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Graphitized nanocarbon-supported metal catalysts:
synthesis, properties, and applications in

heterogeneous catalysis

Fei Huang'?, Hongyang Liu'~ and Dangsheng Su'

ABSTRACT  Graphitized nanocarbon materials can be an
ideal catalyst support for heterogeneous catalytic systems.
Their unique physical and chemical properties, such as large
surface area, high adsorption capacity, excellent thermal and
mechanical stability, outstanding electronic properties, and
tunable porosity, allow the anchoring and dispersion of the
active metals. Therefore, currently they are used as the key
support material in many catalytic processes. This review
summarizes recent relevant applications in supported cata-
lysts that use graphitized nanocarbon as supports for catalytic
oxidation, hydrogenation, dehydrogenation, and C-C cou-
pling reactions in liquid-phase and gas-solid phase-reaction
systems. The latest developments in specific features derived
from the morphology and characteristics of graphitized na-
nocarbon-supported metal catalysts are highlighted, as well as
the differences in the catalytic behavior of graphitized nano-
carbon-supported metal catalysts versus other related cata-
lysts. The scientific challenges and opportunities in this field
are also discussed.

Keywords: nanocarbon materials; graphitized carbon supports;
metal catalysts; hetergeneous catalysis

INTRODUCTION
Carbon combines its atoms in diverse hybridization states
(sp, sp>, sp’) to form a variety of polymorphs. These are
composed entirely of carbon but have different physical
structures and different names, including diamond, gra-
phite, fullerenes, and carbines, among others [1-5]. Be-
cause these various and versatile allotropes produce
materials with a large range of properties, carbon mate-
rials can be used in a number of technological processes,
including high-tech catalytic ones [6-10].

In heterogeneous catalysis, carbon material plays well-

established and important roles in a wide range of ap-
plications, both as catalyst in its own right and as a un-
ique support material [11-15]. The chemical stability of
carbon supports in some specifically aqueous phase bio-
mass conversion surpasses that of metal oxide materials;
in addition, carbon materials present other common and
key advantages as support materials for catalysis [1,5].
From the point of physical structure, porous carbon can
be prepared in different forms (granules, cloth, fibers,
pallets, etc.). Due to its chemical properties, carbon
structure is resistant to both acidic and basic media. The
structure of carbon is stable at high temperature (even
above 1023 K under inert atmosphere). The hydrophilic/
hydrophobic nature of carbon can be easily modified.
Active metals on the support can be easily reduced. For
the purposes of industrial economy and environment, the
active phase can be easily recovered. Conventional carbon
supports are lower-cost and more easily available than
other conventional supports.

Although several kinds of carbon materials have been
studied, active carbon (AC) [12,16-19] and, to a lesser
extend, carbon black [20-23] have long been the most
commonly used carbon supports. AC is an amorphous
solid prepared by physical or chemical activation. Carbon
black is an amorphous carbon derived from the pyrolysis
of organic polymers or hydrocarbon precursors. As the
materials of choice for most commonly used carbon
supports, their feature benefits include high surface areas,
low costs, and mass availability. However, their electrical
conductivity is barely satisfactory [1,12,24-26]. AC also
suffers from its microporous structure, which restricts the
mass transfer of gas molecules in gas-solid phase catalytic
reactions and leads to gathering and carbonizing small
organic molecules at high reaction temperature. In ad-
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dition, carbon deposition on a catalyst surface leads to the
active site covered and the deactivation of the catalyst.
Since the first experimental isolation of graphene in 2004,
the synthesis and applications of carbon materials have
become a hot topic in catalysis [27-36]. Compared to
other carbon allotropes, graphene offers the greatest in-
trinsic carrier mobility at room temperature; its perfect
atom lattice promises mechanical strength, chemical and
thermal stability, high adsorption capacity, excellent
electrical conductivity, and easiness of modification,
making it an ideal choice for catalyst support [37-41].

It is worth noting that, due to the nature of two di-
mensional (2D) material, graphene tends to form irre-
versible agglomerates via van der Waals interactions [42-
44]. The key challenges involve preventing the stacking of
graphene sheets and achieving complete dispersion of
individual single-layer graphene in various solvents to
support active phase. Unlike the simple agglomeration
feature of 2D-structure graphene, some other 0D and/or
3D sp’ carbon materials, such as onionlike carbon (OLC)
and few-layer graphene (FLG), can be prepared easily and
have been utilized and researched in catalysis as carbon
supports [45-50].

All of these carbon supports can be regarded as gra-
phitized nanocarbons because they consist primarily of
sp’ carbon atoms arranged in a hexagonal network.
Therefore, in this review we call graphene and these sp
carbon materials graphitized nanocarbons. We also pre-
sent a brief summary of these differently structured gra-
phitized nanocarbons as carbon supports. Certainly,
similar to carbon nanotubes (CNTs), carbon nanofibers
(CNFs), fullerene, etc., these materials consist mainly of
sp’ carbon. As cabonaceous materials, they have been
studied and applied for many years, formed their own
unique systems, and been discussed in previous reviews
[1,5,12,24]. The graphitized nanocarbon materials dis-
cussed herein do not include them.

Because researches about graphitized nanocarbons as
catalyst supports have made considerable progress in the
past few years, but reviews of their applications as sup-
ports in heterogeneous catalysis are relatively rare, it is
necessary to review their applications in heterogeneous
catalysis. Since several review papers have been published
that cover their preparation and characterization, as well
as their applications in optoelectronic chemistry [51-57],
the present review does not cover electro- and photo-
catalysis using graphitized nanocarbon in combination
with active metals. Instead, it considers catalytic reac-
tions, from model reactions to industrially relevant re-
actions, and from non-selective reactions to selective

1150

oxidation or hydrogenation reactions, dehydrogenation,
and C-C coupling. Some typical preparation details,
characterization results, and catalytic performance are
presented, with an emphasis on the latest developments
in the structure and applications of graphitized nano-
carbon-supported metal catalysts.

PREPARATION OF GRAPHITIZED
NANOCARBON-SUPPORTED CATALYSTS
Heterogeneous catalysts are complex assemblies, and
some challenges remain in the preparation of solid-sup-
port catalysts. Minor variations in preparation conditions
can significantly influence the delicate balance of con-
flicting demands: high activity, high selectivity, and long-
term stability. Several classic synthesis methods have been
developed for preparing graphitized nanocarbon-sup-
ported catalysts, including impregnation [58-62], che-
mical vapor deposition [63-65], precipitation and co-
precipitation [47,48,66], and liquid-phase reduction
[67,68]. Owing to the high surface area and excellent
physical and chemical properties of graphitized nano-
carbon, highly and uniformly dispersed active metals can
be achieved by traditional loading methods. Of course,
many reports have described novel methods to prepare
graphitized nanocarbon-supported metal nanoparticles
(NPs), such as the microwave-assisted method, the pho-
tochemical method, reverse micro-emulsion, and the
atomic layer deposition (ALD) method.

Microwave-assisted method

Microwave heating technology needs an alternative heat
source for rapid heating with shorter reaction time as well
as higher reaction rate and heating homogeneity than
conventional heating methods [69,70]. Microwave irra-
diation has been applied in the microwave-assisted
synthesis of inorganic nanostructured materials, includ-
ing metals [71-73], semimetals [74,75], alloys [73,76],
metal oxides [77-80], metal sulfides [55,81-83], and
others [84,85].

Sun and co-workers [72] reported a microwave-as-
sisted, one-pot preparation of Pd/graphene composites
with tannic acid (TA) as a reducing agent. The loading
amount and size of Pd NPs could be controlled by ad-
justing the ration of raw materials and microwave irra-
diation time. Berry et al. [86] prepared a nanocomposite
of naked Au NPs on graphene oxide (GO) sheets by
microwave exposure (1.05kW) of metal salt (HAuCl,
3H,0) and GO in an aqueous solution for a time interval
between 60s and 300s with intermittent cooling after
10 s. Similar to gold (Au), different silver (Ag) nanos-

December 2017 | Vol.60 No. 12

© Science China Press and Springer-Verlag Berlin Heidelberg 2017



SCIENCE CHINA Materials

REVIEW

tructures (spherical and tadpole-shape) were also stabi-
lized on GO via the microwave irradiation of silver salt
(AgNO;) in the presence of GO.

Gupton et al. [71] have developed a method to generate
highly active Pd NPs supported on graphene (Pd/G) by
microwave-assisted reduction of palladium salt
(Pd(NOs),). Due to the highly dispersed Pd NPs sup-
ported on graphene sheets with the small particle size of
7-9nm (Fig. 1), Pd/G catalysts exhibited remarkable
catalytic performance in Suzuki cross-coupling reaction
comparable to commercial Pd/C catalyst.

Ravishankar et al. [87] demonstrated an ultrafast
method for the formation of graphene-supported Pt
catalysts by the co-reduction of GO and Pt salt using
ethylene glycol under microwave irradiation conditions.
The resulting hybrid consists of ultrafine NPs of Pt uni-
formly dispersed on the reduced GO (rGO) substrate and
the hybrid exhibits good catalytic activity for methanol
oxidation and hydrogen conversion reaction.

Photochemical method

The photochemical route has been developed to synthe-
size noble metal NPs, especially gold, silver and palladium
(Pd) [88-94]. Zhang and co-workers [88-92] have done
many studies on the synthesis of anisotropic Au NPs
with UV irradiation of aqueous solution containing
HAuCl, and template (TiO, or graphene derivatives). For

Figure 1 TEM images of (a) 7.9 wt.% Pd/G and 6.4 wt.% Pd/GO pre-
pared by microwave irradiation of a mixture of GO and (b) palladium
nitrate in the presence and absence of hydrazine hydrate. Reprinted with
permission from [71]. Copyright 2010, Elsevier.
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this method, a graphene material with semiconducting
and photocatalytic activities is required, which is com-
bined with light and a sacrificial reducing agent [95].

Zhang et al. [88] developed a facile method to directly
synthesize red-emission Au nanodots (NDs) (typical size
<2 nm) by the photochemical reduction of HAuCl, in the
presence of 1-octadecanethiol (ODT) molecules as
structure director. The resulting novel in situ-synthesized
Au NDs are self-assembled into particle chains (Fig. 2),
which align along the [100] directions of the rGO lattice,
directed by the thiol groups of the self-assembled ODT
molecules on rGO (Fig. 3).

In other studies [90], Huang et al. synthesized hcp Au
square sheets (AuSSs) on GO using 1-amino-9-octade-
cene as structure director in a solution of hexane and
ethanol (Fig. 4). They also synthesized hcp/fcc square-like
plates (AuSPs) through the secondary growth of hcp Au
square sheets (AuSSs) on GO [91]. The AuSPs contain
alternating hcp/fcc structural domains in the center and

oDT
rGO — A L
(1) Assembly of ODT e
molecules on : .
rGO surface  HAuCI, | (2) Photo-reduction
oDT and formation of
A\ AuNDs on rGO

Large area of
AuNDs on rGO

G——

Figure 2 Schematic illustration of the in situ synthesis and assembly of
Au NDs on rGO. Reprinted with permission from [88]. Copyright 2010,
Wiley-VCH.

Figure 3 (a) TEM and (b) magnified TEM images of ODT-capped Au
NDs synthesized in situ and assembled on rGO. Inset of (a) is an
HRTEM image of Au NDs and inset of (b) is a selected area electron
diffraction image. Reprinted with permission from [88]. Copyright 2010,
Wiley-VCH.
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Figure 4 Schematic illustration of the in situ formation of hcp AuSSs
on GO. Reprinted with permission from [90]. Copyright 2011, Mac-
millan Publishers Limited.
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Figure 5 Schematic illustration of the shape and phase evolution of
AuSS to AuSP (hcp=light gray, fcc=dark gray). Reprinted with permis-
sion from [91]. Copyright 2011, Wiley-VCH.

defect-free fcc domains at one pair of the opposite thick
edges (Fig. 5).

Sun et al. [93] developed a green and environmentally
friendly route for the synthesis of Au nanostructures on
tannic acid (TA)-functionalized graphene oxide using TA
as a reducing and immobilizing agent under a UV-vis
spectrum (Fig. 6). Compared with in situ chemical re-
duction of gold salts using an excess amount of NaBH, as
reductant, the resultant Au nanostructures/GO nano-
composites prepared by photo-induced reduction exhibit
excellent catalytic activity toward 4-nitrophenol reduc-
tion.

Reverse micro-emulsions

Reverse micro-emulsions (homogenous-like combina-
tions of water, oils, and/or surfactants) is interesting and
has been confirmed as an environment-friendly alter-
native to the preparation of metal or metal oxide NPs
[96-98]. Typically, a reverse micro-emulsion is prepared
by mixing an organic solution of the surfactant with a
solution of metal salt precursor to produce a solid support
that is then impregnated with a micro-emulsion in a si-
milar way to traditional chemical impregnation [99-101].
Metal NPs obtained by this method have a more con-
trollable, narrow crystallite distribution than those ob-

tained  through  traditional  impregnation, co-
precipitation, and precipitation-deposition methods
[100-102]. Increasing the hydrophobicity of supports

through a surface silylation or hydroxyl-rich treatment of
supports appears to enhance the microemulsion-support
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Figure 6 Schematic illustration of the noncovalent functionalization of
GO by TA and the synthesis of Au/GO composites by in situ chemical
reduction of gold salts on GO. Reprinted with permission from [93].
Copyright 2011, the Royal Society of Chemistry.

interaction and also to avoid extensive agglomeration of
metal particles during deposition of metal NPs from re-
verse micelles [96,97]. Recently, Banerjee et al. [103]
successfully prepared Pd/rGO composites from graphite
and PdCl, precursors using a reverse micro-emulsion
method. The Pd NPs were well dispersed on graphene
sheets with size in the range of 6-9 nm.

Atomic layer deposition method

Atomic layer deposition (ALD) originates from a mod-
ified version of metal-organic chemical vapor deposition
that relies on the self-limiting chemistry of precursors
and the interaction between substrates and precursors,
and is able to meet the needs of atomic level control and
conformal deposition using sequential, self-limiting re-
action [104-107]. ALD, which has emerged as an im-
portant technique to fabricate catalysts with atomically
precise design and control, has been utilized to deposit
ultra-thin metal on graphitized nanocarbon and other
types of supports [108-111].

Hsieh et al. [105] reported an ALD approach for the
fabrication of Pt nanocatalysts supported on GO sheets.
The ALD process for forming the Pt atomic layer in-
volved two self-limiting reactions and thereby induced
the decoration of Pt on the edges of GO sheets in the
presence of dangling bonds and oxygen functional
groups. Sun and co-workers [109] employed the ALD
technique to fabricate single atoms and sub-nanometer
clusters of Pt on the surface of graphene sheets, using
oxygen and (methylcyclopentadienyl)-trimethylplatinum
(MeCpPtMe;) as precursors (Fig. 7). The morphology,
size, density, and loading amount of Pt on graphene
sheets could be precisely controlled simply by adjusting
the number of ALD cycles. Similarly, Lu and Wei et al.
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Figure 7 Schematic illustration of Pt ALD mechanism on graphene sheets. Reprinted with permission from [109]. Copyright 2013, Macmillan

Publishers Limited.

[112] successfully fabricated single-atom Pd on graphene
sheets, using the ALD technique to control the type and
amount of oxygen-functional groups on graphene for
anchoring the Pd precursor, palladium hexa-
fluoroacetylacettate (Pd(hfac),).

Although these methods are advantageous in terms of
precisely controlling the growth and distribution of metal
NPs on supports, some of them involved the use of excess
reductant and additional surfactant, which are difficult to
be removed and may pose some problems to catalysts.
Nonetheless, ALD technique is able to meet the needs of
atomic layer control and without excess surfactant and
reductant. It should be noted, however, that ALD meth-
ods involve higher equipment requirements and precise
operations.

GRAPHITIZED NANOCARBON-
SUPPORTED METAL FOR
HETERGENEOUS CATALYSIS

The application of graphitized nanocarbon-supported
catalysts in heterogeneous catalysis is primarily focused
on oxidation, hydrogenation, dehydrogenation, and
coupling reactions. In the following section, we sum-
marize the previous typical studies according to the re-
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action type.

Oxidation reactions

CO oxidation is one of the most common and simple
prototypical reactions for heterogeneous process, and is
also of practical imporatnce for the removal of trace
amounts of CO in fuel cell applications [113-116]. Re-
cently, some studies using graphitized nanocarbon-sup-
ported metal catalysts for CO oxidation have attempted to
obtain highly dispersed metal NPs on supports and to
understand the interactions between NPs and graphitized
nanocarbon.

Liu and co-workers [59] synthesized rGO-supported Pd
catalysts via the conventional impregnation and hydrogen
reduction method. The higher loading amount (10 wt.%
Pd/rGO) and uniformly dispersed Pd NPs (average
2.6 nm) on the rGO displayed the highest catalytic ac-
tivity, leading to a complete CO conversion at 119°C. The
oxygen-containing groups was found to play a vital role
in stabilizing Pd clusters on graphene. The oxygen species
remaining on the graphene improve the adsorption of Pd
atoms and reconstruct with the Pd NPs, leading to the
formation of PdO, (Pd(II), PA(IV)). In other studies, it
was proven that Pd(II) sites caused CO oxidation at low
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Figure 8 (a) CO oxidation depending on the reaction temperature for dispersed Pt/FLG catalyst; (b) HRTEM image of the dispersed Pt/FLG catalyst
(inset shows thin amorphous carbon layer covering the platinum particle). Adapted with permission from [62]. Copyright 2015, Elsevier.

Intensity (a.u.) ——=

40

: : PJd/ND@G
---------- [N, S—
: 1121°C
:," | "T~__ PdioLC
p; i S
0 ' AL A
4 : |
I 1 !
P !
! : 1
7 i !
’ H 1
7 ' |
’ . ]
’ 1 1
7 ! :
‘< ]
! i
T T T T
80 120 160 200 240

Temperature (°C)

Figure 9 High-resolution HAADF-STEM images of (a, b) PdA/ND@G and (c, d) Pd/OLC (scale bar=2 nm); (e¢) CO-TPD spectra for PdA/ND@G and
Pd/OLC. Adapted with permission from [47]. Copyright 2015, Wiley-VCH.

temperatures [117]. Stonkus and co-workers [62], who
studied the activity of Pt supported on oxygen-free few-
layer graphene (FLG) for CO oxidation, suggested that
defects on non-oxygen-containing graphitized nano-
carbon supports served as effective traps for stabilizing
metal atoms or clusters. Interestingly, a thin amorphous
carbon film was observed on the particle surface (Fig. 8
inset), from which they concluded that the carbon film
may be partly responsible for good dispersion. Liu and Su
[47] developed a novel nanodiamond-graphene material
comprising a nanodiamond core and a graphitic shell
with just one or two graphene layers (ND@G) by an-
nealing nanodiamond at high temperature and used it to
support Pd NPs. The Pd NPs in Pd/ND@G have irregular
shapes rather than the round shape of Pd/OLC (Fig. 9a,
b). In addition, from extended X-ray adsorption fine
structure (EXAFS) analysis, the formation of Pd-C bonds
and thus the extension of Pd-Pd bonds were observed. It
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was concluded that a stronger metal-support interaction
existed in PdA/ND@G and strong metal-carbon interac-
tions with the formation of Pd-C bonds led to a charge
redistribution on Pd and thus weakened the chemisorp-
tion of CO (Fig. 9¢). The improvement of low-tempera-
ture CO oxidation over Pd/ND@G is the most likely
result of the weakened CO chemisorption on the Pd NPs.
The strong interaction between Pd and the carbon coat-
ing may also hinder Pd to form particles with well-or-
dered crystallinity and extended surface.

The selective oxidation of alcohols to corresponding
carbonyl compounds, e.g., aldehydes or ketones, is one of
the most important transformations in the synthesis of
fine chemicals [61,118-121]. Traditional methods for
performing such oxidation processes employ transition
metal salts or organometallic complexes as homogeneous
catalysts and involve inorganic oxidations, notably per-
manganate, chromate, bromate, and chromium(VI) re-
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Figure 10 (a) TGA curves of Pd/GC, Pd/AC, and Pd/CNT; (b) XPS of O 1s region of Pd/GC, Pd/AC, and Pd/CNT. Adapted with permission from

[61]. Copyright 2013, Elsevier.

gents. Considering environmental and economic con-
cerns, there is a great demand for using molecular oxygen
as primary oxidation [120-123]. Moreover, homogeneous
catalytic systems have difficulties in catalyst separation
from the reaction medium and repeated utilization. A
well-designed heterogeneous catalyst may solve this di-
lemma because of its facile handling and reusability [122-
124]. Many noble metal catalysts have been explored, e.g.,
Pt [125-127], Au [118,128,129], Ru [130-132], and Pd
[61,123,124], as well as various supports such as AL O,
[133,134], TiO, [119,120], MgO [135,136], CeO,
[128,129], and SiO, [123,137], as well as carbon, for use in
the liquid phase oxidation of alcohol. Specially, Pd NPs
supported on carbon materials such as AC, CNTs, and
hollow porous carbon spheres [138-140] are recognized
as model heterogeneous catalysts for selective oxidation.

To investigate the role of graphene support for aerobic
oxidation of alcohols, Li’s group [61] prepared Pd cata-
lysts supported on different carbon materials, including
graphene, CNT, and AC by improved wet impregnation,
and employed them in the solvent-free aerobic oxidation
of aromatic alcohols using molecular oxygen as oxidant.
Uniform Pd NPs with similar size (about 4 nm) were
observed on different carbon supports. However, the
catalytic performance was different and decreased in the
sequence of Pd/G > Pd/AC > Pd/CNT. Three factors were
proposed to explain the difference in activity. First, TGA
results (Fig. 10a) inconsistent with the X-ray photoelec-
tron spectroscopy (XPS) results (Fig. 10b) clearly indicate
that the thermally more stable O-C=0 groups only exist
in Pd/GC. These surface oxygen-containing functional
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groups might play an important role in stabilizing pal-
ladium species and promoting the adsorption of alcohol
reactant. Second, the FTIR spectra (Fig. 11a) reveal that
the adsorption of reactant benzyl alcohol is distinctively
promoted on Pd/GC due to the formation of a n-electron
interaction between skeleton and graphene. In addition,
the O,-TPD profiles (Fig. 11b) reveal that the adsorption
of oxygen on Pd/GC is distinctively promoted due to
oxygen spillover from palladium sites to the adjacent
bridge sites of graphene. The promoted adsorption of
reactant and oxygen facilitates the catalytic behavior of
Pd/GC. Besides noble metal Pd, other active metals, such
as Au and Ag, have also been provided for oxidation of
alcohols. Das and co-workers [103] synthesized Au/rGO
using ascorbic acid as a reducing agent by microwave
irradiation. The spherical Au NPs on rGO were obtained
with a size range of 2-20 nm and the composite per-
formed promising catalytic activity toward the halogen-
and solvent-free oxidation of substituted benzyl alcohol
by O, to their corresponding aldehydes with good se-
lectivity and yields.

Hosseini-Monfared et al. [58] prepared Ag NPs on
thiolated-GO (GOSH) (Fig. 12) and compared Ag NPs/
rGO, Ag NPs/GO, and Ag NPs/GOSH for the oxidation
of benzyl alcohol by the use of molecular oxygen. Com-
pletely reduced GO is not a suitable support for Ag NPs.
For stabilization of Ag NPs, the support must be func-
tionalized, and the thiol group is a better functional group
than the oxygen-containing functional group. Thiolated
graphene oxide provides a uniform distribution and sta-
bilization of Ag NPs and prevents aggregation and
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Figure 11 (a) FTIR spectra of benzyl alcohol adsorption on Pd/GC, Pd/AC, and Pd/CNT; (b) O,-TPD profiles of Pd/GC, Pd/AC, and Pd/CNT.

Adapted with permission from [61]. Copyright 2013, Elsevier.

AgNPs/GOSH

Figure 12 Schematic illustration of the synthesis of Ag NPs/GOSH by reduction of Ag" and GOSH. Reprinted with permission from [58]. Copyright

2014, Elsevier.

leaching of the immobilized Ag NPs. The enhanced cat-
alytic activity of Ag NPs/GOSH is attributed to the strong
adhesion between the GOSH and Ag NPs.

Hydrogenation reactions

The selective hydrogenation of multiple carbon-carbon
bonds, nitroarenes, carbonyl compounds, and/or benzene
rings is an important industrial process for the purifica-
tion of alkene streams from petroleum cracking or to
produce value-added chemicals [141-145]. Supported
noble metals, particularly Pt [143,146,147], Pd [148-150],
and Ru [147,151-153], are highly active catalysts for hy-
drogenation reactions. Recently, graphitized nanocarbon
materials have also been employed as supports to catalyze
this common organic transformation. Wang et al. [149]
reported a stable Pd/G nanocomposite in the catalytic
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hydrogenation of nitrophenols and nitrotolunes. The
uniformly dispersed Pd NPs with a mean size of about
6.6 nm on graphene were synthesized with a hydro-
thermal method. The catalytic reduction of p-nitrophenol
by adding NaBH, in an aqueous solution was chosen as a
model reaction to evaluate the catalytic activities of the
Pd/G and commercial Pd/C catalysts (Fig. 13). The Pd/G
hybrids exhibited much higher activity and stability than
the commercial Pd/C. It was found that the n—m stacking
interactions may enhance adsorption of graphene, which
helped promote the reaction as the reactants can easily
gain access to the surface of active Pd NPs (Fig. 14). Han
and co-workers [154] reported a facile one-pot synthesis
of Ru/rGO via a solvothermal method in the presence of
H,. It was found that the small Ru NPs were uniformly
embedded on the surface of the rGO sheets with a mean
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H- @ ——Pd nanoparticle

Figure 13 Schematic illustration of the mechanism for the reduction of
p-nitrophenol catalyzed by the Pd/G catalyst in the presence of sodium
borohydride. Reprinted with permission from [149]. Copyright 2014, the
Royal Society of Chemistry.

size of about 2.4 nm. The experimental data indicated
that the Ru/rGO composites exhibited superior catalytic
properties for the hydrogenation of halonitroaromatics to
the desired amines. The conversion of halonitroaromatics
reached 100% with a high selectivity of >99.6%. In ad-
dition, the Ru/rGO catalyst could be reused at least 10
times without any loss of activity. Li et al. [155] developed
an efficient strategy for designing Ru NPs supported on
rGO (Ru/rGO) catalyst. Ru/rGO shows remarkable effi-

ciency for hydrogenation of levulinic acid into y-valer-
olactone at temperatures as low as —10°C.

Lu and Wei et al. [112] fabricated atomically dispersed
Pd on graphene using the ALD technique. Aberration-
corrected high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) (Fig. 15d)
and X-ray absorption fine structure spectroscopy
(XANES) (Fig. 16a, b) both confirmed that isolated Pd
single atoms were dominant on the graphene support.
The single-atom Pd,/graphene catalyst was evaluated in
selective hydrogenation of 1,3-butadiene in a fixed-bed
quartz tube reactor at atmospheric pressure. In selective
hydrogenation of 1,3-butadiene, the single-atom Pd,/
graphene catalyst showed almost 100% butene selectivity
at 95% conversion at about 50°C. The promoting catalytic
behavior was mostly attributed to the changes of 1,3-
butadiene adsorption mode and enhanced steric effect on
the isolated Pd atoms. More importantly, excellent dur-
ability was achieved against deactivation via either ag-
gregation of metal atoms or carbonaceous deposits in
100 h on stream. That study suggested that the single-
atom catalysts may open up more opportunities to opti-
mize the activity, selectivity, and durability in selective
hydrogenation reactions. Truong-Huu and co-workers
[60] synthesized few-layer graphenes (FLG) with a rela-
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Figure 14 XPS spectra of (a, b) the C 1s region of GO and Pd, /G catalyst and (c, d) the Pd 3d region of commercial Pd,,;/C and Pd,,;/GO catalyst.
Reprinted with permission from [149]. Copyright 2014, the Royal Society of Chemistry.
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deoxygenation selection

Figure 15 (a) Schematic illustration of single-atom Pd,/graphene cata-
lyst synthesis via a process of anchor sites creation and selection and Pd
ALD on pristine graphene. Representive HAADF-STEM images show
Pd,/graphene at low (b, ¢) and high (d) magnifications. Atomically
dispersed Pd atoms in image (d) are highlighted by the white circles.
Reprinted with permission from [112]. Copyright 2015, the American
Chemistry Society.

tively highly effective surface area through a mechanical
ablation of graphite materials. Palladium NPs supported
on this FLG were employed as a heterogeneous catalyst
for the liquid-phase selective hydrogenation of the C=C
bond. The high activity and selectivity of C=C bond hy-
drogenation were explained by the morphology of the
support, which featured an extremely highly accessible
surface for reactants and desorption of the intermediate
products before secondary hydrogenation.

Dehydrogenation reactions
Dehydrogenation of hydrogen storage materials such as

1158

hydrazine monohydrate (N,H,-H,0), ammonia borane
(AB), appears to be the most favorable way to release H,
for mobile applications and fuel cell technologies [156—
161]. Onder Metin et al. [68] synthesized monodispersed
NiPd alloy NPs (3.5 nm) by co-reduction of nickel (II)
acetate and palladium (II) acetylacetonate in oleylamine
(OAm) and borane-tert-butylamine complex (BTB) at
100°C. NiPd-alloy NPs supported on rGO (NiPd/rGO)
were applied in the hydrolytic dehydrogenation of AB.
The NiPd NPs show a composition-dependent catalysis
with Ni;Pd;, NPs being the most active at room tem-
perature. The NiPd/rGO performed an excellent catalytic
cycle lifetime by providing a turnover number (TON) of
3,600 over 35 h. Luo and co-workers [67] prepared well-
dispersed flowerlike Ni-Pt nanocluster on graphene by a
simple co-reduction route, and tested hydrogen genera-
tion from alkaline solution of hydrazine. The as-synthe-
sized Ni-Pt catalysts were also composition-dependent for
catalytic activity. The as-synthesized Ni,Pt,/graphene
composites exhibited 100% hydrogen selectivity and a
remarkable turnover frequency (TOF) value of 68 h™' at
25°C. The researchers attributed the promotion of cata-
Iytic activity to the unique structures and strong inter-
action with graphene.

The dehydrogenation of alkane is a fundamental in-
dustrial application in the chemical industry for manu-
facturing polymers, oxygenates, and other intermediates
[162-168]. Liu et al. [48] prepared nanocarbon-supported
(nanodiamond core and a graphitic shell) Pt NPs (Pt/
ND@G). When tested for propane dehydrogenation re-
action (PDH), the Pt/ND@G catalyst showed oustanding
performance compared to commercial Pt/AL,O;. Pt NPs
on ND@G exhibited superior sintering resistance versus
the ALO,; support. The temperature-programmed re-
duction (TPR) profiles of the Pt/ND@G and Pt/Al,O,
catalysts (Fig. 17a, b) showed a different reduction tem-
perature, which was attributed to a stronger interaction
between the Pt species and the support. XPS was em-
ployed to evaluate the electronic states of various sup-
ported Pt NPs. The value of Pt 4f core level for Pt/ND@G
shifts to lower than that of Pt/AL,O; (Fig. 17¢). The dif-
ferences might imply a stronger electron transference
between Pt and ND@G. The superior performance of Pt/
ND@G was attributed to the particular support structure
of ND@G, which allows electrons on the defects to
transfer to the Pt NPs, leading to a strong metal-support
interaction. Similarly, Liu et al. [49] demonstrated the Pt/
ND@G catalyst in the direct dehydrogenation (DDH)
reaction of n-butane at a temperature as low as 450°C. An
n-butane conversion of ~25% could be achieved at a
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Figure 16 XANES spectra at the Pd K-edge (a) and the K,-weighted Fourier transform spectra (b) of Pd,/graphene, Pd-NPs/graphene, Pd(hfac),,
PdO, and Pd foil. Schematic models of (c) Pd-hfac/graphene and (d) Pd,/graphene; the gray, red, dark cyan, light blue, and white balls represent
carbon, oxygen, palladium, fluorine, and hydrogen atoms, respectively. The Pd-C, coordination is indicated by the black dashed line in (c, d).
Reprinted with permission from [112]. Copyright 2015, the American Chemistry Society.

temperature programmed desorption (TDP) selectiv-
ity>95%. Their ex situ and in situ TEM, in combination
with XPS studies, revealed the better thermal and che-
mical stability of the Pt/ND@G catalysts during the re-
action, given by the strong metal-support interaction
(MSI) between Pt NPs and the hybrid carbon support.

C-C coupling reactions

Coupling reactions are very important transformations in
synthesis of many significant organic products (pharma-
ceutical ingredients, optical devices, agrochemicals, nat-
ural products, materials, etc.) because of their ability to
construct carbon-carbon bonds [169,170]. In 2010, Ri-
chard Heck, Ei-ichi Negishi, and Akira Suzuki jointly
received the Nobel Prize for Chemistry for their roles in
discovering and developing highly practical method for
palladium-catalyzed cross-coupling reactions [171-173].
The typically accepted methods for coupling reactions are
performed under homogeneous conditions that employ
organic ligand-stabilized homogeneous complexes.
Homogeneous reaction systems does contain some
drawbacks, including not only the poor recovery and
reusability of homogeneous catalysts but also the toxicity
and water or air sensitivity [38]. Ligand-free and recycl-
able heterogeneous Pd catalysts represent promising op-

December 2017 | Vol.60 No.12

tions to address these issues [174,175]. The Pd NPs
supported on some traditional carbon materials such as
mesoporous carbon [176], AC [177], and CNTs [8] to
induce coupling reactions have been developed into a
distinct research area. Recently, a number of graphene-
based hybrids were synthesized and employed for cou-
pling reactions.

Zhang et al. [178] successfully synthesized Pd NP-
graphene hybrids in a facile manner by reducing palla-
dium acetate (Pd(OAc),) in the presence of sodium do-
decyl sulfate (SDS), which was used as both surfacant and
reducing agent. They demonstrated that the Pd NP-gra-
phene hybrids can act as efficient catalysts for Suzuki
reaction under aqueous and aerobic conditions, with the
reaction reaching completion in 5 min. Gupton and co-
workers [71] reported an efficient method to generate
highly active Pd NPs supported on graphene by a mi-
crowave-assisted chemical reduction and also investigated
the catalytic properties of this hybrid for C-C cross-
coupling Suzuki and Heck reactions. Both Pd/G and Pd/
GO demonstrated excellent catalytic activity for the car-
bon-carbon cross-coupling reactions under ligand-free
ambient conditions in an environment-friendly solvent
system. They also provided strong evidence that the
outstanding reactivity and recyclability of the Pd/G cat-
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alyst toward Suzuki cross-coupling reactions is associated
with high concentration of Pd(0) NPs on the surface of
graphene sheets. A new pulsed laser irridation method for
the synthesis of Pd NPs supported on graphene was re-
ported by El-Shall’s group [179], who found Pd catalysts
supported on partly rGO nanosheets (Pd/PRGO) without
chemical reducing and capping agents. The redox reac-
tions initiated by the photoexcitation of GO in different
reducing environments of appropriate protic solvents
(water, ethanol, and methanol) resulted in the formation
of Pd NPs with different sizes supported on the PRGO
sheets. The laser irradiation process led to the formation
of multiple defect sites on the surface of the PRGO na-
nosheets, which provided an excellent environment for
anchoring the Pd NPs and thereby for impeding the
particles’ migration and increasing the catalyst-support
interaction. These results, in turn, contribute to enhanced
catalytic performance as well as recyclability of the cata-
lyst. The Pd/PRGO catalyst generated in water demon-
strates excellent catalytic activity for Suzuki, Heck, and
Sonogashira cross-coupling reactions, with good recycl-
ability for Suzuki coupling with a TON of 7,800 and a
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remarkable TOF of 230,000 h ™' at 120° C under micro-
wave heating. Sun et al. [180] reported a one-pot synth-
esis of monodispersed 10 nm Ni/Pd core/shell NPs by
sequential reduction of nickel(II) acetate and palladium
(II) bromide in OAm and trioctylphosphine (TOP). The
core/shell NPs were deposited on graphene sheets via a
solution phase-based self-assembley method and were
tested for utility in the Suzuki-Miyaura cross-coupling of
phenyliodide and phenylboronic acid. The catalyst with
the Ni/Pd molar ratio of 3/2 was the most active one, with
a yield of biphenyl up to 99% when the reaction was
conducted at 110°C for 10 min with DMF/H,O (v/v =
7/3) as the solvent. This result is attributed to the good
dispersion of the graphene support in the mixed solvent
and the promotion effect of graphene in the adsorption of
the aromatic reactants. Additionally, the catalyst dis-
played high stability, without loss in activity or noticeable
leaching of metals after five cycles.

Miscellaneous reactions

Many other reaction types have been studied using metal
NPs supported on graphitized nanocarbon, such as the
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activation of a C-H bond in methane during the con-
version of natural gas into liquid fuels [181-186], the
direct synthesis of dimethylcarbonate from methanol
[187-190], and the hydrochlorination of acetylene [191-
193].

From the results reviewed above, we conclude that the
field of graphitized nanocarbon-supported metal NPs,
already a vast area of study in catalysis, has well shown
that graphitized nanocarbon as a low-cost support for
catalysts can be used in industry to replace current metal
oxide-based catalyst supports.

CONCLUSION AND OUTLOOK

The remarkable features of graphitized nanocarbon have
opened up immense possibilities for creating new kinds
of carbon-based materials that represent a new class of
carrier material. From this review, it is clear that gra-
phitized nanocarbon-supported metal NPs can serve as
promising catalysts for a variety of reactions and show
attractive performance compared with conventional cat-
alysts. It is noted that the defects and oxygen-containing
groups on graphitized nanocarbon can provide necessary
anchoring sites to stabilize the NPs. Moreover, the ad-
sorption of reactants on the surface of catalysts driven by
n-7 stacking interactions can control the catalytic beha-
vior of these catalysts.

Based on the above literature, all of which are fairly
recent, the superiority and general roles of graphitized
nanocarbon as a support in heterogeneous catalysis can
be summarized as follows:

Graphitized nanocarbon can be derived from exfolia-
tion of graphite carbon or deposition of hydrocarbon
oxides by chemical vapor deposition. Thus the sources of
graphitized nanocarbon are extensive and its synthesis
and modification are controllable.

Owing to the large surface area, abundant defects and
oxygen-containing groups on the surface of the graphi-
tized nanocarbon sheets, graphitized nanocarbon is more
liable to disperse and stabilize the supported metal NPs
and also to retard their irreversible agglomeration and
leaching from the support surface.

Stronger interaction between metal NPs and graphi-
tized nanocarbon supports benefits hindering sintering of
metal NPs and also benefits generating active phase of
metal [M(II) or M(IV)] accompanied by the formation of
metal-carbon bonds.

Considering the unique electronic structure of graphi-
tized nanocarbon, the electron transfer between graphi-
tized nanocarbon and the supported metal NPs greatly
affects the catalytic selectivity.

December 2017 | Vol.60 No.12

The adsorption capacity of reactant molecules is en-
hanced, especially in liquid phase reaction, which origi-
nates from m-7 interactions between aromatic moieties
and the graphitized nanocarbon.

Due to the concept of single-atom catalysis, graphitized
nanocarbon-supported single-site metal catalysts has be-
come a hot topic and the preparation of graphitized na-
nocarbon-supported single-site metal catalysts faces
considerable challenges. Nonetheless, both the theoretical
and experimental understanding of the defects and sur-
face functional groups has completely changed the land-
scape and perspectives on the use of nanocarbons as
conceptually new catalyst supports. The development of
characterization techniques such as microscopy and the-
oretical modeling, which has been both rapid and spec-
tacular, is clearly the key to understanding the surface
chemistry in detail and thereby to developing a rational
design of graphitized nanocarbon for advanced catalytic
applications.
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