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ABSTRACT Single-atom catalysts (SACs) have become an
emerging frontier trend in the field of heterogeneous catalysis
due to their high activity, selectivity and stability. SACs could
greatly increase the availabilities of the active metal atoms in
many catalytic reactions by reducing the size to single atom
scale. Graphene-supported metal SACs have also drawn con-
siderable attention due to the unique lattice structure and
physicochemical properties of graphene, resulting in superior
activity and selectivity for several chemical reactions. In this
paper, we review recent progress in the fabrications, advanced
characterization tools and advantages of graphene-supported
metal SACs, focusing on their applications in catalytic reac-
tions such as CO oxidation, the oxidation of benzene to phe-
nol, hydrogen evolution reaction, methanol oxidation
reaction, oxygen reduction reaction, hydrogenation and pho-
toelectrocatalysis. We also propose the development of SACs
towards industrialization in the future.

Keywords: single-atom catalysts, graphene substrate, advanced
characterization methods, catalytic reaction

INTRODUCTION

It is necessary for a heterogeneous catalysis reaction to
undergo three processes: first, the reactants must be
chemically adsorbed on the catalyst surface; second, the
reactants are transformed; and finally the products need
to desorb from the catalyst surface. Therefore, the solid-
supporting catalytic substrate plays a very important role
in the processes. Although the metal loadings on tradi-
tional heterogeneous catalysts are high, the majority of
active metal species are buried below the surface of the
nanoparticles. The low catalytic efficiency can hardly sa-
tisfy the demands of industrialization [1,2]. Therefore, it

is crucial to reduce the size of precious metal catalysts to
promote the catalytic efficiency. When the size of the
precious metal catalysts is reduced to the sub-nanometer
level, the precious metals on the catalyst surface are iso-
lated from each other, which can significantly improve
the catalytic efficiency [3,4]. Single-atom catalysts (SACs)
have been playing important roles in the field of catalysis
since they were proposed [5-9]. Qiao et al. [5] prepared
the Pt/FeO, catalysts by anchoring single Pt atoms on the
surface of FeO, and proposed the concept of SACs for the
first time. The catalysts with high activity and stability
significantly increased the utilization of precious metal
atoms. Sahoo et al. [10] proved that non-precious metal
SACs could also achieve enhanced C-H bond methane
activation by using theoretical calculations.

Graphene, as the thinnest two-dimensional (2D) carbon
material with one atom thickness (0.334 nm) [11-14], has
been widely used in many fields. Its unique and stable
lattice structure results in excellent thermal conductivity
[15,16], electrical conductivity [17-20], large specific
surface area [21-23] and facile chemical modification
[24-26]. Graphene has also been reported to be an ex-
cellent support for SACs due to its remarkable properties
[27-34]. Liang et al. [35] compounded bi-functional
Co;0,/reduced graphene oxide (RGO) catalysts with ex-
cellent durability and activity. Li et al. [36] fabricated
MoS, nanoparticles supported on RGO by a selective
solvothermal method, which presented excellent electro-
catalytic performance in the hydrogen evolution reaction
(HER).

However, the deposition of single metal atoms on the
graphene surface remains challenging. Firstly, the inter-
action between metal atoms and the graphene surface is

! School of Materials Science and Engineering, Institute of Graphene at Shaanxi Key Laboratory of Catalysis, Shaanxi University of Technology,

Hanzhong 723001, China

? School of Chemistry and Environmental Science, Shaanxi Key Laboratory of Catalysis, Shaanxi University of Technology, Hanzhong 723001, China
* School of Physics and Telecommunication Engineering, Shaanxi University of Technology, Hanzhong 723001, China

: Corresponding authors (email: kukukoko2004@163.com)

June 2020 | Vol.63 No.6

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020 903


http://mater.scichina.com
http://link.springer.com
https://doi.org/10.1007/s40843-019-1286-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s40843-019-1286-1&amp;domain=pdf&amp;date_stamp=2020-03-10

REVIEWS

SCIENCE CHINA Materials

weak, which leads to instability during catalytic reactions
[9]. Secondly, it is difficult to obtain graphene-supported
SACs. Finally, reducing the size of metal catalysts defi-
nitely results in significant aggregation, causing deacti-
vation of the catalysts during catalytic reactions [37]. In
this review, we introduced diverse preparation methods
and advantages of graphene-supported metal SACs aimed
at solving the above-mentioned challenges. We also
summarized their applications in CO oxidation [5,38-40],
oxidation of benzene to phenol [41], HER [42,43], me-
thanol oxidation reaction (MOR) [44-46], oxygen re-
duction reaction (ORR) [47-50], hydrogenation [32,51]
and photoelectrocatalysis [52-55]. At last, we focused on
the prospect and future developments of graphene-sup-
ported metal SACs.

SELECTION OF SUBSTRATES

Metal substrates and metal oxide substrates

With the decreasing size of active metals, the metal cat-
alysts can achieve enhanced catalytic activity while
bringing large surface free energy [8], which is an im-
portant reason for the instability of conventional metal-
supported SACs (Fig. 1). Therefore, the choice of sub-
strate is the key to the synthesis of stable SACs. The
substrates of supported catalysts can be divided into
traditional metal substrate, metal oxide substrate and new
2D material substrate. Many outstanding active metals of
SACs, such as Pt [56,57], Au [58], Pd [59], Fe [60-62], Co
[63-65], Ni [66] and Cr [67], have exhibited extra-
ordinary activity in many catalytic reactions. There are
also some common metal-oxide supporting substrates of
SACs, such as FeO, [5], TiO, [68], ZrO, [69] and ZnO
[70]. Metal SACs can be synthesized by general methods,
such as mass-selected soft-landing technique [71], co-
precipitation [72], successive reduction [73] and solid
phase melting method [74], etc.

Zhang et al. [73] prepared single Au atoms supported
on Pd (Au/Pd catalysts) by the successive reduction
method. Their results showed that the catalytic efficiency
of Au/Pd catalysts was 17 times higher than the Au na-
noparticle catalysts, which indicated excellent catalytic
performance of Au/Pd catalysts. The metal/metal catalysts
(single metal atoms anchored to the surface of metal
supporting substrate) and metal/metal-oxide -catalysts
(single metal atoms anchored to the surface of metal-
oxide supporting substrate) exhibited high activity, good
chemical selectivity and durability. However, there are still
obvious defects in the metal and metal-oxides as catalytic
substrates. As substrates, the catalytic efficiency of or-
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Figure 1 Schematic diagram illustrating the relationships of surface free
energy, instability and specific activity per metal atom on traditional
supporting substrate with metal size.

dinary metals is lower than precious metals. Otherwise,
there are also some shortcomings of catalysts such as high
cost, low light-off temperature and easy-sintering at high
temperature, which prove problematic for the application
on industrial scale. Thus, we should explore high-effi-
ciency, low-temperature and non-metal SAC substrates.

2D material substrates

Graphene has become the emerging non-metal substrate
of SACs due to its unique 2D structure, good mechanical
properties and conductivity [54,75-82]. The honeycomb-
like sheet of graphene will provide more active sites, and
the porous structure will effectively reduce the agglom-
eration of metal atoms [30,83]. Sahoo et al. [84] calculated
the possibility of depositing single transition metal (TM)
atoms, such as Cr, Mn, Fe, Co, and Cu atoms, on the
surface of graphene by density functional theory (DFT).
The results showed that the single-atom TM/graphene
catalysts exhibited a high activity in the methane activa-
tion reaction. Graphene as a support has been proven to
be stable during different catalytic reactions, such as CO
oxidation and hydrogenation, due to superior chemical
compatibility and surface-modification chemistry [32,40].
At present, the main methods for preparation of gra-
phene-supported metal SACs include atomic layer de-
position (ALD) [30], focused electron beam irradiation
[85], ethylene glycol (EG) reduction [50], high-energy ball
milling [41] and arc discharge method [86], etc.

Graphene substrate

Wang et al. [87] obtained single Si atoms supported on
graphene (Si/graphene catalysts) by a chemical vapor
deposition (CVD) method. Single Si atoms, as a catalytic
wedge in the form of energetic electrons, were observed
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by high-resolution transmission electron microscopy
(HRTEM) (Fig. 2a). The C atom of graphene was gra-
dually replaced by Si atom to form a stable structure.
Fig. 2b demonstrates the catalytic mechanism of the
single Si ad-atom on the surface and edges of graphene.
The experimental results showed that Si/graphene cata-
lysts with dynamic, stability and high selectivity provided
the possibility for developing stable molecular devices at
the atomic scale.

Liu et al. [39] reported the Pt/graphene catalysts by
simulating single Pt atoms embedded into graphene lat-
tice via first principles and DFT calculations. The calcu-
lation showed that the binding energy was up to —0.71 eV,
which enhanced the stability of the catalysts. Diffusion
and agglomeration of embedded Pt atoms were thus ef-
fectively avoided. When the regenerative energy barrier of
Pt atoms reached 0.46 eV, the energy barriers for the
formation and dissociation of the peroxide-like inter-
mediate were only 0.33 and 0.15 eV, respectively, which
also showed the superior activity of Pt-embedded gra-
phene catalysts in low temperature CO oxidation reaction.

Zhao et al. [34] observed single Fe atoms at the gra-
phene edges by in situ atomically resolved TEM and

discovered anomalous diffusion. The carbon atoms were
directly substituted by or merged with single Fe atoms.
High catalytic performance of single Fe atoms was con-
sistent with the result of theoretical calculations (mole-
cular dynamic simulations and DFT), which could
contribute to the basis for the sp’ carbon growth of gra-
phene-supported metal SACs.

Nitrogen-doped graphene substrate

Fei et al. [43] synthesized single Co atoms supported on
nitrogen-doped graphene (Co/N-graphene catalysts) with
graphene oxide (prepared by modified Hummers meth-
od) in the Ar/NH; atmosphere for 1 h (Fig. 3a). The Co/
N-graphene catalysts exhibited high activity, stability and
low overpotentials (30 mV), which was due to the co-
ordinating role of nitrogen atoms in the substrate center
(Fig. 3b-d).

Zhang et al. [40] synthesized single Pt atoms supported
on nitrogen-doped graphene (Pt/N-graphene catalysts)
with high stability and activity in CO oxidation. The
stability of single Pt atoms could be improved by suitable
doping. They had much higher stability, activity and
lower energy barrier (0.16 eV) through tri-molecular
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Figure 2 (a) HRTEM images of silicon/graphene sample, (b) catalytic principles of the single Si ad-atom. Reprinted with permission from Ref. [87],

Copyright 2016, American Chemical Society.
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Figure 3 Preparation, morphology and compositional characterizations of the Co-NG. (a) Preparation process of the Co-NG catalyst, (b) SEM image,
(c) XPS spectra (NG represents N-graphene), (d) HR XPS Co 2p and N 1Is spectra. Reprinted with permission from Ref. [43], Copyright 2015, Nature

Publishing Group.

Eley-Rideal mechanism, which was obviously better than
Langmuir-Hinshelwood or Eley-Rideal mechanisms for
CO oxidation.

Single Ni atoms supported on nitrogen-doped graphene
(Ni/N-graphene catalysts) were prepared with N-gra-
phene as catalytic substrate by Yang et al. [88], with the
process of zirconia ball grinding, pyrolysis, freeze-drying
and reheating under an argon atmosphere. The Ni/N-
graphene catalysts could retain 98% of original catalytic
performance after CO, reduction for 100 h.

Graphene is the nucleation center of single metal atoms
to exert the maximum catalytic activity in chemical re-
actions. The large specific surface area can provide plenty
of effective active sites for single metal atoms. Never-
theless, efficient and cost-effective preparation methods
of graphene-supported metal SACs are critical.

PREPARATION METHODS OF
GRAPHENE-SUPPORTED METAL SACs

ALD

For ALD, single atom layer is coated to the target surface
through a reactor. The film deposition quality of tradi-
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tional CVD is related to several factors, such as deposition
time, temperature and gas flow. Compared with con-
ventional CVD method, ALD is a novel technique de-
positing a thin film by different precursors. It has many
advantages in terms of film formation uniformity, quality
and number of layers, which can be mainly used in the
fields of semiconductor [89-91] and nanotechnology [92-
94]. In recent years, ALD has been frequently applied in
the field of catalysis. This technique can precisely control
the morphology, size, density and loading of single metal
atoms, sub-nanoclusters and nanoparticles.

Sun et al. [30] prepared single Pt atoms supported on
graphene nanosheets (Pt/GNS catalysts) by the ALD
technique. Fig. 4a shows the schematic of Pt ALD on
graphene surface. The isolated and well-grown single Pt
atoms were uniformly deposited on the graphene surface
as confirmed by high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM). By
changing the number and conditions of ALD cycles, the
morphology, size, density and loading of single Pt atoms
could be efficiently controlled. When the numbers of
ALD cycles reached 50, the methanol oxidation peak
current density for 50ALD Pt/GNS catalysts was

June 2020 | Vol.63 No.6
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Figure 4 (a) Schematic diagrams of Pt ALD principle, (b) CV curves of methanol oxidation, (c) XANES spectra at Pt L, edge. Reprinted with

permission from Ref. [30], Copyright 2013, Nature Publishing Group.

22.9 mA cm ~ by adopting cyclic voltammetry (CV) and
X-ray absorption fine structure (XAFS) in MOR, which
was 2.7 and 9.5 times that of 100ALD Pt/GNS and Pt/C
catalysts, respectively (Fig. 4b, c). The excellent catalytic
performance of Pt/GNS catalysts attributed to the isolated
single Pt atoms and unique structure of graphene. It in-
dicated that Pt/GNS catalysts had an excellent CO toler-
ance and adsorption rates. Above all, compared with
commercial Pt/C catalysts, the Pt/GNS catalysts exhibited
superior activity and durability in MOR and CO oxida-
tion reaction.

Yan et al. [82] compounded stable dimeric Pt,/gra-
phene catalysts, with nucleation center with single Pt;
atoms deposited on graphene substrate, by ALD (Fig. 5a).
The single Pt atoms had an optimum nucleation condi-
tion due to the unique properties and large specific area
of graphene. Meanwhile, the dimeric Pt,)/graphene cata-
lysts exhibited 2800 mol;;, molp, ' min ' at room tem-
perature, which was 45-fold higher than Pt/graphene
catalysts in hydrolytic dehydrogenation of ammonia
borane (Fig. 5b).

Yan et al. [32] prepared Pd,/graphene catalysts through
depositing single Pd atoms on the graphene surface by
ALD. The catalysts exhibited 100% butene selectivity and

June 2020 | Vol.63 No.6

95% conversion rate by aberration-corrected HAADF-
STEM and XAFS, which demonstrated excellent dur-
ability in the continuous selective hydrogenation of 1,3-
butadiene reaction for 100 h without any change in ac-
tivity and selectivity. Therefore, the Pd,/graphene cata-
lysts presented excellent application prospects in the
selective 1,3-butadiene hydrogenation reaction.

Stambula et al. [48] compounded Pt/N-graphene cata-
lysts by depositing single Pt atoms on N-graphene surface
via ALD, which exhibited outstanding catalytic perfor-
mance. It provided a direction for the synthesis of large
specific surface area catalysts in the proton exchange
membrane fuel cell (PEMFC).

Focused electron beam irradiation

Robertson et al. [85] fabricated single atom Fe/graphene
catalysts by irradiating graphene surface with the focused
electron beam irradiation. The dopant single Fe atoms,
embedded to graphene lattice, have caused the displace-
ment of carbon atoms, which was important for designing
the Fe/graphene catalysts with theoretical results.

EG reduction
EG reduction is a method for preparing metal/substrate

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020 907
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Figure 5 (a) Schematic diagrams of dimeric Pt,/graphene catalysts, (b) catalytic activities of diverse Pt catalysts. Reprinted with permission from Ref.

[82], Copyright 2017, Springer Nature.

electrocatalysts [95,96]. Shao et al. [95] deposited Pt na-
noparticles on the poly(diallyldimethylammonium
chloride) (PDDA) coated with graphene nanoplatelets
(GNPs) by the ethylene glycol reduction method. The
preparation processes included the following steps: first,
GNPs were uniformly dispersed in the PDDA aqueous
solution; second, PDDA-functionalized GNPs were added
into the EG solution and stirred for 1 h; and finally, the
products were washed with deionized water and vacuum
dried at 90°C for 3 h. Compared with the traditional Pt
nanoparticles supported on carbon nanotubes (Pt/CNT
catalysts) or Pt/C catalysts, the Pt nanoparticles supported
on graphene nanoplatelets (Pt/GNPs catalysts) exhibited
excellent catalytic performance for oxygen reduction in
fuel cells (Fig. 6).

High-energy ball milling

Deng et al. [41] prepared graphene-embedded FeN,
(FeN,/GN, GN represents nanosheet) catalysts with FePc
and GN composites. The catalysts exhibited an excellent
catalytic performance (conversion of 23.4% and yield of
18.7%) in the direct catalytic oxidation of benzene to
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phenol, and the conversion still maintained 8.3% at 0°C
for 24 h.

Arc discharge

Zhang et al. [86] prepared single Nb atoms supported on
graphite (Nb/graphite catalysts) by controlling the dis-
tance between niobium rod and carbon rod, and finally
niobium atoms and carbon atoms were deposited at the
same time. The experiment revealed that Nb/graphite
catalysts enhanced the overall conductivity and prevented
the agglomeration of single atoms. Theoretical calcula-
tions indicated that the Nb/graphite catalysts showed
high activity and high stability in cathodic ORR.

CHARACTERIZATION METHODS

The advanced, accurate and efficient characterizations of
SACs have attracted great attention in recent years. The
main characterization methods of SACs include HAADE-
STEM and XAFS.

XAFS spectroscopy
XAFS is an emerging technique developed with syn-

June 2020 | Vol.63 No.6
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Figure 6 TEM images (a), Raman spectrum (b) and XRD patterns (c) of graphene nanoplatelets. Reprinted with permission from Ref. [95], Copyright

2010, Elsevier.

chrotron radiation, which is an important method for
studying the localized atomic structure and electronic
structure of materials.

As shown in Fig. 7 [97], the XAFS spectrometer con-
sists of two parts, X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS). The energy range of EXAFS is about
50-100 eV, which is derived from the single-scattering
effect of the inner-shell photoelectrons excited by X-rays.
XANES contains energy ranges of less than 10 eV and
over 50 eV, which are mainly derived from the multiple
scattering effects of inner-shell photoelectrons excited by
X-rays.

Sun et al. [30] prepared single atom Pt/graphene cata-
lysts. It was difficult to find the Pt crystal phase by con-
ventional XRD techniques due to the low Pt loading.
Whereas, the singe Pt atoms could be characterized by
XAFS. The L;-edge white-line intensity of single Pt atoms
on the graphene surface was slightly different from that of
Pt/carbon black. The L;-edge white-line intensity de-
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Figure 7 Pt L;-edge XAFS spectrum for platinum foil. Reprinted with
permission from Ref. [97], Copyright 2000, Springer.

creased while the ALD deposition layer increased
(50ALDPt/GNS > 100ALDPt/GNS>150ALDPt/GNS > Pt/
C), in accord with the same order of CO tolerance and
MOR. Therefore, the interfacial bonding force of Pt/GNS
was stronger than that of Pt/C; meanwhile, the decrease
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Figure 8 (a) Coordination structure and valence state of FeN,/GN catalysts, (b) morphology analysis of FeN,/GN catalyst. Reprinted with permission
from Ref. [41], Copyright 2015, American Association for the Advancement of Science.

of deposition times could effectively increase the white-
line intensity.

Yan et al. [32] observed the isolated single Pd atoms
dispersed on graphene by XANES and XAFS. The
XANES spectra of the Pd K-edge indicated that the iso-
lated Pd atoms on graphene surface may be zero valence
or +2 valence states. The EXAFS spectra of the Pd K-edge
indicated that the coordination environment around the
Pd atom exhibited a highly distorted structure, which
showed accurate quantitative XAFS contributing to the
characterization of the deposited single atoms on gra-
phene.

Deng et al. [41] revealed the coordination structure and
valence state of single Fe atoms in the FeN,/GN catalysts
by XAFS (Fig. 8a). The near-edge structure of FeN,/GN
catalysts was similar to that of original FePc by the Fe K-
edge of XANES. The number of C=N bonding decreased
significantly, which indicated that the FeN, structure re-
mained stable (Fig. 8b).

Aberration-corrected HADDF-STEM

The HAADF-STEM can improve the resolution to the
sub-angstrom level and eliminate the spherical phase
difference in the transmission system. The single atoms or
clusters can be observed as a light spot by HAADF, so
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that the chemical composition information of the atomic
resolution can be obtained [98].

As shown in Fig. 9, in the range of 8;, the signals are
primarily transmitted electron beams and scattering
electrons. In the range of 6,, the received signals are
Bragg scattering electrons. If the received signals are
primarily incoherent scattering electrons with high-angle
in the 6, range, the HAADF image can be obtained. The
light spot in the image always correlates to the column of
atoms [99]. Therefore, HAADF-STEM plays a decisive
role in materials science, chemistry, physics and other
fields.

Yan’s group [32] discovered the single atom Pd,/gra-
phene catalysts with high activity, superior selectivity of
butene and stability under continuous reaction. They
demonstrated by HAADF-STEM that the isolated single
Pd atoms were randomly deposited on the graphene
surface (Fig. 10a). Single Pd atoms presented a special
steric effect when the annealing temperature was 1050°C,
which was a crucial reason for excellent catalytic perfor-
mance of Pd,/graphene catalysts (Fig. 10c).

Stambula et al. [48] observed isolated single Pt atoms
and clusters on N-graphene surface by HAADF-STEM.
Single Pt atoms were mainly stacked on the graphene
edges. Only a small number of single Pt atoms were

June 2020 | Vol.63 No.6
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distributed in the center of graphene surface. It was
proved that the Pt element stacked on N-graphene existed
as single atoms or clusters through HAADF-STEM.

ADVANTAGES OF GRAPHENE-
SUPPORTED METAL SACs

High activity

The catalytic efficiency of metal solid-supported catalysts
will increase in order of magnitude when the size reaches
to single atom scale. Qiao et al. [5] prepared single atom
Pt,/FeO, catalysts with 2-3 orders of magnitude higher
catalytic performance than conventional catalysts. In re-
cent years, the preparation techniques of high-quality
graphene have been improved, which is frequently used
as solid-support catalytic substrate. On account of the
large specific area (approx. 2630 m’ g '), graphene can
reduce the surface free energy and prevent agglomeration
of single atoms. Yang et al. [88] also synthesized single
atom Ni/N-graphene catalysts, in which single Ni atoms
were adopted as active metals. Fig. 1la, b show the
scanning electron microscopy (SEM), atomic force mi-
croscopy (AFM) and TEM images of single atom Ni/N-
graphene catalysts. The exchange current density and
turnover frequency (TOF) were an order of magnitude
higher than the traditional catalysts (Fig. 11c, d). The high
CO, reduction activity resulted from the large specific
surface area of the graphene substrate, which led to the
distribution of the single atom Ni on the surface of gra-
phene and the formation of Ni-C bonds, and finally the
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Figure 10 (a) HAADF-STEM images of Pd,/graphene, (b) schematic diagrams of butene selectivity on Pd,/graphene catalyst, (c) catalytic capabilities
of various samples. Reprinted with permission from Ref. [32], Copyright 2015, American Chemical Society.
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Figure 11 (a) SEM and AFM images of single atom Ni-graphene catalyst, (b) TEM image of Ni-graphene catalyst, (c) electronic states of Ni atom in
the Ni-graphene catalysts, (d) CO, reduction in aqueous solution. Reprinted with permission from Ref. [88], Copyright 2018, Springer Nature.

redistribution of electrons in the Ni 3d orbital. Ta et al.
[31] compounded the single Cr atoms supported on
graphene (Cr/graphene catalysts). Graphene substrates
with a single atomic layer thickness played a decisive role
and can accurately characterize single atomic Cr under
TEM. The current density of the SACs was several orders
of magnitude higher than that of commercial catalysts.
Compared with commercial Pt/C catalysts, Sun et al. [30]
prepared the single atom Pt/graphene catalysts with ex-
cellent performance in MOR and CO oxidation, which
was attributed to the distinctive properties of graphene
substrate (high surface area, high conductivity and unique
surface structure), and ultimately improved utilization
efficiency of single Pt atoms.

High stability

For traditional industrial catalysts, the stability and cat-
alytic activity will reduce in chemical reaction for hun-
dreds of hours, resulting in the deactivation of the
catalysts. However, the SACs cannot be easily agglomer-
ated and inactivated due to the low-loading of single
metal atoms and unique graphene structure. Deng et al.
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[41] synthesized single Fe atoms supported on graphene,
which revealed high stability in the catalytic reaction of
benzene to phenol. The conversion yield of phenol still
reached 8.3% over 24 h. Due to its unique structure and
electronic properties, graphene is a good carrier to limit
metallic coordinatively unsaturated iron atoms in the
matrix. Yang et al. [88] fabricated the single atom Ni/N-
graphene catalysts (forming Ni-C bonds), which could
retain up to 98% activity in the CO formation current
density after a 100 h continuous reaction. Yan et al. [32]
prepared single atom Pd,/graphene catalysts that revealed
superior stability in hydrogenation reaction of 1,3-buta-
diene, which exhibited 100% butene selectivity at 95%
conversion rate over 100 h. The unique structure of gra-
phene ensured a highly distorted coordination around Pd
atoms, and formed Pd-C coordination and Pd-O co-
ordination. Fei et al. [43] synthesized single atom Co/N-
graphene catalysts. The Co/N-graphene catalysts ex-
hibited good stability according to the current density of
the cathodic polarization curve for 1000 cycles, which was
attributed to the high catalyst loading, tolerance of harsh
reactions and acceleration of electron transfer of gra-
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phene substrate and Co-C path.

High selectivity

The noble metal atomic radii of SACs are in the range of
1-1.5 A; meanwhile, the minimum size and low loading
determine the isolated catalytic active sites. Zhao et al.
[100] prepared metal-organic framework-derived cata-
lysts with improved ORR selectivity. Wang et al. [87]
predicted that single Si atoms would exhibit superior
activity and ultra-high selectivity based on DFT calcula-
tions. High-selectivity single atom Si/graphene catalysts
could open micropores on the graphene surface and
maintain the integrity of graphene, which could con-
tribute to novel electronic and spintronic properties of
graphene nanostructures and the better design for pre-
paration of SACs. Yan et al. [32] introduced single atom
Pd,/graphene that exhibited 100% selectivity of 1,3-bu-
tadiene and 70% selectivity of 1-butene, which provided a
new possibility for improving the selectivity of hydro-
genation reaction.

Graphene-supported metal SACs have exhibited ex-
cellent catalytic performance in many catalytic reactions.
The isolated and efficient single metal atoms anchored on
the graphene sheet present a stable structure. Meanwhile,
graphene-supported metal SACs have exhibited high se-
lectivity in ORR reactions and revealed excellent toxic
tolerance and stability in CO oxidation reactions. Gra-
phene-supported metal SACs will provide a new direction
to design novel and more efficient catalysts for green
catalysis.

APPLICATIONS OF GRAPHENE-
SUPPORTED METAL SACs

CO oxidation reaction

A majority of CO is derived from fossil fuel combustion
emissions, vehicle exhaust emissions and chemical in-
dustry exhaust gas, which seriously influence our en-
vironment. High-efficiency oxidation of CO at low
temperature is the most direct, inexpensive and simple
method to effectively reduce CO pollution. Qiao et al. [5]
firstly obtained Pt;/FeO, catalysts that exhibited high
activity in CO oxidation. The theoretical binding energy
of adsorbed CO on a single Pt atom was 1.27 eV, which
was much lower than the calculated value of Pt cluster. In
the CO,4 + O-O,y = CO, + O,q reaction process, the
active barrier calculation was 0.49 eV. When the second
CO molecule was adsorbed on the Pt atom, the active
barrier was 0.79 eV according to the CO,4 + O, — CO, +
Oy, reaction process. Therefore, the low barriers ensured
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the thermodynamic and kinetic reaction equilibrium of
Pt,/FeO, catalysts. From then on, graphene-supported
metal SACs have made an important progress in CO
removal.

Wu et al. [38] calculated the stability and CO oxidation
behavior of single Fe atom catalysts. In the Eley-Rideal
mechanism, CO oxidation involves the following two
reactions: O,gq) + CO(gag) = O(ag) + Oaa) + CO(gag) = Ofagy
+ COygasp COfgay) + Oa) = COygoy. Compared with
traditional catalysts, the energy barrier of novel single Fe
atom catalysts was only 0.21 eV by the theoretical calcu-
lation, which was due to Fe-C bonds, leading to the high
activity and stability of the single Fe atom catalysts in CO
oxidation.

Liu et al. [39] obtained the Pt-embedded/graphene
catalysts on graphene substrate, which exhibited high
catalytic efficiency of CO oxidation at low temperature
due to the breaking of the O-O bond and the formation
of new C-O bonds (Fig. 12). Zhang et al. [40] prepared
the Pt/N-graphene catalysts (forming Pt-C bond), which
also showed excellent activity and stability in CO oxida-
tion at low temperature through 2CO + O, - OCO-
OCO — 2CO, mechanism.

Oxidation of benzene to phenol

Phenol, as an important organic petrochemical raw ma-
terial, is widely used in the fields of synthetic rubber
[101,102] and petroleum refining [103,104]. Industrial
synthetic phenol is confronted with several problems,
such as long reaction time, heavy pollution and high cost
[105,106]. The oxidizing agents include H,0, and N,O.
The equation for the heterogeneous catalysis system of
the H,0, is listed below:

CeH g+ H,0, 2% € H,0H + H,0,

and the equations for the N,O system are as follows [107]:
N,O +e (from catalyst) — N+ O ;

C6H6+ 0O — C6H5 -+ OH7
— C4HsOH + ¢ (to catalyst).

Both catalytic processes are environment-friendly.
However, direct oxidation of benzene to phenol in in-
dustry requires highly active catalysts and long reaction
path. Deng et al. [41] compounded the FeN,/GN catalysts
by depositing single Fe atoms on graphene. The results
proved direct catalytic oxidation of benzene to phenol
with high efficiency due to Fe=O intermediate. The
conversion and yield could reach 23.4% and 18.7% at
room temperature, respectively. Furthermore, the con-
version could still maintain 8.3% after 24 h, which was
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Figure 12 (a) The plausible theoretical calculation results for CO adsorption on PtMG, (b) the contour plot of PtMG, DOS of PtMG and Pt (111)
surface. Reprinted with permission from Ref. [39], Copyright 2014, Royal Society of Chemistry.

superior to traditional catalysts (homogeneous precious
metal catalysts). Graphene-supported metal SACs are
expected to solve the problems absolutely of benzene to
phenol at room temperature.

HER

Hydrogen is an energy carrier with high energy density
and superior heat release properties which render it at-
tractive as a clean and carbon-free fuel [108-110]. Water
electrolysis plants in industry require highly active and
stable catalysts, which is relatively difficult in HER 2H" +
2e — H,) by large scale. Yan et al. [82] fabricated single
atom Pt,/graphene catalysts (forming Pt-C, Pt-Pt and
Pt-O bonds). The specific rate of dimeric Pt,/graphene
catalysts was 45-fold higher than Pt nanoparticle/gra-
phene catalysts in hydrolytic dehydrogenation of am-
monia borane. Fei ef al. [43] prepared single atom Co/N-
graphene catalysts (forming Co-C path), which exhibited
superior catalytic performance in water electrolysis plant
of hydrogen. The catalysts maintained a high activity even
for low over potential (30 mV). Single atom Co/N-gra-
phene catalysts with high adaptability of HER have the
potential to replace expensive Pt catalysts in the future.

MOR

Formaldehyde is widely used in chemical industry, such
as for wood, textile and aczoiling applications [111]. The
commonly used method for the preparation of for-
maldehyde is direct oxidation with precious metal cata-
lysts such as Pt

catalyst

2CH;0H + O, —— 2H,0 + 2HCHO;

however, the catalytic efficiency is very limited [112]. Yoo
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et al. [44] synthesized the Pt/GNS electrocatalysts which
exhibited extraordinary activity for MOR (existing Pt-C
bonds). Fig. 13a, ¢ show the TEM image, histogram and
HAADF-STEM image of Pt/GNS. Fig. 13b shows the
current-potential curves for MOR on Pt/carbon black, Pt/
GNS and Pt/Ru-carbon black, which indicates excellent
catalytic activity for MOR on Pt/GNS. Li et al. [45] ob-
tained the Pt/chemically converted graphene (Pt/CCG)
catalysts by depositing Pt nanoparticles on RGO. The
electrochemically active specific area was 3627 m’g ,
superior to single Pt atoms supported on multi-walled
carbon nanotubes catalysts for 34.43 m* g '. The Pt/CCG
catalysts exhibited good durability in MOR due to func-
tional groups like -COOH and -OH groups. Zhao et al.
[46] reported the Pd/polypyrrole-graphene (Pd/PPy-gra-
phene) catalysts by depositing Pd nanoparticle on PPy-
functionalized graphene, which showed a catalytic per-
formance superior to traditional catalysts in the MOR.

ORR

Fuel cell is a new-generation efficient and green device in
the 21st century [113-115]. The ORR reaction occurs
when oxygen is reduced at the cathode of the fuel cell.
The half-cell reaction is as follows: O, + 4H" + 4e —
2H,0; O, + 2H" + 2¢ — H,0,.

The chemical formula demonstrates the overall process
of the ORR of the catalyst surface, including the ORR to
directly generate H,O through an ideal four-electron
pathway, or the formation of H,0, intermediate through
an undesirable two-electron pathway. However, the high
cost of the traditional Pt catalysts limits large-scale in-
dustrial applications [56,116,117]. Lefévre et al. [47]
produced microporous carbon-supported iron-based
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Figure 13 (a) TEM images and histogram of Pt/GNS; (b) current-potential curves for MOR on (1) Pt/carbon black, (2) Pt/GNS and (3) Pt/Ru-carbon
black; (c) HAADF-STEM image of Pt/GNS. Reprinted with permission from Ref. [44], Copyright 2009, American Chemical Society.

catalysts, whose cathode current density could be com-
parable to that of platinum. This work provided a new
direction of iron-based catalysts for ORR in polymer
electrolyte membrane fuel cells. Wan et al. [118] estab-
lished the connection between electrocatalysis and SAC.
Compared with conventional 2D planar catalysts, the
newly designed non-planar coordinated single atom co-
balt had lower energy levels in 3d orbital. The as-prepared
single atom cobalt sites extremely improved the catalytic
activity and selectivity in the ORR, which could be ap-
plied in the field of electrocatalysis. Graphene-supported
SACs could not only present enhanced stability and
durability for ORR, but also exhibit good oxygen ad-
sorption and activation. Stambula et al. [48] prepared Pt/
N-graphene catalysts by depositing single Pt atoms on N-
graphene surface (forming Pt-C bond). These catalysts
prevented agglomeration due to the large number of Pt
active sites. Compared with carbon black supported Pt
nanoparticles, Pt/N-graphene catalysts could achieve en-
hanced catalytic efficiency in ORR and solve the problems
in industrialization of PEMFC. Shao et al. [95] prepared
Pt/PDDA-GNPs catalysts with outstanding catalytic per-
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formance (existing Pt-C interaction). The catalytic effi-
ciency of the Pt/PDDA-GNPs catalysts was 3-fold
improved compared with Pt/C catalysts, which could
gradually replace traditional catalysts on an industrial
scale.

Hydrogenation
Selective hydrogenation of acetylene gas is an important
step to purify olefin and obtain butadiene. The activity of
precious metal Pd catalysts is degraded under high con-
version conditions. Yan et al. [32] prepared Pd,/graphene
catalysts by depositing single Pd atoms on graphene
surface (forming Pd-C coordination and Pd-O co-
ordination). The Pd,/graphene catalysts exhibited 100%
butene selectivity and 95% conversion rate than con-
ventional catalysts in selective hydrogenation of 1,3-bu-
tadiene
CyH+ H, % H,

Nie et al. [51] fabricated Pd nanoparticles supported on
N-doped RGO (Pd/N-RGO catalysts) by depositing Pd
nanoparticle on N-RGO surface (forming C=C and C-N
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bonds). The characterization exhibited high activity and
selectivity of Pd/N-RGO catalysts in hydrogenation of
phenol to cyclohexanone
Pd/N-RGO

2C¢HOH+ 5H, ——— C(H,,0 + C(H,,OH.

Above all, it is indicated that graphene-supported metal
SACs will play an important role in selective hydro-
genation reactions.

Photoelectrocatalysis

In recent years, CO, concentration in the atmosphere
constantly increases because of the large amount of fossil
energy consumption, thus photoelectrocatalysis of CO,
reduction has become an important research direction.
Cheng et al. [55] combined the Pt-modified RGO (Pt-
RGO) and Pt-modified TiO, nanotubes (Pt-TNT) with
cathode and photoanode catalysts (existing C-O, C=0
and O=C-O bonds). The liquid product generation rate
(CH;0H, C,H;OH, HCOOH, and CH;COOH) of ap-
proximately 600 nmolh ' ¢cm > and carbon atom con-
version rate of 1130 nmolh ' cm > were demonstrated
(CO, + 2H" + 2¢ — CO + H,0; CO, + 2H" + 2¢ —
HCOOH; CO, + 6H" + 6e — CH;0H + H,0; CO, + 8H"
+ 8¢ — CH, + 2H,0), which were much higher than
those of Pt-modified carbon nanotubes and platinum
carbon as cathode catalysts. This type of hybrid catalysts
would effectively relieve global warming and develop a
low-carbon economy.

So far, the research of graphene-supported metal SACs
is still in the laboratory stage, and the performance is
mainly focused on traditional chemical reactions such as
CO oxidation. The dual advantages of SACs on graphene
substrate should be exerted, and further large-scale in-
dustrial application should be applied to energy issues
such as fuel cells to solve environmental problems in the
future.

CONCLUSION

SACs have become an emerging trend in the field of
heterogeneous catalysis in the past few years. The gra-
phene-supported metal SACs, which combine the ad-
vantages of 2D graphene and single atom active sites,
have promoted the development of SACs in the catalytic
field as the medium between heterogeneous catalysis and
homogeneous catalysis. Graphene-supported metal SACs
could exhibit excellent catalytic ability in the fields of CO
oxidation, oxidation of benzene to phenol, HER, MOR,
ORR, hydrogenation and photoelectrocatalysis. With the
development of techniques for preparation of high-qual-
ity graphene and SACs, graphene-supported metal SACs
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may realize large-scale fabrication and industrial appli-
cations in the future, which can achieve highly efficient
and green catalysis. However, as a new field, there are still
some challenges in SACs. Intrinsic theoretical under-
standing of the origination of the high catalytic perfor-
mance is still in infancy. Graphene-supported metal SACs
can be fabricated via ALD technology, yet there are still
many challenges, such as low output, large energy con-
sumption and low control accuracy. Therefore, scientists
need to continuously improve scalable preparation tech-
niques to achieve their industrial application in the near
future. In conclusion, graphene-supported metal SACs
have demonstrated potential in many reactions. The
market prospect of graphene-supported SACs will be
broad with the effort of researchers.
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