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Scientific interest in graphene as a catalyst and as a catalyst support in heterogeneous catalytic reactions
has grown dramatically over the past several years. The present critical review summarizes the multiple
roles of graphene in heterogeneous catalysis and highlights the influence of defects, heteroatom-
containing functionalities, and graphene’s two-dimensional structures on catalytic performance. We first
discuss the role and advantages of graphene as a catalyst support, with emphasis on their interactions with
10 the catalytic phases and the influence of mass transfer processes. We then clarify the origin of the
intrinsic catalytic activity of graphene in heterogeneous catalytic reactions. Finally we suggest challenges
and potential practical applications for graphene in industrial processes.

As the basic building block of carbon nanotubes and many

1. Introduction ss other carbon allotropes,* graphene constitutes a two-dimensional
(2D) sheet of sp*-hybridized carbon atoms and has many unique
properties. For example, pristine graphene has a remarkably high
electron mobility of ~10,000 cm? V™' s™
white light absorbance of 2.3% with negligible reflectance,’
s0 thermal conductivity of 3000-5000 W m™ K™' at room
temperature,7 a Young's modulus of 1 TPa,® and a theoretical
specific surface area of 2630 m® g'.° These exceptional
properties endow graphene with great potential for applications in
a range of fields.'”* In particular, there has been exponential
growth in the number of studies on the applications of graphene
and its derivatives in heterogeneous catalysis. These materials
have emerged as unparalleled 2D supports and catalysts for
diverse catalytic reactions. Many excellent studies related to the
catalytic applications of graphene, including graphene-based

15 Heterogeneous catalysis is of paramount importance in the
chemical and pharmaceutical industry, as well as in energy
conversion, environmental treatment and materials science. It is
estimated that ~90% of all chemical processes involve
heterogeneous catalysis.' Carbon plays diverse roles in various

 heterogeneous catalytic reactions.”> For example, traditional
carbon materials are widely used as catalyst supports in
heterogeneous catalysis, especially the supported noble metal
catalysts in organic synthesis and in fuel cell electrocatalysis.’> In
addition, carbon is itself a well-known heterogeneous catalyst and

»sis used industrially in selective oxidation, chlorination,
dechlorination, and other reactions.’
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provide a succinct but comprehensive understanding of the
different roles of graphene in heterogeneous catalysis (Scheme 1),
i.e., its use as a catalyst support and its intrinsic catalytic
properties.

Scheme 1 lllustration of the different roles of graphene in heterogeneous
catalysis, i.e., its use as a catalyst support and its intrinsic catalytic
properties originating from the defects and heteroatom-containing
functionalities.

0 2. Graphene as a catalyst support

Supported catalysts are the most important type of catalyst in
heterogeneous catalyst.>> Among various supports used in
heterogeneous catalysis, carbon materials are attracting growing
interest owing to their large surface area and chemical stability,

15 which facilitate high loading of active sites and contribute to their
resistance to degradation in both acidic and basic media. In
addition, recovering the active phase (especially for the supported
noble metal catalysts) is convenient by direct combustion of the
carbon supports. Therefore, diverse carbon materials like

20 activated carbon, carbon black and carbon nanotubes have been
exploited as catalyst supports.’

Compared with other carbon supports, graphene and its
derivatives (e.g., graphene oxide) have the unique properties as
mentioned

25 heterogeneous catalysis. Many catalytically active species have
been successfully deposited or immobilized on graphene, and the
superior catalytic performance of these supported catalysts has
been documented in most of the reactions investigated to date.
The specific roles and advantages of graphene as a support for

s0 catalysts from both chemical and physical perspectives are
summarized in this section.

above that make them attractive for use in

2.1 Interaction with catalytic phases

The intrinsic chemical activity, selectivity, and stability of a

supported catalyst not only depend on its composition, structure,
3 size and shape, but also on its interaction with the support.*®

Therefore, great efforts have been made to understand the
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interaction between the graphene support and the supported
so catalytically active species.

For supported metal catalysts, in particular, it is expected that
the chemical bonding and associated charge transfer at the
interface between the metal particles and support can be used to
tune the electronic and chemical properties of the catalytically
active sites to achieve higher catalytic activity and selectivity.”®
Furthermore, good dispersion and improved stability of the
supported nanoparticles are usually observed in catalysts
featuring stronger support interactions. However, graphene is
chemically inert because of the strong sp® bonding among carbon
atoms in the graphene plane that leads to weaker interactions with
the supported metal clusters. To address this issue, mechanical
strain, defects, and functional groups have been introduced to
strengthen the interaction between the catalyst and graphene.

5

b

N
S

a 12 0% strain

5% strain

o
@

o
'S

g
o

Energy (eV)
=)
F-N

65 Fig. 1 (a) Band structure of Aujs@graphene under zero strain (left panel)
and 5% strain (right panel). Inset: Enlarged view of the HOMO, HOMO-1,
and HOMO-2 energy levels of Aus, and the Fermi level (dotted line) of
the entire system. (b) Isosurface of the differential charge for
Aujs@graphene when the graphene sheet is under 5% tensile strain, with

70 an isovalue of 0.02 e A™. The differential charge is calculated as Ap =
p(Auis@graphene) - (p(Auis) + p(graphene)). Note that the charge
redistribution mainly occurs in the interfacial region. (c) Isosurface of the
charge redistribution for an O, molecule (red) adsorbed onto
Aujs@graphene under 5% strain. The differential charge in this case is

75 calculated as Ap = p(O,Auis@graphene) - (p(0,) + p(Auis@graphene)).
The accumulation (or depletion) of electrons is indicated in red (or blue).
Reproduced with permission from ref. 34. Copyright 2010, American
Chemical Society.
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By using first-principles calculations, Zhang and co-workers™
reported that the application of a moderate tensile strain to
graphene should greatly increases the adsorption energies of
different types of metal clusters on graphene. More specifically,
in the case of supported Au clusters on graphene for CO
oxidation, the strain in graphene reversed the charge transfer
between the Au clusters and graphene support, resulting in a
significant reduction in the reaction barrier from ~3.0 eV to less
than 0.2 eV (Fig. 1). However, charge transfer from other metals
(e.g., Pt and Cr) to graphene was rarely observed.*>*® Only the d
band center of the bottommost metal layer could be tuned by
external strain on graphene.*

Introducing structural defects is a more efficient way to
increase the interaction between graphene and the supported
catalytic species. As exemplified by Kim and Jhi,*” the binding of
Pt nanoparticles to graphene and the adsorption of target
molecules onto Pt could be controlled by introducing defects in
graphene. The authors found that the supported Pt nanoparticles
were more tolerant toward CO during the hydrogen oxidation
reduction of fuel cells. Lim and Wilcox®® identified strong
hybridization of Pt nanoparticles with the sp> dangling bonds of
neighboring carbon atoms that were close to the monovacancy
sites of graphene. The hybridization is expected to enhance the
high catalytic performance by preventing the sintering of the Pt
nanoparticles and providing a balance in the O, binding strength.
The formation of Pt—carbon bonds at defects not only affected the
average bond length, and thus the strain in the Pt clusters, but also
resulted in stronger binding of the clusters to the defective
graphene, leading to increased charge transfer and substantial
downshift of the d band center of the Pt clusters.”* Though the
trapping ability of graphene with monovacancy sites vary for
different metal atoms, the diffusion barrier of a metal atom on
defective graphene is always considerably higher than that on
pristine graphene.’ This conclusion agrees with the experimental
results. For example, by combining in situ transmission electron
microscopy, electron tomography, and molecular dynamics
calculations, Moldovan and co-workers*! found that Pt
nanoparticles not only preferentially resided at the topographic
defects of graphene (e.g., steps and edges), but also diffused and
coalesced along these defects after annealing at 700 °C.

In contrast to graphene, graphene oxide has a large number of
oxygen-containing functional groups and topological defects.*”
These oxygen functional groups and topological defects can serve
as more favorable anchoring centers and nucleation sites for the
active species or the precursors.” Therefore, graphene oxide and
its derivatives, rather than pristine graphene, have been used to
prepare graphene-supported catalysts. The advantages of using
graphene oxide as a support or precursor can be summarized as
follows: (1) graphene oxide is cheaper and more readily
available;* (2) the amphiphilic nature and excellent dispersibility
of graphene oxide in both aqueous and organic solvents®' render
the surface more accessible to different precursors that can
subsequently enhance the accessibility of the supported
catalytically active species; (3) the binding energy of the oxygen-
doped surface of graphene oxide toward metal atoms is
significantly higher than that of pristine graphene® that
subsequently increases the stability of the supported nanoparticles
and their resistance to sintering. Moreover, the associated charge
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transfer may significantly lower the reaction barrier without the

sneed of introducing defects or strain;** (4) the covalent

immobilization of catalytically active organic species or enzymes
can be easily achieved by surface functionalization;*” and (5) the
redox reaction between graphene oxide and many metal ions may
lead to spontaneous deposition of the metal nanoparticles on the
basal plane of graphene.*®

However, as mentioned in the Introduction section, the
presence of functional groups and structural defects in graphene
oxide will significantly reduce the electron mobility of pristine
graphene that will subsequent affect electron transfer with the
catalytically active species. Consequently, pristine graphene-,
graphene oxide-, and r-GO-supported catalysts may show
significant differences in catalytic performance, especially for
supported electrocatalysts. For the supported noble metal
electrocatalysts, a crucial role of the support is to provide a
network with high electron conductance to minimize ohmic
losses associated with electron transport. Therefore, using
graphene supports with low defect density (such as solvent-
exfoliated graphene®) and high electrical conductivity is more
desirable for electrocatalysis. For example, Huang and Wang™
demonstrated that Pd nanoparticles supported on low-defect
graphene (LDG) sheets (prepared by a soft chemical method)
showed an electrochemically active surface area that was twice as
large as that on r-GO. LDG not only provided a large surface
area, but also preserved the excellent electrical conductivity of
pristine graphene for the electrocatalytic reactions.

Fig. 2 Proposed photocatalytic mechanism for graphene-TiO,
nanocomposites. The color code for the atoms is as follows: carbon
(gray), hydrogen (white), oxygen (red), and titanium (blue). Upon
illumination, the photo-excited electron is injected into the graphene
nanoplatelet, leaving behind a TiO,-confined hole (green). Because of the
lower density of defects in solvent-exfoliated graphene, electrons are
able to diffuse farther (depicted as the yellow pathway), thus providing a
larger surface area for the adsorption of CO,. Reproduced with
permission from ref. 51. Copyright 2011, American Chemical Society.

A profound influence of defects on the catalytic performance
was also observed with graphene-supported semiconductor
photocatalysts. Despite many studies that suggest the positive
influences of graphene and its derivatives on such types of
photocatalysts, varied results involving different graphene
supports have been observed in the photocatalytic degradation of
pollutants,  photocatalytic = hydrogen  generation,  and
photocatalytic disinfection.”” It is expected that the photo-
generated electrons in such graphene-supported semiconductor
photocatalysts will move toward the graphene support, leaving
behind the holes in the supported semiconductor particles.’" >
Thus, the graphene support acts as an electron acceptor to
enhance separation between the photogenerated electron and

This journal is © The Royal Society of Chemistry [year]
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holes, thereby suppressing their recombination, and consequently
enhancing the photocatalytic efficiency. Therefore, using
graphene supports, prepared by different methods, featuring
different conductivities significantly influences the
photocatalytic efficiency. For example, Hersam and co-workers®'
found that TiO, (P25) supported on solvent-exfoliated graphene
(0.27 wt.% P25) exhibited higher photoreductive activity than
pure P25 by 4.5x and 7.2x under ultraviolet and visible
illumination, respectively. In comparison, the counterpart
supported on r-GO showed no improvement under ultraviolet
illumination, but a 2.3-fold enhancement was observed under
visible illumination. The authors attributed the difference to the
superior electrical mobility of the solvent-exfoliated graphene
that contained fewer defects. In this photocatalytic system,
graphene not only facilitates the dispersion of the semiconductor
nanoparticles to prevents their agglomeration, but also reduced
the electron—hole recombination rate of the supported TiO, by
acting as an acceptor of photo-generated electrons (Fig. 2).

final

2.2. Influence of mass transfer

Apart from the intrinsic chemical activity, selectivity, and
stability, the practical performance of a supported catalyst is also
subject to physical limitation.> For conventional supported
catalysts with a porous structure, the reaction only occurs when
the reactant molecules come in contact with the supported active
sites, which are usually located inside the pores. Typically, seven
consecutive steps are involved in a classical heterogeneous
catalytic reaction,® i.e., (1) diffusion of the reactants from the
bulk phase to the external surface of the catalyst (external
diffusion); (2) diffusion of the reactants inside the pores to the
immediate vicinity of the active sites (internal diffusion); (3)
adsorption of the reactants onto the inner catalytic surface; (4)
reaction at specific active sites; (5) desorption of the products
from the inner surface; (6) diffusion of the products from the
interior of the catalyst to its external surface (internal diffusion);
and (7) diffusion of the products from its external surface to the
bulk fluid (external diffusion).

Consequently, the observed reaction rate and selectivity of the
targeted product also rely on the physical mass transfer/diffusion
steps involved.”® Many heterogeneous catalytic reactions are
diffusion-controlled, especially for reactions in the liquid phase
where the diffusion coefficient is much smaller than it is in the
gas phase. The latter fact may partly explain the improved
catalytic performance of graphene or graphene oxide-supported
catalysts observed in many liquid-phase reactions. It is expected
that the 2D structure with its large surface area and interesting
surface chemistry not only affords high loading and stronger
interactions with the targeted species, but also promotes mass
transfer during the reaction.

For example, despite the variation of catalytic performances
that was observed in samples prepared by different methods,
graphene- and graphite oxide-supported Pd catalysts showed
superior catalytic performance in organic synthetic reactons (such
as the Suzuki—Miyaura cross-coupling reactions) than relative to
conventional Pd/C catalysts.**** Mulhaupt and co-workers™
reported a remarkable turnover frequency (TOF) of 39,000 h™' for
a graphite oxide-supported Pd catalyst in the Suzuki—-Miyaura
reaction that is significantly higher than that achieved by a
commercial Pd/C catalyst. A later study by Gupton and co-

workers reported an even higher TOF of 108,000 h™ for a r-GO-

0 supported Pd catalyst that was prepared by microwave-assisted
chemical reduction of a palladium salt and graphite oxide.”®
Unprecedented TOFs of 230,000 and 237,000 h! have been
reported for Pd on single layer graphene oxide or r-GO by
different research groups.”” %

6 As mass transfer resistance becomes less prominent or even
negligible, supported bimetallic catalysts with higher catalytic
activity become more attractive because the addition of a second
metal can alter the electronic properties of the nanoparticle and
will usually has a positive effect on the intrinsic chemical activity

70 of the catalyst.®>® A series of graphene- and graphene oxide-
supported bimetallic nanocatalysts in the forms of alloys, core—
shell structures and other morphologies and various compositions
were prepared and showed extraordinary activity in catalytic
dehydrogenation, coupling reactions, reduction, and oxidation.”

75 % Besides, controlling the mass transfer processes to the highly
active bimetallic nanocatalysts is an interesting strategy for
adjusting their catalytic performance. For example, Fan and co-
workers®! developed a graphene-based smart catalytic system that
consisted of graphene-supported Au@Pt bimetallic nanocatalysts

s0 and a thermally-responsive polymer. The authors showed that the
catalytic reaction could be readily switched on or off by changing
the diffusion limitation in different temperature windows.

Random routes of the reactant molecules
Routes of the resultant molecules

@  Ruthenium catalytic active sites
d Q@ @
Q
Q ®
\ '@ \

—
- f
"

GO Support

Fig. 3 lllustration for the mass transfer phenomenon in liquid phase. (The
ss Reproduced permission from ref. 90. Copyright 2013, Royal Society of
Chemistry).

Graphene-supported organic and organometallic catalysts have
also attracted increasing attention over the past several years
because such catalysts on conventional supports often display

o0 lower activity than their unsupported analogues. Diffusion effects
are known to contribute to this problem.*” Fan and co-workers
demonstrated that sulfonated graphene could be used as a water-
tolerant solid acid for the catalytic hydrolysis of ethyl acetate, and
achieved a comparable activity to that of homogeneous sulfuric

os acid.® The excellent catalytic properties were attributed to the
high acid density of the —SO;H anchor groups (1.55-2.0 mmol
g ") and the crumpling feature of the sample that facilitated mass
transfer of both the reactants and products. Similar results were
obtained by other groups using sulfonated graphene prepared by

100 hydrothermal sulfonation.® Amino-functionalized

graphene/graphene oxide®™ % as well as the acid and base
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bifunctional graphene/graphene oxide®” ®® were examined as

environmentally friendly catalysts for the hydrolysis of ethyl
acetate, the nitrostyrene forming reaction, and the
deacetalization—nitroaldol reaction. Interestingly, transition metal
complexes immobilized on graphene oxide showed significantly
enhanced catalytic activity when compared with equivalent
homogeneous analogues.®®' Considering that transition metal
complexes can form dimers or aggregates in
homogeneous solution,* the unusual enhanced activity of the
immobilized transition metal complexes may be explained by a
site-isolation effect, as well as by the access/release of the
reactant and product to/from the catalytic sites in the pseudo-
homogeneous system with limited mass transfer resistance (Fig.
3).

inactive

2.7
4842

1241

& 10 20 30 40 50 60 70 80 90
26/ degree

Intensity / a.u.

Fig. 4 (a,b) Field-emission scanning electron microscopy images of
Pt/PdCu on 3D graphene frameworks (3DGF), (c) corresponding energy-
dispersive X-ray spectroscopy pattern, and (d) X-ray diffraction patterns
of Pt, PdCu, and Pt/PdCu on 3DGF. The inset in (b) is a high magnification
view of cubic Pt/PdCu on graphene sheets. Reproduced with permission
from ref. 95. Copyright 2012, WILEY-VCH.

In contrast to the suspended graphene or graphene oxide
nanosheets used in the reactions above, three-dimensional (3D)
graphene frameworks/networks’> may be a better choice of
support for use in solid-state catalysts. The 3D structure not only
provides high specific surface areas and high strength endurance
for catalyst loading, but also facilitates the rapid mass transfer of
the reactants, products and electrolyte. Wang and co-workers®
prepared a series of 3D graphene-supported noble metal
nanocrystals through macro-assembly of graphene oxide. The
authors demonstrated that the supported Pd could be used as a
fixed-bed catalyst in the Heck reaction, achieving 100%
selectivity and 100% conversion. Aside from applications in
organic synthesis, 3D graphene is highly desirable for use as a
graphene-based catalyst electrode, as mass transfer has profound
effects on the catalytic performance of the electrode.'? Tt is well
known that catalyst electrodes must provide an electrical
conductive path for the transport of electrons and an ionically
conductive path for the transport of protons, as well as channels
for the transport of reactants and products. However, in solid-
state electrodes, graphene sheets tend to stack on each other in a
parallel arrangement during electrode assembly because of the
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strong van der Waals forces and m—m stacking interactions.
Although the supported nanoparticles can act as spacers,”* film-
like architectures with low accessible surface area and high mass
transfer resistance are often observed with the graphene-based
electrodes. A reduced catalytic performance of a graphene-based
electrode may be expected owing to the restacking phenomenon.
Therefore, to provide maximum accessibility of the active species
to the catalyst and to ensure efficient mass transfer of the
reactants and/or products, Qu and co-workers” developed 3D
graphene framework-supported ternary Pt/PdCu nanoboxes for
anodic electrocatalysis. The authors reported more than 6-fold
improvement in activity per unit mass of Pt relative to the activity
achieved by a commercial Pt/C catalyst (Fig. 4). In a study of
Fe;0,4 nanoparticles for oxygen reduction reaction (ORR), Miillen
and co-workers’® demonstrated that 3D N-doped graphene-
supported Fe;O4 nanoparticles electrocatalyst had obviously
enhanced ORR activity when compared with the other
counterparts of similar compositions. The authors believed the
enhanced performances could be partly attributed to the positive
effect of macropores on the diffusion rate of the electrolyte to the
exposed active sites. The performance of many graphene-based
biosensors is also reliant on mass transfer processes, as
exemplified. In a study on 3D graphene-supported CuO biosensor
for ascorbic acid detection, Huang and co-workers®’ showed that
the anodic peak current was proportional to the square root of the
scan rate. This result suggested that the redox reaction was
controlled by mass transfer processes,” and highlighted the
advantages of the 3D architecture in providing an ideal
morphology for mass transfer.

3. Catalytic properties of graphene

In addition to its use as a catalyst support, graphene and its
derivatives find applications as metal-free catalysts. The
advantages of these catalysts include their lack of sensitivity to
moisture and oxygen, potential low cost, and low toxicity when
compared with metal catalysts. More specifically, graphene-based
carbocatalysts have shown great promise for potential
applications in various reactions. Their catalytic activity is
attributed to the presence of edges/defects, functional groups, or
doping structures that not only alter the chemical and physical
properties of pristine graphene, but also completely change their
roles in many heterogeneous catalytic reactions. In particular,
oxygen- and nitrogen-containing functionalities, which can be
incorporated into graphene by diverse methods, play important
roles in this intrinsic catalytic activity. In this section, the origin
of the intrinsic catalytic activity of graphene is discussed.

3.1. Intrinsic catalytic activity originating from oxide
functional groups and edges/defects

In contrast to pristine graphene that features inert activity,
graphene oxide and its reduced counterpart, r-GO, have been
proven to be promising catalysts for many catalytic reactions,
especially in organic synthesis. However, the determination of the
complete structure of graphene oxide and r-GO has remained
elusive because of their non-stoichiometric nature and complex
changes in structure. Herein, we briefly describe some key
features that are necessary to understand the origin of the
catalytic activity of graphene oxide and r-GO.

This journal is © The Royal Society of Chemistry [year]
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Graphene oxide can be regarded as a 2D network consisting of
variable concentrations of sp® and sp® carbon, with abundant
hydroxyl and epoxy functional groups on the basal plane.
Additionally, high-resolution '*C NMR spectroscopy has

s revealed the presence of lactol, ester carbonyl, and ketone
functional groups at the edges or defects of graphene oxide.”” A
complete structure of graphene oxide constituting five- and six-
membered lactol rings decorating the edges as well as esters of
tertiary alcohols on the surface has been proposed (Fig. 5).'

o Although most the hydroxyl and epoxy functional groups can be
removed after the reduction of graphene oxide, the holes, Stone-
Wales and other defects are usually observed within the basal
plane. Besides, highly stable carbonyl and ether groups are also
remained at the edges/defects.'”’ Additionally, trace amounts of

s other heteroatom-containing functionalities, such as sulfate
groups, may be present, as introduced upon adsorption during the
preparation of graphite oxide by the Hummers method.'"

10.0 nm

5.0nm

0.0 nm

Fig. 5 Atomic force microscopy image and structural models of graphene
0 oxide: (a) atomic force microscopy image of graphene oxide sheets on a
silicon substrate; (b) structure consisting of five- and six-membered lactol
rings. The carbons circled in red are those that generate BC NMR signals
at 101 ppm; (c) alternative structural model of graphene oxide, taking
into account five- and six-membered lactol rings (blue), ester of a tertiary
alcohol (pink), hydroxyl (black), epoxy (red), and ketone (green)
functionalities. Reproduced with permission from ref. 100. Copyright
2009, Nature Publishing Group.

S

These  heteroatom-containing  functionalities, edges,
topological defects, as well as subsequent changes in the
electronic properties contribute to the intrinsic catalytic activity
of graphene oxide and r-GO. However, the nature of the
catalytically active sites in specific reactions remains under
debate. Bielawski and co-workers'® '* reported that graphene
oxide could be used as a carbocatalyst for the oxidation of
alcohols and alkenes, the hydration of alkynes, as well as for the
polymerization of various olefins. In the oxidation reactions, the
authors showed that the yield of the final products significantly
decreased when the oxidation reaction was performed under an
atmosphere of nitrogen, suggesting the catalytic role of graphene
o oxide. A subsequent density functional theory (DFT) calculation

study revealed that the reaction occurred via the transfer of
hydrogen atoms from the organic molecule to the epoxide groups
on the basal plane of graphene oxide, followed by ring-opening
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reactions and dehydration that resulted in the formation of
partially reduced graphene oxide. However, the partially reduced
catalyst could be regenerated by molecular oxygen that allowed
for catalyst recycling.'” In another DFT study on the oxidative
dehydrogenation of propane to propene over graphene oxide,
Tang and Cao'% showed that the epoxy groups on the graphene
oxide surface provided active sites for the C—H bond activation,
and the presence of hydroxyl groups around the epoxide active
sites remarkably enhanced the C—H bond activation of propane
(Fig. 6). However, the widespread application of graphene oxide
in these oxidative reactions is still limited by high catalyst
loading requirements.

E GOZ"™-CaHy

Fig. 6 Relative energy profiles for the first H abstraction from CH, of
propane on graphene oxide GO1’ and GO2'. The red and blue lines
represent the pathways adopted by two different GO structures including
one epoxide group (GO1’) and one added neighboring OH at the opposite
side with respect to other oxygen groups on GO1’ (GO2’), respectively. All
energies (kcal mol™) are relative to propane adsorbed onto GO, and the
optimized configurations (distances in A) of the initial, transition, and
final states are shown. Reproduced with permission from ref. 106.
Copyright 2012, Royal Society of Chemistry.

An electron transfer mechanism has been proposed for the
intrinsic peroxidase-like activity of graphene oxide and its
derivatives.'”'® Qu and co-workers'” reported that carboxyl-
modified graphene oxide showed intrinsic peroxidase-like
activity and catalyzed the reaction of peroxidase by H,O,. The
authors believed that the catalytic effect was related to the
electronic structures of graphene oxide and its interactions with
H,0,, i.e., the electron transfer occurred from the top of the
valence band of graphene oxide to the lowest unoccupied
molecular orbital (LUMO) of H,0,.""" In the luminol-H,0,
system, Huang and co-workers'” demonstrated the role of
graphene oxide in increasing the rate of the electron transfer
processes. By using chemiluminescence spectroscopy,
UV-visible absorption spectroscopy, and electron spin resonance
spectroscopy, the authors found that the 'Oj-induced
chemiluminescence was greatly enhanced upon introduction of
graphene oxide in the system.

In contrast, in the r-GO system, the remaining functional
groups (carboxylic acid groups, in particular) and unsaturated
carbon atoms at the edges and defects play crucial roles in the
intrinsic catalytic activity. For example, Bao and co-workers'"!
demonstrated that r-GO could be used as a catalyst for the
reduction of nitrobenzene at room temperature. The authors
proposed that the unsaturated carbon atoms at the edges and
defects may be catalytically active centers for nitrobenzene; DFT
calculations suggested that the carbon atoms at the zigzag edges
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of the graphene sheet could interact with both terminal oxygen
atoms of nitrobenzene. This conclusion was supported by another
study (by the same authors) on the electrocatalytic activity of
different sized graphene sheet in the ORR.'"?

Subsequently, a detailed study by Loh and co-workers'"® on
the catalytic activity of r-GO toward the oxidative coupling of
amines revealed the synergistic effect of carboxylic acid groups
and unpaired electrons at the edge defects. The authors observed
that regeneration of the carboxyl groups on r-GO after a
neutralization treatment was accompanied by a remarkable
recovery in the catalytic activity, whereas quenching of the
localized spins generated at the edges or defects was associated
with a decrease in the catalytic activity from 89% to 30%. These
results provided strong evidences that the carboxylic acid groups
and the edges/defects of r-GO play vital roles in catalytic
reactions. Therefore, an interesting mechanism of the oxidative
coupling of primary amines catalyzed by r-GO was proposed
(Fig. 7). Additionally, the ketonic (C=0O) groups at the
edges/defects of r-GO that are rich in electrons may coordinate a
redox process.''*

It should be noted that other heteroatom-containing
functionalities, such as sulfate groups, may also play a crucial
role in the catalytic performance of graphene oxide. For example,
Garcia and co-workers'"” showed that graphene oxide could be
used as a recyclable acid catalyst for the ring opening of epoxides
at room temperature. The main acid sites may be attributed to
both the carbonyl groups and minute amounts of hydrogen sulfate
groups that were introduced during the preparation of the graphite

S

93
S

w
a

oxide precursor. A similar study on the catalytic acetalization of
aldehydes showed that the sulfur content on graphene oxide
decreased from 1.0 to 0.6 wt.% following washing with methanol,
resulting in a significant decrease in the catalytic activity.''®
These results suggested that the sulfate groups spontaneously
introduced during Hummers oxidation may be the main acid sites
that are responsible for many acid catalytic reactions by graphene
oxide.

3.2. Intrinsic catalytic activity originating from doping

Doping graphene with heteroatoms, such as N, B, P, I and S, has
proved to be an effective method to modify the electron-donor
properties and to endow graphene intrinsic catalytic activity.''”'*
N-doped graphene and its dual doping counterparts, in particular,
have been demonstrated to be promising metal-free catalysts for
oxygen reduction reaction (ORR). Despite numerous studies that
have been performed, the -catalytic active sites and the
mechanisms involved remain controversial. Pyridinic-N (or
pyrrolic-N) and graphitic-N are usually considered to be
responsible for the ORR activity of N-doped graphene. Where
pyridinic-N (or pyrrolic-N) at the edges or defects is the nitrogen
that contributes one p-electron to the aromatic m-system, and
graphitic-N refers to the N atoms replacing the C atoms inside the
graphene basal plane (Fig. 8d).""” However, either pyridinic-N or

e graphitic-N should be responsible for the enhanced catalytic

activity of N-doped graphene is still under debate.
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Fig. 8 (a) X-ray photoelectron spectroscopy patterns of pristine graphene
and N-doped graphene. X-ray photoelectron spectroscopy (b) C 1s
pattern and (c) N 1s pattern of N-doped graphene. The C 1s peak can be
split into three Lorentzian peaks at 284.8, 285.8, and 287.5 eV, which are
indicated by the red, green, and blue dashed lines, respectively. The N 1s
peak can be split into three Lorentzian peaks at 401.7, 400.1, and 398.2
eV, which are indicated by the red, green, and blue dashed lines,
respectively. (d) Schematic representation of N-doped graphene. The
blue, red, green, and yellow spheres represent C, graphitic-N, pyridinic-N,
and pyrrolic-N atoms in N-doped graphene, respectively. Reproduced
with permission from ref. 117. Copyright 2009, American Chemical
Society.

It is known that the nitrogen bonding configurations, rather
than the nitrogen content, is the key factor for the electrocatalytic
performance of N-doped graphene towards the ORR.'** '?” For
example, Xia and co-workers'?* prepared N-doped graphene via
thermal annealing of graphite oxide with melamine. The atomic
percentage of nitrogen in the doped graphene samples could be
adjusted to up to 10%. The authors showed that the nitrogen
content in N-doped graphene did not significantly influence the
electrocatalytic activity of N-doped graphene towards the ORR.

Pyridinic-N sites have been widely regarded as catalytically
active sites for N-doped carbon materials owing to the
delocalization of the p electron from pyridinic-N that facilitates
the reductive O, adsorption. By using graphene oxide as a
precursor, Miillen and co-workers'>® observed that the content of
pyridinic-N and the electrical conductivity are the two key factors
for achieving high-performance N-doped graphene for the ORR.
When the content of graphitic-N was reduced while that of
pyridinic-N was kept constant by increasing the pyrolysis
temperature from 800 to 1000 °C, they observed an obvious
decrease in the ORR catalytic activity was observed. A recent
study'®®  using  synchrotron-based  X-ray  photoelectron
spectroscopy showed that oxygen reduction intermediate, OH,gs,
which is expected to chemically attach to the active sites,
remained on the carbon atoms close to the pyridinic-N after the
ORR. This result suggested that pyridinic-N played an important
role in the ORR process and that the nearby carbon atoms are the
main active sites, as consistent with the theoretical studies.'?> 133
DEFT calculations revealed that identification of the catalytically
active sites on N-graphene was mainly governed by the spin
density distribution. The substituted nitrogen atoms that introduce
unpaired electrons into the graphene will change the atomic

4s charge distribution on graphene. Therefore, the carbon atoms

neighboring pyridinic nitrogen have the highest spin density (Fig.
125

9) and hence are the electrocatalytically active catalytic sites.

Fig. 9 Spin density distribution on N-graphene with (a) a pyridine

s0 structure (CssNHyo) and (b) a pyrrole structure (CssNHyg) , respectively.

Spin density distributes on the electron density isovalue plane; the most
negative value is indicated by the red region in the scale bar, whereas the
most positive value is indicated by the blue region in the scale bar.
Reproduced with permission from ref. 125. Copyright 2011, American

ss Chemical Society.

However, when pure pyridinic-N doped graphene that was
prepared by the chemical vapor deposition was used, the as-
prepared N-doped graphene did not show remarkable ORR
catalytic ability as previously reported."® In another study, the

¢ same group found that annealing graphene oxide with ammonia

preferentially formed graphitic-N and pyridinic-N centers,
whereas annealing of polyaniline/r-GO and polypyrrole/r-GO
generally produced pyridinic and pyrrolic-N  moieties,
respectively. Additionally, they found that the electrocatalytic

os activity of the catalyst was dependent on the graphitic-N content,

whereas varying the content of pyridinic-N improved the onset
potential for ORR.

Thus, both pyridinic and graphitic nitrogen may contribute to
the catalytic performance, while assuming different roles. In a

70 study on the catalytic activity of graphite nitride, Wang and co-

workers'®” reported that the N atoms, especially the graphitic-N
atoms in the carbon lattice, could facilitate electron transfer from
the carbon electronic bands to the antibonding orbitals of O,.
Additionally, Zhang and Xia'® reported that the graphitic-type

75 doping showed ORR activity in both dissociative and associative

paths. Jung and co-workers'"? reported an inter-conversion event

between the graphitic and pyridinic sites within a catalytic cycle.
Based on their calculations, the outermost graphitic nitrogen site
in particular gave the most desirable characteristics for improved

s0 ORR activity, and hence acted as the active site. But the latter

graphitic nitrogen would become pyridinic-like in the subsequent
electron and proton transfer reaction via ring-opening of a cyclic
C-N bond. However, in a recent study by Woo and co-
workers,'”> based on DFT calculations (considering entropic

ss contributions and solvation effects), no thermodynamically

suitable sites for O, binding near the N-doped carbon sites were
identified except for the graphitic-N sites specifically positioned
at the edge of graphene sheet. The authors suggested that oxygen
adsorption was not necessary for ORR of N-doped graphene, and

o0 the first electron was transferred to O, molecules at the outer

Helmholtz plane (ET-OHP) over a long distance (Fig. 10). The
ET-OHP mechanism may resolve the conundrum of finding
thermodynamically unstable O, binding sites and allow the
participation of basal graphene N-doped sites for the activation of

95 OXygen.
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Fig. 10 Starting from solvated O, molecules, the pathway is divided into

ET-OHP and ET-IHP processes. For ET-OHP, O, adsorption is not
necessary (AG,q; 2 > 0), and the rate of ET is strongly affected by the ionic
strength of the electrolyte; for ET-IHP, it is important to find good
0O, adsorption sites (AGadS°2< 0), and the electron can be injected into
the O, * orbital through orbital-orbital interaction on the femtosecond
timescale. From the DFT energetics, only the graphitic-N sites at the edge
of the graphene sheet can adsorb O, and enable the ET-IHP mechanism
only at these sites; however, this mechanism cannot be fully reconciled
with the observed ORR kinetics. The ET-OHP process will therefore
predominantly occur on the basal plane where O, adsorption is
unfavorable. After formation of «OOH at the end of the ET-OHP process,
*O0OH immediately adsorbs onto the N-doped graphene surface
(AGadS'OOH < 0); this allows further stable reduction steps that generate
two water molecules (the four electron pathway). Reproduced with
permission from ref. 135. Copyright 2014, American Chemical Society.

In addition to N-doped graphene, other heteroatom-doped
graphenes, and co-doped graphene in particular have generated
increasing interest.'?% 130 131 134 37 por example, Qiao and co-
workers'?® found that the S- and N- co-doped graphene catalysts
had significantly better ORR performance than graphene catalysts
doped solely with S or N atoms. A calculation study revealed that
the maximum spin density substantially increased to 0.43 when S
and N were simultaneously incorporated into graphene to form
co-doped graphene, resulting in significantly improved ORR
activity. Dai and co-workers'*! prepared a B- and N-co-doped
graphene catalyst by thermally annealing graphene oxide in the
presence of boric acid and ammonia, and the resultant co-doped
graphene showed superior electrocatalytic activity over a
commercial Pt/C electrocatalyst. First-principles calculations
revealed that the N and B-co-doping could result in a smaller
energy gap when compared with that in pure graphene, thereby
leading to improved catalytic activity. However, only moderate
doping could enhance the electrocatalytic activity of graphene
towards the ORR. Co-doping with excessive amounts of B and N
could result in significantly decreased catalytic activity. Qiao and
co-workers'** also observed a synergistic coupling effect between
N and B co-dopants. The authors reported that the 2p orbital of
the C atom located between the N and B dopants was first
polarized by N, which was then able to donate extra electrons to
an adjacent B atom. Consequently, the electron occupancy of the
2p orbital of the “activated” B atom increased, thereby facilitating
adsorption and bonding with HO,. Thus, the activated B atom
served as an active site to enhance the ORR activity. Moreover, a
recent DFT simulations study by Kiefer and co-workers'’
identified graphitic BN; motifs as active sites for complete O,
electroreduction using B- and N-co-doped graphene
electrocatalyst. The studies predicted that an enhancement in
catalytic activity and selectivity could be achieved by increasing

=
G

100

105

the concentration of graphitic BN; motifs.

4. Conclusions and outlook

Because of the rapid expansion in the number of studies related to
the applications of graphene in heterogeneous catalysis, rather
than attempting to summarize all the progress achieved to date,
we discuss the role of graphene and its derivatives as catalyst
supports, with particular emphasis on the influence of defects and
functional groups on their interaction with catalytic phases, as
well as the advantages of structures in the mass transfer process.
Additionally, we provide a comprehensive summary on the
contribution of edges/defects, functional groups, and doping
structures to the intrinsic catalytic properties of graphene-based
catalysts.

Although substantial progress has been made during the past
several years, research toward the applications of graphene in
heterogeneous catalysis is still at its early stages. Many important
challenges must be addressed before practical applications are
fully developed. First, despite the fact that enhanced catalytic
performances was observed in most graphene-based supported
catalysts studied to date, a systematical comparison with
commercial catalysts remains necessary. In particular, the catalyst
should at least show comparable stability and performance under
the required reaction conditions for long periods of time. Most
experimental studies on graphene-supported catalysts have
focused on the preparation, characterization, and quantification of
their catalytic activity in specific reactions. In contrast, studies on
the fundamental principles and parameters that influence the
catalyst performance are rare. For example, mass transfer has
been shown to have a prominent influence on the catalytic
performance of graphene-supported catalysts, but detailed models
describing the transport of reactants and products to and from the
active sites have yet to be determined. As for graphene-based
catalysts, the intrinsic catalytic properties give graphene and its
derivatives great promise for potential applications as metal-free
catalysts in diverse reactions. Unfortunately, identifying the
actual active sites on these catalysts is still a great challenge
because of their structural complexity that originates from
different types of functionalities, sites, edges and defects. To,
shed some light on this problem, further studies that combine in
situ characterization methods with theoretical calculations are
necessary.

Despite these remaining challenges, the future of graphene-
based supports and catalysts is exciting, considering that carbon-
based supports and catalysts have been used in numerous
reactions of industrial interest.® Additionally, it is apparent from
the literature coverage in this review that high-quality graphene is
not necessary for application in heterogeneous catalysis, and thus
may reduce the gap between basic scientific research and
industrial development in terms of economical and technical
factors.
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