with acetonitrile vapor as  2.0% julolidine  Activating C-H bonds 91.3% [Y] 81 45
graphene the N source 8.9%
N- Hydrothermal treating GO with 11.1% Reduction of 4-nitrophenol to 4-  100% [Y] 86
graphene ammonia aminophenol
N- Annealing GO with melamine 10.1% Reduction of nitro explosives >Thermally reduced graphene 87
graphene
~ N- Heating GO with NH; 4.2% Oxidation of benzylic alcohols Activation energy: (56.1 + 3.5) 88 ~
50 graphene kJ mol*, close to 51.4 k] mol * 50
of Ru/AL,O;
N- N plasma treatment method From 0.11% to  Oxidation of glucose > Graphene & GC electrode 89
graphene 1.35%
N- N plasma treatment method 8.5% Reduction of H,0, >Pt 90
graphene
55 N- Simulations 2.2% Reduction of H,0, > Graphene 92 55
graphene

This journal is © The Royal Society of Chemistry 2013
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Table 1 (continued)
Doped Doped level
graphene Catalyst preparation (atomic ratio) Catalytic application Catalytic efficiency Ref.
N- Annealing GO with melamine 8.4% Electrochemical determination of >Bare GC electrode 93
graphene ascorbic acid, dopamine and uric
acid
N- Annealing GO in ammonia 7.6% Reducing triiodide >Pt 94
graphene
B- Annealing GO in B,O; vapor 3.2% ORR ~Pt 97
graphene
B- Simulations 2.2% ORR > Graphene 98
graphene
S- Thermal treating of GO with H,S From 1.2% to ORR >Pt/C 100
graphene 1.7%
S- Annealing GO with benzyl disulfide From 1.3% to ORR >Pt/C 101
graphene 1.5%
S- Ball-milling graphite in Sg 4.94% ORR >Pt/C 102
graphene
S- Sulfonated treatment of graphene 6.4%,'% 1.8%'°" Hydrolysis of ethyl acetate,'® > Nafion NR50'* 103-
graphene dehydration of xylose,'** esterifica- 61% [¥]'** 105
tion of acetic acid'® >Mesoporous carbon & GO &
SBA-15'%°
P- Annealing GO with triphenylphosphine 1.3% ORR > Graphene 106
graphene
P- Pyrolysis of alginate and H,PO, "~ 7.3% Hydrogen generation >GO 107
graphene annealing GO with diphenyl diselenide
Se- 1.1 wt%'*° ORR >Pt/C'"" & graphene'"’ 101,
graphene 110
I- Annealing GO with I, 1.2% ORR >Pt/C & graphene 111
graphene
Si- Simulations — N,O reduction — 112
graphene
H- Gamma ray irradiation of GO 54% Fenton like reaction to degrade >Reduced graphene 113
graphene organic dye
H- Simulations 2.2% ORR > Graphene 98
graphene
BN- Simulations — ORR 115,
graphene 116,
119

BN- Annealing GO with boric acid and — ORR >Pt/C 117
graphene ammonia
BN- Annealing GO with NH; for N doping, — ORR >B-graphene & N-graphene & 118
graphene and then pyrolysing the intermediate h-BN/graphene

with H;BO,
BN- Pyrolysis of graphene-dicyandiamide for — ORR >N-graphene 122
graphene N doping, and then pyrolysing it with

boric acid
SN- Heating GO with melamine and benzyl — ORR >N-graphene & S-graphene 120
graphene disulfide
SN- CVD method with benzene, pyrimidine — ORR >N-graphene & S-graphene 121
graphene and thiophene as the C, N and S

precursors.
PN- Pyrolysis of graphene-dicyandiamide for — ORR >N-graphene 122

graphene N doping, and then pyrolysing it with
phosphoric acid

Therefore, the development of better synthetic strategies is still
much needed. As can be seen from the catalytic efficiency
shown in Table 1, all doped samples exhibit higher efficiency
compared to un-doped graphene, demonstrating a great bene-
ficial effect of doping on performance. Interestingly, all co-
doped graphenes have shown better performance during the
catalytic process than single element doped samples under the
same conditions. This provides not only new insights on the
underlying synergistic effect, but also a general strategy for the
development of low cost and high performance metal-free
doped graphene for catalysis.

14 | Chem. Soc. Rev, 2013, 00, 1-18

Many characterization techniques including TEM, FTIR and
XPS have been employed to study doped graphene. However, it
is still difficult to obtain the precise image of the doped
graphene. To the best of our knowledge, no work has been
able to give the complete doped structures, and most of them
only showed the concentration and bonding formats of these
doped atoms. As we have discussed above, the doped structures
are crucial for the catalytic properties. Therefore, more precise
characterizations are required to completely understand the
structure of doped graphene and its catalytic mechanism. For
example, detailed surface characterizations with the help of
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modern techniques such as scanning probing microscopy may
help to display the detailed distribution of these doped atoms,
even down to the single atom level.

Pristine graphene has a low chemical activity due to its
uniform and symmetrical electronic structure. The doped ele-
ments can break the perfect n covalent bonds and induce local
high electron/spin densities owing to the electronegativity
differences, which contribute to its catalytic activity. In addi-
tion, the modifications at the edge of graphene sheets, such as
the induced high strain of Se and O=—S=—=O0 groups doped by S,
can also facilitate the reactant’s adsorption and enhance its
chemical activity. Also, these doped groups may also be con-
sidered as active sites. For example, the oxygenated moieties on
GO possess highly active chemical properties. Therefore, it is
expected new metal-free catalysts could be prepared by doping
with other elements. However, some problems remain to be
resolved, and the catalytic investigations on these doped gra-
phenes are still in the early stages and most of them are limited
to ORR. For example, detailed comparisons among different
doping elements should be performed, which will help to direct
future studies. However, there is still little work involving side-
by-side comparisons among doping of different elements in
intrinsic graphene. Moreover, as different laboratories have
reported different results, it is very difficult to draw any mean-
ingful conclusions at the current stage. For example, N-
graphene was found to show either higher®® or lower®® activity
in ORR compared to commercial Pt catalyst. Also, the catalytic
thermodynamics and kinetics are unclear and more detailed
studies should be carried out. Single molecule technology may
help to address this problem. Taking the N-doped graphene
catalyzed reduction of Nip as an example, single layer graphene
with high quality can be prepared by the CVD method and
single foreign atom doping might be realized via STM or other
technologies. One Nip molecule would be transferred to the
doped site through precise manipulations. The processes of
Nip adsorption, reduction of the nitro group and Amp
desorption may be observed directly, demonstrating a precise
catalytic process.

To fully resolve these problems, systematic theoretical simu-
lations are also needed in addition to experiments, which may
establish a clear relationship between doping and catalytic
properties in the future. As for the co-doped models, much
more research should be carried out to clearly understand the
synergistic effects from the two doped elements.

Above all these, the practical applications of the doped
graphene in more extreme conditions and under other influen-
cing factors should be explored. For example, recovery is an
inevitable issue for any catalyst. These doped graphenes can be
prepared into 3D macroscopic structures by a gel method,
which will make the recovery more convenient. However, this
may affect their catalytic activities. As such, a more suitable and
general recycling strategy is highly desired for practical catalytic
applications. This field has enjoyed an explosive expansion in a
rather short period of time. These new metal-free catalysts have
already exhibited excellent properties in many catalytic reac-
tions, and will certainly find more applications in other

This journal is © The Royal Society of Chemistry 2013
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important and interesting catalytic reactions in the near future.
Or even more creatively, these doped graphenes may enable
new transformations that cannot be realized by metallic cata-
lysts or cannot be realized at all before now. For example, some
studies have demonstrated good CO, adsorption properties of
N-doped graphene'®® and oxygen modified graphene.'** We
believe the metal-free catalytic transformations of CO, will be
soon realized by doped graphene. In the meantime, mecha-
nistic studies are crucial to help with the understanding of the
current systems as well as the design of better catalysts. On
September 19, 2012, the world’s first graphene production line
started construction in Ningbo City, Zhejiang Province in
Southern China, with an anticipated annual production capa-
city of 300 tonnes. This project will be formally put into
production in 2013 to produce high quality material, on a large
scale, at low cost and in a reproducible manner, meaning the
commercialization of graphene. This will ultimately open a way
for graphene’s exploitation in a wide spectrum of applications
around the world.'® With the improvement for large scale
preparation and easy recovery, we expect that the doped gra-
phene will be soon extended to industrial and commercial
catalytic employment.
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