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Abstract: In the recent two decades, graphene-based materials have achieved great successes
in catalytic processes towards sustainable production of chemicals, fuels and protection of
the environment. In graphene, the carbon atoms are packed into a well-defined sp?-hybridized
honeycomb lattice, and can be further constructed into other dimensional allotropes such as fullerene,
carbon nanotubes, and aerogels. Graphene-based materials possess appealing optical, thermal,
and electronic properties, and the graphitic structure is resistant to extreme conditions. Therefore,
the green nature and robust framework make the graphene-based materials highly favourable for
chemical reactions. More importantly, the open structure of graphene affords a platform to host
a diversity of functional groups, dopants, and structural defects, which have been demonstrated
to play crucial roles in catalytic processes. In this perspective, we introduced the potential active
sites of graphene in green catalysis and showcased the marriage of metal-free carbon materials in
chemical synthesis, catalytic oxidation, and environmental remediation. Future research directions
are also highlighted in mechanistic investigation and applications of graphene-based materials in
other promising catalytic systems.

Keywords: graphene; green chemistry; carbocatalysis; active sites; advanced oxidation; organic
synthesis; hydrogenation

1. Introduction

The discovery and exploitation of catalysts in the last century has significantly renovated the chemical
industry and boosted the rapid development of human society in all the aspects of food, energy,
and environment. Most chemical processes are driven by acids/bases and zeolites, as well as metals
and metal oxides. Noble metals such as Pt, Pd, Au or Ru possess high activities in electrocatalysis [1],
CO oxidation [2], petroleum refining [3], and organic synthesis [4], whereas the industrialization is limited
by scare resources, high cost, and low stability in a long-term operation. Transition metal oxides (TMO)
possess multivalent sites and are widely used in hydrogenation/dehydrogenation reactions and fuel
cells [5-7]. However, due to the complicated composition, termination, size, and morphology, the rational
optimization of well-defined metal oxides towards oriented heterogeneous reaction and unveiling
the regime in catalytic processes are challenging [8]. TMO catalysts also suffer from poor stability in acidic
or basic solutions and may potentially induce secondary contamination during use and disposal. To this
end, carbonaceous materials are promising alternatives which are of elemental abundance, environmental
friendliness, and structural robustness.
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The term of “carbocatalysis” refers to heterogeneous catalysts that are composed of carbon as
the major element and the active compounds [9]. Among the diverse carbon allotropes, graphene
and graphene-based materials have attracted high interest from the scientific community. Graphene
is constructed with one atomic layer of sp?-hybridized carbons compacted in a honeycomb lattice,
with a theoretical surface area of 2600 m?/g, thermal conductivity of ~5000 W m~! K~! and a very
high electrical conductivity [10,11]. With defects and curvature, graphene can be rolled into fullerene
and carbon nanotubes, or stacked into multi-layered graphite (Figure 1). More intriguingly, the artificially
derived graphene is normally imperfect, bearing a variety of oxygen-containing groups, dangling bonds,
and structural defects in plane and at the boundaries. Different from the highly conjugated graphitic
lattice, these imperfect sites induced abnormal electronic and chemical features to the graphene, and are
identified as the intrinsic active sites in carbon-based catalysis [12,13]. In particular, since Hummers
and co-workers reported the approach to synthesize graphene oxide (GO) from natural graphite flakes in
1958, tremendous efforts have been dedicated to improve the approach for the lab-scale production of GO
for further synthesis and functionalization of graphene (namely reduced graphene oxide, rGO) [14-16].
The open structure of two dimensional GO allows for both structural and compositional flexibility,
further engineering pristine graphene with heteroatom dopants, oxygen functionalities, and coupling
with other materials [17]. Both surface modification and structural engineering can bring new features
to graphene in catalysis. Moreover, since the graphene-based materials possess open, well-defined
and simple structures, offering tremendous opportunities for functionalization, the characterization
and determination of the structure/functionalities-catalysis relations in chemical reactions.
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Figure 1. Transformation of two-dimensional graphene into other allotropes such as fullerene, carbon
nanotubes, and stacked graphite flakes. Reprinted with permission from reference [18].

Here, the guest editors of the Special Issue would like to highlight of the recent achievements
of graphene-based materials in green catalytic processes. We will first introduce the diverse
potential catalytic centers in graphene-based materials, the synthesis and features in carbocatalysis.
Then, we choose several characteristic systems to showcase the state-of-the-art of carbocatalysis in
hydrocarbon conversions and environmental purification, covering advanced oxidation processes
(AOPs), organic synthesis, selective oxidation, hydrogenation reactions. Finally, we provide some
directions to the rational design and synthesis, advanced characterizations and mechanistic studies of
graphene-based materials in heterogeneous catalysis.
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2. Active Sites in Graphene

Artificially derived graphene has a typically non-perfect sp?-conjugated carbon lattice. A diversity
of structural defects, functional groups, dopants and impurities are simultaneously generated, which are
of high chemical potential to coordinate redox processes in chemical reactions. This section will briefly
introduce the typical catalytic centers in graphene, their production, features and functions.

Basal plane the sp? carbons in the basal plane of graphene share a highly conjugated
and delocalized 7 system, which is believed to be chemically inert. The graphitic carbon lattice is of
high conductivity and aromatic degree, which can facilitate the electron-transfer process in redox reactions
and adsorption/activation of organic molecules via 7— interactions and electrostatic interactions [19,20].
In particular, graphene allotropes such as carbon nanotubes and fullerene possess a bent carbon network.
The curved carbon structure leads to the uneven distribution of electrons at the concave and convex sides
and enables the excitation of partial s electrons into the p orbitals [21]. The carbon atoms are supposed to
process redistributed electronic structures and semi-metal properties, distinguishing them from planar
carbons in catalysis.

Oxygen functionalities Graphene-based materials are inherently functionalized with oxygen groups
from the manufacture processes to saturate the metastable defects, dangling bonds, and boundaries.
Concentrated acids (H,SO4, HNO3;, H3PO,4) and mild oxidants (H,O,, O,, CO,) are also used to
potentially decorate carbon materials with oxygen-containing groups. The categories of oxygen groups
are diverse and mostly located on the periphery of graphene [19]. Based on their capacities to donate
or accept protons, the oxygen functionalities are grouped into acidic, neutral and basic species. So far,
a large volume of studies have been conducted on the activities and intrinsic catalytic centers of
the oxygen groups in different studies [22,23]. Both the quantity and species of the oxygen groups may
affect the reactivity of graphene in carbocatalysis.

Heteroatom doping One of most fascinating techniques in graphene functionalization is chemical
doping, which brings in new active sites, regulates the electron/spin cultures of carbon lattice,
and remarkably speeds up the carbocatalytic reactions [24,25]. Metal-free elements such as boron,
nitrogen, phosphorus, sulfur, and halogens are extensively used as the dopants, which can be introduced
by the post-treatment of GO with the organic/inorganic precursors that contain the elements [26,27].
Some bottom-up strategies are also developed to directly synthesize chemically modified graphene via
a one-step approach [28-30]. The substitution with alien atoms effectively changes the charge density of
the surrounding carbons and alters their catalytic behaviors in a redox process. The direction of electron
transfers between the dopants and the host (carbons) is determined by their different electronegativities,
as well as the density of state (DOS) of the highest/lowest occupied molecular orbitals (HOMO/LOMO)
compared to the Fermi level of carbons in intact graphene [31,32]. Additionally, the doping level is
determined by the relative radius of the alien atom to carbon as well as the electronic configuration to
form covalent bond with sp? carbon. Notably, the doping amount should be kept at a rational level
within a limit, otherwise the structural integrity of graphene cannot be maintained. More recently,
the metal-free dopants, especially pyridinic nitrogen, have been used as anchoring sites to coordinate
with isolated transition/noble metal atoms in the graphene layer, offering a new class of single-atom
carbocatalysts in chemical reactions [33-35].

Defects During the synthesis and functionalization, a certain amount of extrinsic or intrinsic defects
will be inevitably induced into the graphene lattice. These structural defects include zigzag/armchair
edges, vacancies, dangling bonds, and topological defects (Figure 2) [8]. The point defects, such as
vacancies in the basal plane and zigzag/armchair edges at the lattice boundary, break the symmetry
and homogeneity of the conjugated sp? systems. The localized electrons in edging sites afford
the boundary carbon atoms with unpaired 7 electrons, localized spins and close DOS to Fermi level,
demonstrating high chemical potential in catalytic processes [36,37]. Additionally, the topological
defects are the non-hexagonal rings of the pentagon, heptagon, octagon, and their combinations.
These defects can induce local lattice distortion (Gaussian curvature), shorten/prolonged bond distance,
and re-optimize electron orbitals, possessing intriguing electronic structures in catalysis [38,39]. Due to
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high activity, these defects have been artificially induced in graphene-based materials in recent studies
by hierarchical pore engineering [40], acid etching [41], plasma treatment [42], or selective removal of
heteroatoms by thermal annealing [43].

Figure 2. Scheme of (a-d) different topological defects (Reprinted with permission from reference [44]);
(e) armchair edges, and (f) zigzag edges in graphene.

3. Advanced Oxidation Processes

Modern industrialization and rapid urbanization have produced large volumes of hazardous
and persistent organic contaminants into aquatic systems. The conventional wastewater treatment
plants rely on physical separation and aerobic/anaerobic bio-digestion, which cannot completely
remove all the toxic micropollutants in water. To this end, advanced oxidation processes (AOPs) are
developed to use diverse peroxides such as hydrogen peroxide (H,O;), ozone (O3), peroxymonosulfate
(PMS), and peroxydisulfate (PDS) to produced highly reactive oxygen species (ROS) to decompose
the contaminants. The typical ROS include sulfate radicals (SO4*~ 2.5-3.1 V), hydroxyl radicals
(*OH, 1.8-2.7 V), superoxide ion radicals (O,*", 1.70 V), and singlet oxygen (10,, 2.2 V), etc.
Most ROS have a higher oxidation capacity than the parent peroxides and can directly decompose
and mineralize the organic pollutants into harmless products. Different from physical stimulations
such as ultrasonic [45], ultra-violet radiation [46], heat [47,48] and electricity [49], diverse transition
and noble metals [50] with redox sites and optimal d orbitals can catalyze the decomposition of
superoxides to produce ROS without an intensive energy input. However, metal catalysts suffer from
the inherent demerits of high cost, toxicity and poor stability. In this regard, graphene-based materials
stand out as green and robust alternatives to drive the AOPs system [51-53].

Wang’s group first applied rGO as a metal-free catalyst to activate PMS to generate sulfate
radicals for phenol oxidation in aqueous solution, outperforming the benchmark transition metal
catalysts (Co3O4 and MnOy) [54]. Via rational material design and theoretical computations, the basic
carbonyl groups and zigzag/armchair edges at the lattice boundary are the primary active sites [55-57].
The electron-rich ketonic groups can either experience a redox cycle to produce sulfate radicals or
combine with PMS to form an epoxy adduct to mediate singlet oxygen (Figure 3) [58,59]. Incorporating
nitrogen dopants into graphene can remarkably boost the catalytic activity for PMS activation
and catalytic oxidation [60-63]. Among the nitrogen dopants, graphitic nitrogen has been demonstrated
as the most reactive nitrogen species, which leads to positively-charged carbon atoms in the local
domain [64]. These carbon atoms are the intrinsic active sites to strongly bond with the oxygen atoms
in PMS molecule to coordinate a nonradical oxidation pathway [65]. Moreover, nitrogen dopants
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at the structural defects (vacancies and edges) show a synergistic effect for improved carbocatalysis
in AOPs [66-68]. Co-doping sulfur with nitrogen in graphene at a rational level further improves
the activity of graphene for PMS activation, due to the optimized electronic configuration and enlarged
catalytic areas (Figure 4) [69,70]. Introducing boron into the N-doped graphene results in more reactive
carbons and improves the performance of N-doped graphene, and the catalysis is determined by
the relative distance/position of N and B atoms [71,72]. More recently, nanodiamonds (NDs) have
been graphitized at high temperatures into sp?/sp® hybrids with graphitic shells and a diamond
core [73,74]. The reactivity of the annealed NDs in AOPs is dependent on the relative proportion of
sp? and sp? carbons as well as the surface chemistry (dopants and functionalities) of the outermost
graphene sphere [75-78]. Additionally, embedded transition metal nanoparticles, such as Co [79,80],
Fe [81,82], Mn [83], and Ni [84,85], beneath graphene not only afford the carbocatalyst with a magnetic
property, but also increase the charge density of surface carbons via interfacial coupling. The synergy
of metal-graphene hybrids boosts the electron transfer to PMS for evolution of ROS and intensifies
the stability of carbon in oxidative environment [86].

C C e :
\ o

Non-radical Pathway o‘.w-& HSO,~

é

Cs@o0o ON ©@c ©OH

Figure 3. Illustration of different reaction pathways: singlet oxygenation, nonradical electron transfer,
and radical pathways. Reprinted with permission from reference [59]

Similarly, graphene-based materials are also capable of activating PDS for catalytic oxidation,
whereas most of the systems are based on nonradical reactions. For instance, singlet oxygen was
discovered in the PDS/rGO systems, generated at the ketonic groups and edging defects [87,88].
Over the intact graphitic carbon network, the electron-transfer regime typically dominates the oxidation,
where PDS is activated and confined on the highly-conjugated basal plane of carbocatalysts as
a metastable intermediate [89,90]. The intermediate elevates the redox potential of the carbon
surface and directly oxidize the organics via electron abstraction. By rationally regulating the surface
functionalities of the carbocatalyst, the adsorption quantity of PDS can be precisely tailored [91].
Therefore, the redox potential of a carbocatalytic system is controlled to be able to selectively remove
target organic pollutants based on its electron-donating properties [92,93]. Interestingly, N-doping
cannot significantly improve the reactivity of graphene-based materials for PDS activation, which is
different from the PMS-based systems [94]. This is partially because of the large and symmetrical
molecular structure of PDS and limited improvement in adsorption in the N-doped areas [95,96].
The construction of graphene nanosheets into porous structures or three-dimensional frameworks not
only boost the kinetics of reactant diffusion, but also dramatically improves the adsorption capacity of
persulfates to break the limit [97-99].
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Figure 4. Electrostatic mappings of (a) pristine graphene, (b) S-doped, (¢) N-doped (graphitic nitrogen),
(d), S-, N-codoped, and (e) S-, S-, N-doped graphene models. Reprinted with permission from
reference [70].

4. Chemical Synthesis and Green Catalysis

The development of the chemical industry has been possible, in a large extent, due to the design
of active, selective and stable catalysts [100,101]. Traditionally, most of the catalysts applied in
the industry are based on transition metal elements with the general role of acting as Lewis or redox
sites. Nowadays, more than 80% of chemical industrial processes use a catalyst. The global catalyst
market is dominated by heterogeneous catalysis [102]. The main advantage of heterogeneous catalysis
is the easy separation of catalyst from the reaction mixture that allows the development of economical
and simplified continuous flow processes and recovery and reuse of the solid catalysts.

For the sake of sustainability, it would be convenient to develop heterogeneous processes based
on cost-effective metal-free catalysts [103-112]. Carbon is an earth-abundant element and can be
fabricated into diverse structures with versatile functionalities, standing out as the promising candidate
for green catalysis with high efficiency and selectivity [113-117]. The area of catalysis dealing with
metal-free carbon catalysts is called “carbocatalysis”. In the 1980’s, some pioneering studies appeared
in this area [118-121]. One of these examples reported the oxidative dehydrogenation reaction of
ethylbenzene to styrene using a crystalline zirconium phosphate as a catalyst (Figure 5) [120]. Styrene
is one of the important commodities of the petrochemical industry especially for the production
of plastics and resins. This study showed that a black carbonaceous material generated during
the course of the reaction was the real active phase in catalysis [120]. Furthermore, it was demonstrated
that the presence of molecular O, was required during the course reaction at high temperature for
the formation of the active centers that were attributed to hydroquinone/quinone or phenol/aroxyl-like
moieties in the active coke.

Zr(HPO4)2 AN
©/\+ 12 0, O/\ +H,0
450°C

active coke

Figure 5. Catalytic oxidative dehydrogenation of ethylbenzene to styrene and formation of active coke.
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Since then, the number of examples using different carbonaceous materials or carbon allotropes as
metal-free carbon materials have continuously grown [105-122]. Moreover, the discovery of graphene
and related materials since 2004 have expanded the field of carbocatalysis in a large extent [18,23,106].
Nowadays, GO [123,124] and rGO [125] have become the most popular graphene-based carbocatalysts.
Some of the main reasons of the wide use of GO and rGO as metal-free catalysts include their availability
in sufficient quantities due to easy preparation as well as their tunability for functional groups to
act as active sites in specific reactions. Currently, graphene-based materials have been reported as
metal-free catalysts for several reactions including oxidation, reduction, coupling, and acid-base
reactions. The reader is referred to some existing reviews covering the use of graphene as metal-free
catalysts for these types of reactions [22,23,103,104,106].

In the present perspective, while paying credit to prior pioneering work, the main focus will
be allocated to the recent examples of graphene-based carbocatalysts for two of the most important
reactions for the chemical industry, namely oxidations and hydrogenations using molecular O,
and Hy, respectively.

5. Oxidation Reactions

One of the most important processes in the chemical industry is the oxidation of organic
compounds [126-129]. Commonly, these oxidation reactions are performed using transition metal
catalysts as redox centers combined with oxidants such as hydrogen peroxide, organic peroxides or
hydroperoxides. Currently, one of the challenges in the area of catalytic oxidation is the development of
active, sustainable and cost-efficient catalysts to perform selective oxidation reactions using molecular
oxygen as an oxidant [22].

In this context, Bielaswky and co-workers reported, in 2010, a pioneering work on the use of GO
as a carbocatalyst to promote the aerobic oxidation of benzyl alcohol to benzaldehyde (Figure 6) [123].
The catalyst was prepared by graphite oxidation following Hummer’s method and further ultrasound
exfoliation. Reuse experiments showed that GO maintains its activity when using catalysts loadings
higher than 50 wt%. However, the use of GO loadings lower than 20 wt% results in a benzyl alcohol
conversion lower than 5%. Characterization data of the used GO show that the deactivation of
the catalyst is related with partial reduction of GO to rGO. Importantly, experimental and theoretical
studies proposed epoxy groups on GO as the active sites for the observed catalytic activity [130].
In spite of the low TON achieved (1.1 x 1072) by GO as the catalyst for benzyl alcohol oxidation, this
work is considered one of the milestones in the field of carbocatalysis, sparking the development of

the field.
©AOH GO (5-200 Wt%), O, 0
solvent-free, 100 °C, 24 h

Figure 6. Aerobic oxidation of benzyl alcohol using graphene oxide-based catalysts.

Since then, the number of studies showing the potential application of graphene-based materials
as catalysts for oxidation reactions have continuously grown [9,22]. Among them, particularly
relevant—for the sake of sustainability—are those papers that have shown the potential use of
graphene as active catalysts for molecular O, activation. In this line, Loh and co-workers reported
that the activity for benzyl amine oxidative coupling of GO obtained by Hummer’s method can be
increased by simple basic and acids treatments (Figure 7) [36]. It was proposed that these washings
removed the amorphous acid carbon debris deposited on GO blocking holes that become released upon
these washings increasing the number of defects on the washed GO. The obtained GO can be used for
six consecutive catalytic cycles of oxidative benzyl amine coupling with a negligible loss in activity
and maintaining a product yield higher than 95%. Importantly, the presence of carboxylic acid groups
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close to unpaired electrons at the edge were proposed as the active sites for O, activation to superoxide
radicals as the primary reactive oxygen species, promoting benzylamine oxidation to the corresponding
imine. This work represents one of the first examples showing graphene-based materials as metal-free
catalysts for aerobic oxidations under solvent-free conditions in a low catalyst-to-substrate mass ratio.

NH, ba-GO (5 wt%), air . @N@
solvent-free, 90 °C, 12 h

Figure 7. Aerobic oxidation of benzylamine using base then acid washed graphene-oxide (GO) as

a catalyst.

Currently, a step forward in the development of graphene-based materials is the preparation of
the catalyst materials with well-defined functional groups as the catalytic sites for specific reactions [22].
The reader is referred to some existing reviews summarizing the current knowledge on the nature
of the active sites on graphene-based materials for several catalytic reactions [22]. In this line,
recently, we have reported the influence of the GO reduction method on its catalytic activity for
molecular O; activation leading to the selective oxidative coupling of benzylamine to its corresponding
imine [131]. Figure 8 illustrates some of the proposed structural differences in rGO samples depending
on the chemical or thermal reduction processes.

Hydrazine reduction Hydroquinone reduction

rGO-HZ N, on

== %"
HOQOC
S==S ]

OH 0
NH; \ HooC====>ele=0,_

HN_HO OH '
HOOC——=m =0 rGO-HQ
HO
OH NHZ \@\
b) "\\NH, OH
Ascorbic reduction 5_ o

o =
oo |HOOC gggg

" O‘Hﬂ GO OH

HO 0. .0 Thermal d)
Ho B reduction o
0, 0 0 Oe.
Hooc == IS . 2

l 0]
o °" rGO-T

OH rGO-ASC

Figure 8. Variation of the nature of functional groups in reduced graphene-oxide (rGO) depending on
the reduction treatment: (a) hydroquinone, (b) hydrazine, (c) ascorbic acid as reducing agents, or (d) by
thermal reduction. Reprinted with permission from reference [131].
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A series of rGO samples were prepared from a common GO precursor and then, under
different reduction treatments, were tested for the aerobic oxidation of benzylamine [131]. The rGO
sample prepared with hydroquinone as a GO reducing agent exhibited the highest catalytic activity
(Figure 9a). Interestingly, the catalytic activity depends on the degree of rGO functionalization
with hydroquinone/quinone-like moieties. Thus, the higher the amount of hydroquinone employed,
the higher catalytic activity observed, due to the higher hydroquinone/quinone-like moieties covalently
anchored to the rGO. Importantly, it was demonstrated that the catalytic process is truly heterogeneous
(Figure 9a) and the catalyst could be reused several times with only a slight decrease in the catalytic
activity (Figure 9b). Control experiments using Mn(Il) acetate as catalyst were performed to rule out

that the presence of trace amounts of manganese in the carbocatalyst acts as active sites of the reaction
(Figure 9b).

a) 1004 C) oM@t oy reoHacoOH B
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[ 40 N\
2 reo-HaoH  § Neef O
8 204 rGO-HQ-CO
04 ; -
0 4 8 12 16 20 24 HOPC
Time (h
b) e (h) d)
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100
~ 80 —
80 S <
? N /
X S 60 —
2 9 Z
c 60 - Q
0 o
[ > 40
o 40- 5
>
c (8]
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O 20
_— - 0 T T T T T
00 4 & 12 16 20 24 0 S 10 v 2
Time (h) Thime:{n)

Figure 9. (a) Time conversion-plot for the aerobic oxidation of benzylamine using rGO-HQ1 (m),
rGO-HQ2 (e, red) and after hot filtration test using rGO-HQ1 (O); (b) reusability of rGO-HQ1 (first m,
second 0O, third O, fourth A, fifth ) and catalytic activity of manganese(II) acetate (0.6 ¢ or 2 ¢ mg of Mn(II)
equivalent to 30 or 100 ppm of Mn(II) in the solid catalyst). (c) Selective masking of oxygen-functional
groups present in the rGO-HQ1 sample including carboxylic groups (rGO-HQCOOH), carbonyls
(rGO-HQ-CO) or alcohols (rGO-HQ-OH). (d) Time-conversion plots for the aerobic oxidation of
benzylamine using rGO-HQ1 (m), rGO-HQ-COOH (v, pink), rGO-HQ-CO (e, red) or rGO-HQ-OH
(A, blue) as carbocatalysts. Reaction conditions: benzylamine (1 mL), catalyst (20 mg), oxygen purged,
80 °C. Reprinted with permission from reference [131].

Furthermore, selective masking experiments of the presumed functional groups presented in
the rGO-HQ sample are in favor of hydroquinone/quinone-like groups as the active sites responsible for
the observed catalytic activity (Figure 9¢c,d). This work is one of the first reports showing the possibility
to obtain rGO samples with an enhanced activity due to the appropriate selection of reducing agents to
promote both the GO reduction and its functionalization with active sites for specific reactions.
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6. Hydrogenation Reactions

Hydrogenation reactions using Hj are also some of the most widely used processes in petrochemical
and fine chemical industry as well as in organic synthesis [132,133]. Typically, hydrogenations are
carried out using noble metal based catalysts such as Pt, Pd or Rh as well as other base metals
such as Ni as active centers. For example, the steam cracking of naphtha is one of the general
processes for the production of ethylene in the chemical industry [134,135]. The process, however, also
generates acetylene, which is highly detrimental and undergoes undesirable polymerization reactions.
One of the possible ways to purify the effluent is selective hydrogenation of acetylene to ethylene.
Other important hydrogenations in the preparation of bulk chemicals is the selective reduction of nitro
groups to their corresponding amino derivatives [136,137].

The activation of molecular H; to promote hydrogenation of organic compounds has become
one of the challenges in carbocatalysis [22]. In one seminal work, Garcia and co-workers reported
graphene-based materials to promote the selective hydrogenation of acetylene in the presence of large
excess of ethylene (Figure 10a) [138]. Catalytic and spectroscopic data showed that the graphene
obtained from the pyrolysis of alginate was the most active, selective and stable catalyst under the study.
In contrast, doped-graphene with nitrogen, phosphor or sulfur catalysts favor the formation of dimers
or oligomers. Moreover, the nitrogen- or phosphorous-doped graphene appears unstable under
the reaction conditions, leading to the complete or partial removal of the doping heteroatoms in
the graphene with time on stream.

OAc
a) Cat. b)
H—=—H 7 ACO =
H H
:_:
H H H H
>—< ure
VAR (pure) —
COOH
(in excess)

Figure 10. (a) Selective hydrogenation of acetylene in the presence of excess of ethylene in the presence
of graphene as carbocatalysts; (b) chemical structures of alkenes employed for the liquid phase
hydrogenation using graphene obtained from alginate.

Importantly, the alginate-derived graphene also performed actively in the liquid-phase selective
hydrogenation of alkenes with good to excellent yields (Figure 10b). The frustrated Lewis acid-base
pairs on the graphene sheets are the active sites responsible for H, activation, as supported by
temperature programmed desorption (TPD) experiments using NHj3 or CO; as probe molecules of
acid or basic sites. This is in agreement with previous examples with frustrated Lewis acid-base units
to activate molecular H, through the polarization of the molecule into H*- or H™-like sites and later
transferred to the organic molecules [132,139,140]. In a related study, Su and co-workers showed
the possibility to prepare graphitized nanodiamonds with nitrogen and boron atoms in the carbon
lattice acting as frustrated Lewis acid-base pairs to promote the hydrogenation of cyclooctene working
at 220 °C and 100 bar of Hj, pressure [141].

In other studies, Garcia and co-workers have also shown the possibility to employ graphene-based
materials to perform the hydrogenation of nitrocompounds, although there is still room to improve
the selectivity in the presence of C=C double bonds [142]. Very recently, nitrogen-doped graphene
obtained from pyrolysis of chitosan has been employed for the Sabatier hydrogenation of CO, to CHy
at500 °C [143]. The superior activity and stability of N-doped graphene respect to other graphene-based
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materials has been attributed to the pyridinic groups in the graphene sheets that favor the adsorption
of CO; and formation of carbamate-type adsorbents.

Overall, these works exemplify the possibility to develop metal-free hydrogenations while
there is still room for improvement of their activity towards the use of low reaction temperatures
and hydrogen pressures.

7. Concluding Remarks

Graphene-based materials have demonstrated great versatility and capacity in driving green
chemical reactions, and are promising to replace the transition/noble metal catalysts in industrial
catalytic processes with high reactivity, selectivity and stability. One challenge in the practical
application of graphene is the high cost of manufacturing processes, which are highly energy/chemical
intensive. To this end, advanced strategies are encouraged to be developed to produce scalable, low-cost
and high-quality graphene-based materials. Facile approaches in the regeneration of the carbocatalysts
and recovery of active sites are also important for economic effectiveness and long-term operations.
More importantly, through post-treatment or bottom-up design, it is desirable to develop graphene with
specific active sites for target reactions. In achieving this, a deep and comprehensive understanding of
material chemistry, intrinsic catalytic centers, as well as reaction pathways, is the prerequisite. To this
end, theoretical calculation is a handy tool to predict the properties and electronic structures of different
potential active sites in graphene, and their behaviors in catalytic reactions. A pre-screen of the carbon
configurations and functional groups in catalysis will direct the synthesis of reaction-oriented catalysts.
Moreover, recent advances of catalysis rely on in situ characterization techniques, such as in situ infrared
(IR) spectroscopy, in situ Raman spectroscopy, in situ X-ray diffraction (XRD), synchrotron X-ray
absorption spectroscopy (XAS), and in situ environmental transmission electron microscopy (ETEM).
These high-end instruments can provide direct evidence to visualize the metastable intermediates on
carbon and to identify the active sites and reaction pathways [144-146]. The obtained results would be
conductive in unveiling the mysterious carbocatalysis and guide the rational design of carbocatalysts.
Last but not least, due to the fascinating features of graphene-based materials, future studies are
encouraged to explore new reactions with metal-free catalysts.
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