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Graphene is the first example of a truly 2D atomic crystal1. It 
has unique electronic, optical and mechanical properties, 
and has also been widely investigated for catalysis, includ-

ing electrocatalysis2,3, photocatalysis4 and conventional heteroge-
neous catalysis5 (Table  1). It has, in particular, been shown that 
perturbations to the perfect hexagonal graphene structure, such 
as dislocations, vacancies, edges (Fig. 1a), impurities (Fig. 1b) and 
functional groups (Fig. 1c), readily modify the density of states in 
graphene and promote its catalytic properties6–9.

Recently, other 2D atomic crystals, and their possible 
applications in catalysis, have attracted considerable interest10. 
Many of these layered materials (for example MoS2 and WS2) 
have long been used as catalysts in their 3D forms. But the 
considerable changes in the electronic structure of 2D mate-
rials in comparison with their 3D bulk structures, as well as 
the possibility of chemical and structural modifications, offer 
new opportunities to use the 2D materials in many different 
chemical reactions.

Recent advances in creating heterostructures based on 2D 
atomic crystals11,12 also provide new possibilities in catalysis. The 
ability to control the electronic state at the surface of the crystals 
through differences in work function13–16 (Fig.  1d), the creation 
of nanoreactors in the space between different 2D crystals17,18 
(Fig. 1e) and the formation of sandwich structures based on dif-
ferent 2D crystals (Fig.  1f) deliver unprecedented flexibility in 
controlling the chemical reactivity of such 3D stacks.

In this Review, we briefly overview recent advances in 
graphene catalysis before concentrating on the catalytic properties 
of other 2D materials and the catalytic properties of heterogeneous 
systems, such as van der Waals heterostructures and combinations 
of 2D materials (Table  1). We analyse the new opportunities in 
catalysis provided by 2D crystals, and the various routes (Fig. 1) 
to tune their electronic states and corresponding active sites. We 
also go beyond the fundamental properties of these structures and 
discuss the potential of using such materials for future applications 
in catalysis.
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Graphene and other 2D atomic crystals are of considerable interest in catalysis because of their unique structural and electronic 
properties. Over the past decade, the materials have been used in a variety of reactions, including the oxygen reduction reac-
tion, water splitting and CO2 activation, and have been shown to exhibit a range of catalytic mechanisms. Here, we review recent 
advances in the use of graphene and other 2D materials in catalytic applications, focusing in particular on the catalytic activity 
of heterogeneous systems such as van der Waals heterostructures (stacks of several 2D crystals). We discuss the advantages 
of these materials for catalysis and the different routes available to tune their electronic states and active sites. We also explore 
the future opportunities of these catalytic materials and the challenges they face in terms of both fundamental understanding 
and the development of industrial applications.

Graphene and its derivatives 
The fascination with graphene-based catalysts originates from 
their unique structural and electronic properties. Graphene is a 2D 
atomic crystal consisting of a single layer of sp2-hybridized carbon1. 
It can be considered as a basic structural element of various carbon 
allotropes, including 3D bulk graphite, 1D carbon nanotubes and 
0D fullerenes19. Such unique structural features endow graphene-
based catalysts with the following advantages. First, they have a very 
high specific surface area (>2,600 m2 g–1)20, allowing a high density 
of surface active sites. Second, they have excellent mechanical prop-
erties21, and therefore high stability and durability can be expected 
when graphene materials are used as either the catalyst or catalyst 
support. Third, they have high thermal and electric conductivity22: 
the high thermal conductivity of graphene is beneficial to the con-
duction and diffusion of the heat generated during catalytic reac-
tions, especially for strongly exothermic reactions; the high electric 
conductivity of graphene makes the material a good candidate for 
electrocatalysts or electrocatalyst supports. Fourth, they offer a set-
up in which to combine theoretical research, model research and 
realistic applications in catalysis: it is possible to characterize the 
active sites on graphene by high-resolution imaging tools such as 
transmission electron microscopy (TEM) and scanning tunnelling 
microscopy even during the reaction process, which is challenging 
for traditional complex carbon materials such as activated carbon. 

The electronic structure of graphene, however, presents both 
challenges and opportunities for catalytic applications. The chal-
lenges originate from the fact that graphene is a zero-overlap semi-
metal with quasiparticles obeying a linear dispersion relation19,23, 
resulting in the very low density of states at the Fermi level for 
typical doping levels (zero at the Dirac point). Therefore, pristine 
graphene is inert in catalysis. But the very same fact provides new 
opportunities, as the electronic properties of graphene can be easily 
tuned by introducing perturbations, offering possibilities to induce 
catalytic activity in the material.

There are various routes to tune the electronic states of gra-
phene. (1) The size effect: a bandgap is opened in the electronic 
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spectrum of graphene nanoribbons owing to the quantum confine-
ment effect, and the size of the gap will increase when decreasing 
the size of the nanoribbon24,25. (2) The layer effect: the electronic 
structure of graphene strongly depends on the number of layers26. 
(3) The edge and defect effects: the electronic density of states can 
be strongly enhanced at the edges compared with the plane of gra-
phene, with armchair and zigzag edges also having different elec-
tronic structure24,27. In addition, defects, such as vacancies and 
dislocations, can induce additional electronic states and also affect 
the electron transfer rate in graphene28–30. (4) The curvature effect: 
graphene, being only one atom thick, is extremely flexible and can 
be easily bent (intentionally or unintentionally). The bent or folded 
graphene will display distinct electronic states from those of the 
flat network of graphene31,32. (5) The dopant and functional group 
effect: the introduction of dopants such as nitrogen8,33,34, boron35,36, 
phosphorus37,38, sulfur39,40 and even metal atoms41–43 into the gra-
phene matrix can efficiently tune the electronic states of the 2D 
structure. In addition, the modification of graphene with different 
functional groups, such as those containing oxygen44–46, hydro-
gen47 and halogens48,49 (F, Cl, Br, I), also affects its electronic states. 
An increase in the density of states (especially around the Fermi 
energy) usually enhances the catalytic activity of the material.

Graphene that has a large number of edges or defects (Fig. 1a) 
can be directly used as a catalyst6,50. Density functional theory 
(DFT) calculations from Dai and co-workers indicated that the 
zigzag edges are chemically active, tending to form C–H bonds51. 
Using DFT calculations, Deng et  al. found that the oxygen 
reduction reaction (ORR) can proceed at the zigzag edges of gra-
phene whereas the armchair edges and in-plane network of gra-
phene are inactive6. Experimentally, the ball milling method was 
applied to cut graphene into small nanosheets and increase the 
zigzag edge density. The ORR activity can be significantly increased 
by decreasing the size of the graphene nanosheets (Fig.  2a,b), as 
this will increase the ratio of edge atoms to bulk atoms in the gra-
phene network.

Besides the edges of graphene, heteroatoms can substitute for C 
atoms of the graphene matrix (Fig. 1b), and the dopants can act as 
an electron donor or acceptor depending on their electronegativ-
ity compared with C. For example, the N atom possesses higher 

electronegativity than the C atom, leading to electron transfer 
from C to N in N-doped graphene, whereas in B-doped graphene a 
B atom has lower electronegativity than a C atom, resulting in elec-
tron transfer from B to C. This difference can generate two different 
active sites. In a substitutive doping case, the active sites were gen-
erally considered to be the C atoms adjacent to the N-dopants in the 
N-doped graphene9,34, whereas the B atoms were considered as the 
active sites in B-doped graphene38,52. Among all heteroatom-doped 
graphene structures, N-doped graphene is the most intensively 
investigated system in catalysis8,9,34,53,54. For example, many groups 
have shown that N-doped graphene can be used as a metal-free 
catalyst for the ORR in H2–O2 fuel cells8,34 and Li–air batteries55,56. 
DFT calculations by Yu et al. present two reasons for changes in 
the electronic structure in N-doped graphene9,57. One is the higher 
electronegativity of N than C, which induces positive charges on 
C, and the other is the back-donation of the lone-pair electrons 
from N to C. Both effects synergistically increase the density of 
states at the Fermi level of the adjacent C atoms, as shown in Fig. 
2d, which increases their ORR activity. The reaction energy barrier 
of the ORR occurring at the adjacent C atoms of N atoms is rather 
mild, and therefore the reaction can proceed well with an associa-
tive mechanism by a four-electron transfer pathway9. It should be 
noted that different N species and carbon structures can change 
the selectivity of oxygen activation. For instance, several groups 
have shown that N-doped graphene or mesoporous carbon can be 
used for H2O2 production via a two-electron transfer pathway58,59. 
Besides this, N-doped graphene can also be used as an efficient cat-
alyst for selective oxidation. For example, Gao et al. and Long et al. 
reported independently that N-doping can promote the selective 
oxidation of ethylbenzene and aromatic alcohol53,60. Apart from 
N and B doping, other heteroatoms such as P, S and Se have also 
received great interest in graphene-based catalysis37–40,61. For exam-
ple, a recent study indicates that P-doped or S-doped graphene can 
serve as an efficient ORR catalyst in alkaline electrolytes37,39.

Besides non-metal atoms, metal atoms such as W, Pt, Co, In and 
Fe can also be introduced into the graphene matrix41–43. Single metal 
atom sites embedded in graphene can affect the electronic structure 
of the adjacent C atoms, and more importantly they can be directly 
used as active sites. DFT calculations from Lu et al.62 indicated that 
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Figure 1 | Schematics of catalysis or active sites for various graphene structures and their heterostructures. a, Active sites from defects and edges. 
b, Active sites from doped heteroatoms. c, Active sites from functional groups and metal clusters. d, Catalytic activity due to electron (e–) transfer from 
metal to graphene layer. e, Catalysis in the space between a metal surface and 2D crystal. f, Catalytic activity from sandwich structure based on 2D 
materials, for example graphene or MoS2.
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in Au-doped graphene the single Au sites can efficiently catalyse CO 
oxidation, and the highest barrier is only 0.31 eV. The problem for 
the metal-doped graphene, however, is the low stability of the metal 
sites owing to the weak bonding between metal and carbon atoms. 
For example, the single W atom is mobile under electron beam irra-
diation, implying instability in realistic catalytic conditions41. One 
possible route to stabilize the metal atoms in graphene is to use het-
eroatoms as the anchor. Recently, Deng et al. reported that single-
atom Fe can be confined in a graphene matrix by bonding with 

N atoms to form a stable single FeN4 centre, which can catalyse ben-
zene oxidation to phenol at room temperature with good stability63.

Graphene structures functionalized with oxygen-containing 
groups including graphene oxide (GO) and reduced gra-
phene oxide (RGO) (Fig. 1c) can be produced on a large scale and 
have been used as a catalyst. Boehm et al. 64 first used RGO as a cata-
lyst to synthesize HBr in 1962. In 2010, Bielawski and co-workers 
reported that GO can catalyse the oxidation of various alco-
hols and alkenes, and the hydration of various alkynes into their 

Table 1 | Summary of 2D materials and their heterostructures for application in catalysis.

2D material Catalytic system Performance or parameter Activity origin or mechanism 

Graphene with defects and edges Oxygen reduction reaction (ORR) in 
alkaline conditions6

Triiodide reduction reaction (IRR) in 
dye-sensitized solar cells (DSSCs)50

Activity increases with 
increasing edges 
Power conversion efficiency is 7.8%

Carbon atoms at edges or defects are 
the active sites

Graphene with heteroatoms (such 
as N, B, S, P, O or metal)

ORR in alkaline conditions8,34 

Oxygen evolution reaction (OER) 
in alkaline conditions54,139

Photocatalytic water-splitting140,141

IRR in DSSCs142

Selective oxidation (such as 
ethylbenzene or alcohol oxidation)53,60

Performance is comparable to Pt/C
Performance is comparable to IrO2

Can work under visible light
Power conversion efficiency of 7.07%
Performance is close to 
Ru/Al2O3 catalyst

Heteroatoms can affect the charge 
distribution and electronic states of 
the adjacent carbon atoms and vice 
versa, meaning that both hetero- 
and carbon  atoms can become the 
active sites, depending on the type 
of reaction

Graphitic C3N4 (g-C3N4) with or 
without heteroatoms

Photocatalytic water-splitting72,143

Photocatalytic oxidation (benzene, 
alcohols and others)144,145

NO decomposition146

CO2 activation73

ORR in alkaline conditions74

Electrocatalytic water-splitting75,79

Can work under visible light
High conversion and selectivity under 
visible light
NO conversion is 46.25% at 500 oC
Conversion is 100% under the 
best conditions
A kinetic current of 7.3 mA cm–2, 
superior to that of Pt/C
Activity of both the hydrogen 
evolution reaction (HER) and OER can 
be enhanced

C3N4 possesses an appropriate 
bandgap, rich density of states at 
band edge, rich Lewis basic functions, 
Brönsted basic functions and 
H-bonding motif, making it promising 
in photocatalysis, electrocatalysis and 
traditional heterogeneous catalysis

2D transition metal dichalcogenides 
(such as MoS2, WS2) with or 
without heteroatoms

Electrocatalytic HER in acid86,91

CO hydrogenation147,148

Performance increases with 
increasing edges or dopants
The yield of higher alcohols increase 
in CO hydrogenation when using a 
potassium promoter

Edges of pure MoS2 are considered 
to be the active sites. Dopant 
heteroatoms can enhance the activity 
of the surface S atoms

2D metal crystals (for example Pd, 
Rh, PtCu3)

Electrocatalytic oxidation of 
formic acid99

Selective hydrogenation and 
hydroformylation101

Activity is 2.5 times that of Pd 
black catalyst
Significantly enhance the activity 
compared with the bulk material

2D metal crystals possess rich 
coordinatively unsaturated atoms and 
high active surface area

2D crystal (for example graphene, 
BN, MoS2) coating on metals

ORR in acidic fuel cells13,105

HER14,15,107 in acid conditions

IRR in DSSCs16

Selective oxidation and reduction108

Maximum power density of 
328 mW cm–2 with a stability more 
than 150 h
Overpotential is only 142 mV at 
10 mA cm–2

Power conversion efficiency of 8.82%
Highly stable in 1.5 M H2SO4

Electrons from coated metals can 
transfer to surface of 2D crystals, 
which modifies the surface electronic 
structure and enhances reactivity

Nanoreactor between 2D crystals 
(such as graphene, BN) and 
metal surfaces

CO oxidation17,18,117 Significantly enhance the CO 
oxidation at the space between 2D 
crystals and metal surfaces

The space under 2D crystals 
provides an intriguing confinement 
environment for the activation 
of molecules

Sandwich structures based on 
2D crystals

Electrocatalytic HER125–128 Enhance the HER activity compared 
with the separated 2D crystals

Charge transfer between different 
layers can modify electronic 
properties and reactivity
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corresponding aldehydes and ketones with good yields65,66 (Fig. 2e,f). 
Recently, Gao et al. reported that RGO can be used as an effective 
catalyst for the hydrogenation of nitrobenzene even at room tem-
perature67. Other oxygen-containing groups (for example –SOx, 
–NOx, –POx) on graphene have recently also received wide atten-
tion in catalysis45,68. For example, Xiao and co-workers reported 
that sulfated graphene can be used as an efficient solid catalyst for 
acid-catalysed liquid reactions45. The oxygen-containing groups or 
adjacent defects with ability to modify the electronic structure of 
graphene are usually  considered as the possible active sites, depend-
ing on the different reaction systems.

Other 2D materials
One important outcome of graphene research is that it has led to 
many other 2D materials (for example MoS2, C3N4) being researched 
and used10. Currently, more than two dozen 2D materials have been 
investigated11,12,69,70. Surprisingly, many of these are stable in ambi-
ent conditions, and more often than not the electronic properties of 
2D crystals are different from those of their 3D counterparts. These 
differences in electronic properties may create different reactivity 
on 2D crystals compared with their 3D relatives. As well as showing 
effects similar to the five routes to tune electronic states listed above 
for graphene, the enlarged family of 2D materials can significantly 
increase the range of catalytic applications in comparison with gra-
phene (Table 1). For example, the surface acidity or basicity of some 

2D materials (such as C3N4) can significantly affect catalytic activity 
and selectivity71. In addition, the surfaces of some pure 2D metal 
crystals can be active in catalysis, which will significantly increase 
the active sites compared with their 3D counterparts.

Two-dimensional graphitic C3N4 (g-C3N4) is a widely investi-
gated catalyst72–75. It consists of cyamelluric tri-s-triazine building 
blocks as shown in Fig. 3a (ref. 72) and has a 2D structure similar 
to that of graphene. Unlike graphene, g-C3N4 has a bandgap, with 
significant electronic density of states at the band edge. Interest in 
the use of 2D g-C3N4 in catalysis originates not only from its unique 
electronic structure, but also from the rich Lewis basic functions, 
Brönsted basic functions, H-bonding motif and high specific sur-
face area71. Therefore, g-C3N4 shows promise for many applications 
in conventional heterogeneous catalysis, photo- and electrocataly-
sis. For instance, Goettmann et al. found that g-C3N4 can promote 
the conversion of CO2 and benzene to phenol or benzoic acid73. 
Furthermore, g-C3N4 can catalyse many Friedel–Crafts reactions76. 
By measuring optical absorption spectra, Wang et al. 72 found that 
the bandgap of g-C3N4 is ~2.7 eV, showing an intrinsic semiconduc-
tor-like absorption in the blue region of the visible spectrum. This 
bandgap is large enough to overcome the endothermic character of 
the water-splitting reaction. Therefore, by using g-C3N4, it is possi-
ble to achieve steady H2 production from water containing triethan-
olamine as a sacrificial electron donor on light illumination, even in 
the absence of noble metal catalysts such as Pt (Fig. 3b)72.
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In addition, the Muellen group and Qiao group found that 
g-C3N4 can be used as a high-efficiency metal-free electrocatalyst 
for the ORR74,77, hydrogen evolution reaction (HER)75,78 and oxy-
gen evolution reaction (OER)37,79. Combining g-C3N4 with other 
2D materials, such as graphene or its derivatives, can further 
improve the catalytic performance of g-C3N4 because of the increase 
of the active sites or the synergistic effect of different active sites. 
Qiao et  al.75 found that g-C3N4 coupled with N-doped graphene 
can be used as a hybrid catalyst, which shows an unexpected HER 
activity with comparable overpotential and Tafel slope to some well-
established metallic catalysts. Its unusual electrocatalytic properties 
are considered to originate from an intrinsic chemical and elec-
tronic coupling that synergistically promotes the proton adsorption 
and reduction kinetics.

Another carbon-based 2D material, graphyne (consisting of 
2D sp2 and sp carbon networks that produce in effect a lattice of 
benzene rings connected by acetylene bonds), has recently been 
successfully synthesized80, as has graphdiyne (graphyne with diacet-
ylene bonds)80. The high degrees of π-conjunction, uniformly dis-
tributed pores, and tunable electronic properties make the new 2D 
carbon materials promising for catalysis applications. For example, 
N-doped graphdiyne has been used as a metal-free electrode that 
shows a comparable electrocatalytic activity to commercial Pt/C 
catalysts for the ORR in alkaline fuel cells81. Moreover, their poten-
tial applications in CO oxidation82 and dehydrogenation reactions83 
have been theoretically predicted.

Recently, 2D transition metal dichalcogenides (TMDCs) such 
as MoS2 and WS2 nanosheets have attracted great research interest. 
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Figure 3 | Other 2D materials for catalytic applications. a,b, Graphitic C3N4 (g-C3N4) as a photocatalyst for hydrogen production from water under visible 
light72. a, Schematic diagram of a perfect graphitic carbon nitride sheet constructed from melem units. b, Stable hydrogen evolution from water, catalysed by 
g-C3N4 under visible light: (i) unmodified g-C3N4 and (ii) 3.0 wt% Pt-deposited g-C3N4 photocatalyst. The reaction continued for about 72 h, with evacuation 
around every 24 h (dashed lines). c,d, MoS2 nanosheets as catalysts for the HER. c, Exchange current density versus MoS2 edge length (versus geometric 
area), and scanning tunnelling microscopy image (inset) of atomically resolved MoS2 nanosheet (6 nm by 6 nm)86. The white and black data points indicate 
the samples annealed to 400 °C and 550 °C, respectively. d, The relation between current (log(i0)) and difference in Gibbs free energy ΔGH

o presents a 
‘volcano’ curve when using MoS2 nanosheets doped with single metal atoms as a catalyst91. The two inset structures (top) indicate different configurations 
of doped MoS2 as coordinated with four (left) and six (right) S atoms. The adsorption sites for H atoms are marked by the red dashed circles. Mo, green; 
S, yellow; doped metal atoms, blue and purple. The bottom inset shows the locations of the metal atoms studied in the periodic table. Two different sets of 
scales are used on the left and right sides of the volcano plot. e,f, Palladium nanosheet as a catalyst for oxidation of formic acid99. e, Transmission electron 
microscopy image of Pd nanosheets. f, Comparison of electrocatalytic properties of Pd nanosheets and commercial Pd black. The current–voltage curves 
were recorded in an aqueous solution containing 0.5 M H2SO4 and 0.25 M HCOOH at a scan rate of 50 mV s–1. SCE, saturated calomel electrode. Figure 
adapted with permission from: a,b, ref. 72, Nature Publishing Group; c, ref. 86, AAAS; d, ref. 91, RSC; f, ref. 99, Nature Publishing Group.  
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The strong changes in the electronic structure of the 2D materials 
in comparison with their 3D structures (for instance, a monolayer 
of MoS2 is a direct-bandgap semiconductor, whereas two and more 
layers of this material would exhibit an indirect bandgap84,85), as well 
as the potential to modify their chemical and mechanical properties, 
offer new opportunities to use such materials as catalysts in many 
chemical reactions. The catalytic activity of these 2D TMDCs origi-
nates from the S sites at the edges86,87. This reaction mechanism has 
been demonstrated in the use of MoS2 nanosheets as electrocatalysts 
for the HER, in which the reaction rate is proportional to the density 
of edge sites of the MoS2 nanosheet electrode (Fig. 3c)86. Reducing 
the number of MoS2 layers can also promote the HER activity. One 
possible reason is that reducing the MoS2 layer number often una-
voidably introduces defects during the preparation88,89, which may 
enhance the HER activity. Another possibility is that reducing the 
layer number may increase the hopping of electrons from the elec-
trode to the MoS2 surface90. More interestingly, the catalytic activity 
of the generally inert MoS2 surface can be aroused by introducing 
heteroatoms in the matrix91. The ‘S’ site can be replaced by B, N, 
O and others, and the ‘Mo’ site can be replaced by many different 
transition metal heteroatoms such as Co, Ni and Pt. Experiments 
and DFT calculations indicate that different doped transition metal 
heteroatoms can tune the electronic properties of the surface S sites, 
which can enormously enhance the HER activity (Fig. 3d)91.

Apart from MoS2 and WS2, 2D nanosheets of other layered 
TMDCs (for example SnS2, SnS) have also received increasing 
attention, especially in photocatalysis92. As compared with their 
bulk counterparts, structural distortions are often revealed in those 
semiconducting nanosheets by X-ray absorption fine structure 
spectroscopy and DFT calculations. In SnS2 and SnS nanosheets, 
such structural distortions readily lead to an obvious increase in 
the density of states of the valence band at the edge over their bulk 
counterparts92. The increased density of states helps to increase the 
optical absorption and mobility of photogenerated charge carriers, 
and thus enhance the charge transfer. Moreover, the ultrathin nature 
of nanosheets shortens the diffusion length of photogenerated elec-
tron–hole pairs and thus inhibits their recombination before reach-
ing the surface to take part in chemical reactions. For these reasons, 
semiconducting nanosheets have been demonstrated to display 
excellent photocatalytic properties for reactions such as photoelec-
trochemical water splitting. A high incident photon conversion effi-
ciency of 67.1% at 490 nm was observed on 2D SnS nanosheets93.

More importantly, the successful synthesis of ultrathin 
nanosheets has also been reported recently in the systems of 
non-lamellar semiconducting chalcogenides and even oxides (for 
example CoSe2, BiVO4, CeO2, In2O3)94–97. In addition to enhanced 
photocatalysis, excellent electrocatalytic properties were also 
observed on those nanosheets. Owing to the presence of abundant 
Co vacancies, CoSe2 nanosheets efficiently catalysed the OER with 
an overpotential as low as 0.32 V at 10 mA cm−2 in pH 13 medium, 
much better than its bulk counterparts (>0.36 V) as well as the most 
frequently reported Co-based electrocatalysts95.

Two-dimensional metal crystals have also received increasing 
attention in catalysis, even though such materials present a sig-
nificant challenge in terms of thermodynamic and chemical sta-
bility12 (chemical stability is mostly an issue for 2D metals, such 
as NbSe2, PtSe2) and morphological stability (mainly an issue for 
nanostructured pure-element metals). At the core of both issues, 
however, is the large density of states at the Fermi level and large 
variations of the density of states for facets of different crystallo-
graphic orientation. Whereas the stability of certain 2D metals can 
be achieved by encapsulation with graphene or hexagonal boron 
nitride98, it is much more challenging to stabilize nanosheets made 
from precious metal. One possible strategy is to use high-melting-
point materials, such as Pd or Rh. Such stabilization is extremely 
important, as it allows an increase in the low-coordinated atoms 

at the perimeter, which can reach a significant fraction (10%) for 
10-nm-thick nanosheets.

Several groups have recently succeeded in preparing ultrathin 
2D nanosheets of noble metals such as Pd (refs 99,100), Rh (ref. 101) 
and PtCu3 (ref. 102). In contrast to graphene, the planar surface of 
some 2D metal crystals can be directly used as catalytic active sites. 
Reducing the number of layers of 2D metal crystals will increase the 
density of coordinatively unsaturated atoms and the corresponding 
active surface area, therefore resulting in superior catalytic activity 
compared with 3D bulk catalysts in some reactions. For example, 
Zheng and co-workers99 found that Pd nanosheets with a thickness 
of around 1.8 nm exhibit a high electrocatalytic activity for the oxi-
dation of formic acid that is 2.5 times that of the commercial Pd 
black catalyst (Fig. 3e,f), owing to the significantly increased active 
surface area. More recently, Li and co-workers101 reported that sin-
gle-layered Rh nanosheets can be fabricated by a facile solvothermal 
method. Owing to the high exposure of Rh atoms, the ultrathin Rh 
nanosheets show a high activity towards hydrogenation of phenol 
and hydroformylation of 1-octene101.

Heterostructures of 2D materials
Given that all the enhanced catalytic activity of 2D materials 
originates from the modification of their electronic structure, 
heterostructures formed by the combination of various 2D materi-
als would offer even greater control over the electronic properties. 
Different crystals can be stacked in close proximity, creating large 
electric fields originating from the differences in the work functions 
of adjacent crystals. The major mechanisms of the enhanced 
catalytic activity for such heterostructures103 are (i) variation of 
the work function, (ii) variation of the position of the valence band 
and conduction band, and (iii) changes in the density of states (thus 
mostly the outer-sphere mechanisms).

Catalytic reactions over 2D crystal coatings on metals. When a 
2D atomic crystal is placed on a metal surface, it is expected that 
there will be electron transfer between the materials (Fig. 1d). This 
will affect the position of the Fermi energy (and also the density of 
states at the Fermi energy) and the surface work function of the 2D 
crystals, which may promote adsorption and reactions of molecules 
on the surface of the 2D crystal instead of on the metal. Some 2D 
atomic crystals, such as graphene, BN and MoS2, are quite stable 
under harsh conditions such as strong acid, oxidation and high 
temperature. This can be used to protect unstable metal catalysts 
in these harsh environments, by encapsulating the metals within 
the 2D layer structures. Recently, Deng et al. found that the ORR in 
acidic medium on a graphene surface can be significantly enhanced 
by encapsulating metallic iron nanoparticles within graphene lay-
ers13 (Fig. 4a–c). Because of the strong interaction between the gra-
phene layer and iron, and the difference in their work functions, 
graphene becomes n-doped with electrons transferred from the 
iron, which increases the density of states of graphene around the 
Fermi level and decreases the local work function of the graphene 
surface13,104 (Fig. 4a,d). More importantly, owing to the protection 
of graphene, the iron particles are not in direct contact with the 
acid solutions, reaction molecules or poisons, effectively avoiding 
the corrosion and poisoning of the iron during reaction. This cata-
lyst therefore shows not only a high ORR activity but also strong 
ability to resist SO2 poisoning, which is of great importance in prac-
tical polymer electrolyte membrane fuel cells (PEMFCs) (Fig. 4b,c) 
for better and longer-life performance. It raises a new concept: a 2D 
crystal ‘chainmail’ for catalysts, to maintain the high activity and 
stability of non-precious metals in harsh conditions.

The electronic properties of graphene overlayers can be tuned 
by introducing different underlying metals, alloy or metallic car-
bide nanoparticles. The low density of electronic states in graphene 
offers the possibility of modifying its electronic properties across a 
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wide range by bringing it into contact with various metals, thus sat-
isfying different catalytic systems. Apart from the ORR13,105,106, gra-
phene shells encapsulating different metal nanoparticles have been 
used to enhance the HER in acidic medium14,107, triiodide reduc-
tion reaction (IRR) in dye-sensitized solar cells (DSSCs)16, and 
catalytic oxidation and reduction reactions108. The different metal 
nanoparticles possess different work functions, and the number of 
electrons transferred between the metals and graphene is different. 
Therefore, the local work function and electronic structure of gra-
phene can be effectively tuned by different metals, in turn affecting 
the catalytic reactions.

The introduction of heteroatoms (such as nitrogen) into the 
graphene matrix also affects the electron transfer from metals and 
the corresponding catalytic activity. For example, introduction of 
nitrogen into the graphene matrix of the graphene layer encap-
sulating an iron catalyst can further increase the performance of 
PEMFCs13. Similarly, by introducing nitrogen atoms into a gra-
phene layer encapsulating non-precious metals, for example Fe, Co 
and FeCo alloys, one can increase the HER activity in acid electro-
lyte compared with the sample without N dopants14. DFT calcula-
tions indicate that the presence of nitrogen atoms in a graphene 
matrix optimizes the electronic structure of the graphene surface 

and increases the density of states at the Fermi level, which thereby 
synergistically promotes the catalytic activity of the graphene layer 
encapsulating metal particles13,14,105.

The electronic properties and catalytic activity of other 2D 
atomic crystals such as BN and MoS2 can also be tuned by metal 
substrates109–112. Uosaki et al.109 found recently that BN supported on 
Au(111) can act as an efficient electrocatalyst for the ORR compared 
with a pure Au(111) electrode. DFT calculations show that a slight 
increase in the density of states around the Fermi level is observed on 
BN supported on Au(111) owing to the BN−Au interaction, which 
thereby induces ORR activity on the BN surface109. Chen et  al.112 
used DFT calculations to investigate the electronic and chemical 
properties of a single layer of MoS2 supported on Ir(111), Pd(111) 
and Ru(0001). Using hydrogen adsorption as a testing probe, they 
found that the introduction of a metal substrate can substantially 
alter the chemical reactivity of the MoS2 layer. The enhanced binding 
of hydrogen can be attributed to a stronger H−S coupling enabled by 
the electron transfer from the substrate to the MoS2 layer112.

Moreover, there is a strong layer-dependence in the electron 
transfer from the metals to the outside surface of 2D crystals: reduc-
ing the layer number of 2D crystals will significantly promote the 
electron transfer and enhance the catalytic activity15,105. When only 

Figure 4 | Catalytic properties of metals coated with 2D crystals, arising from electron transfer between metal and 2D crystals. a, A schematic 
representation of the reaction process (shown here is the oxygen reduction reaction) on the surface of graphene due to electron penetration through 
the graphene from metal clusters encapsulated beneath it. b, High-resolution transmission electron microscopy (HRTEM) images of FeCo nanoparticles 
covered by one to four layers of graphene (1–4 L)105. c, Durability of polymer electrolyte membrane fuel cells in presence of 10 ppm SO2 in air. The plots 
compare results for cathodes made from different non-precious metals encapsulated in scrolled graphene layer (that is, pod-like carbon nanotubes), and 
from 20% Pt/C. All fuel cell measurements were carried out at 70 oC and 2.0 bar at both anode and cathodes13. d, The redistribution of electron densities 
after a CoNi cluster is covered by three layers of graphene. The red and blue regions represent increased and decreased electron density, respectively. 
e, HRTEM image of graphene-shell-encapsulated CoNi nanoparticles (CoNi@C). f, HER polarization curves for CoNi@C in comparison with blank glassy 
carbon (GC), carbon nanotubes (CNTs) and 40% Pt/C electrode in an N2-saturated 0.1 M H2SO4 electrolyte at 25 oC (ref. 15). Note that ‘loading ×5’ 
indicates that the sample loading increased by 5 times over the original loading. Figure adapted with permission from: b, ref. 105, RSC; c, ref. 13, Wiley; 
d–f, ref. 15, Wiley.
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one to three layers of graphene were used to encapsulate a CoNi 
nano alloy, it was found that this strategy could greatly enhance 
the electron penetration from the CoNi to the graphene surface, 
resulting in an ultrahigh HER activity with almost no onset over-
potential (~0 mV) versus reversible hydrogen electrode (RHE) in 
acid (Fig. 4e,f)15. More interestingly, it was found that single-layer 
graphene encapsulating an FeNi catalyst showed excellent activity 
and durability of electrocatalytic water oxidation, even exceeding 
that of a commercial IrO2 catalyst113. In addition, electron tunnel-
ling has been demonstrated between metals and other 2D crystals 
such as BN (ref. 111) and MoS2 (ref. 90), suggesting a similar layer-
dependent catalysis enabled by the metal underneath.

Catalytic reactions in the space between 2D crystal and metal 
surface. In the previous section, we demonstrated that a strong 
interaction between the 2D crystal and the underlying metal such 
as Fe and Co helps to activate the 2D crystal, on which reactions 
can occur. On the other hand, in cases in which metals interact 
weakly with graphene and hexagonal boron nitride (h-BN) lay-
ers, reactions may still happen on the metal surfaces but under the 
cover of the 2D crystals. Typically, the interaction of the 2D atomic 
sheet with many solids is through weak van der Waals interactions. 
Thus, molecules with a strong affinity to the surface of a solid can 
intercalate between the 2D crystal and the substrate, as the energy 
required to decouple the weak interaction between the 2D crys-
tal and substrate can be compensated by the energy gain from the 
molecule’s adsorption on the substrate surface. Therefore, the space 
between the top cover and the substrate surface can be regarded 
as a 2D nanoreactor, in which elements and molecules can be 
trapped114–116 and catalytic reactions may happen17,18,117–119 (Fig. 5a). 
The intercalated molecules interact simultaneously with the sub-
strate surface and the cover, and are strongly confined particularly 
along the vertical direction120. 

The well-defined 2D space under graphene provides an intrigu-
ing confinement environment for catalysis. In situ low-energy elec-
tron microscopy results confirm that CO molecules can intercalate 
graphene islands grown on Pt(111) in 10–6  torr CO at room tem-
perature (Fig. 5b). Under vacuum conditions, part of the interca-
lated CO molecules start to desorb from the graphene/CO/Pt(111) 
surface even around room temperature18. DFT calculations con-
firm that CO adsorption on Pt(111) is weakened by the graphene 
cover (the smaller the nanospace, the weaker the CO adsorption). 
Similarly, rapid and abrupt CO desorption occurs on the gra-
phene/CO/Ru interface around 390 K, in contrast with the gradual 
CO removal at the CO-saturated Ru(0001) surface from 300  to 
500  K (ref. 120). The available results reveal a general tendency 
for molecule adsorption on metal surfaces to be weakened by the 
graphene cover.

Using the graphene/Pt(111) surface as the model system, 
Yao  et  al.18 tested the hypothesis of a 2D nanoreactor under gra-
phene cover (Fig.  5c). The graphene overlayer weakens the CO 
adsorption on Pt, which helps to alleviate the well-known CO poi-
soning effect on Pt catalysts. Consequently, CO oxidation within the 
confined space presents a lower apparent activation energy than for 
the bare Pt surface. This result is in striking contrast to the tradi-
tional assumption that surface reactions on metals are blocked by 
graphitic overlayers, and thus opens a door to tailor the catalytic 
performance of metal catalysts through surface decoration with 
graphitic nanostructures. The same effect can be found on the 
BN/Pt(111) surface, in which the cover effect of h-BN can signifi-
cantly promote CO desorption from the Pt(111) surface in the low-
temperature regime17. In heterogeneous catalysis, molecule–metal 
interaction has often been modulated through structural modifica-
tion at or under the surface of the metal catalyst. These studies pro-
vide an alternative route towards this modulation by placing a 2D 
cover on the surface of conventional catalysts121.

Catalysis from sandwich structures based on 2D crystals. 
Sandwich heterostructures (Figs 1f and 5d) composed of different 
2D crystals held together by van der Waals or covalent interac-
tions will have more flexibility in modifying their catalytic activity, 
as the surface work function and electronic states will depend on 
the whole stack rather than only on the topmost layer12. This offers 
another route to enhance catalytic performance by combining the 
advantages of different 2D crystals. For instance, the work function 
of graphene can be modified by bringing it into close proximity 
with MoS2 (ref. 122). Charge transfer between the two layers creates 
a dipole moment across the atomic planes, which could be used for 
fine control of the chemical reactivity on the surface.

A more interesting effect can be achieved by combining two 
semiconductors with different work functions. In this situation, an 
electric field forms at the interface, which will separate electrons 
and holes (created either by doping or by photoexcitation) and 
produce long-lived indirect excitons123,124. The electrons and holes 
are also available for catalysis, making such structures particu-
larly promising for photocatalysis. Similarly, one can think about 
using the space between two 2D crystals as a nanoreactor with 
built-in electric field, which is controlled by the difference of the 
work functions.

When two 2D crystals are brought together, they will generally 
experience some sort of surface reconstruction: the two crystals 
might stretch or contract elastically, and/or form a moiré structure. 
Such local strain can result in a change in the surface work function, 
which would affect the catalytic properties of the crystal. A special 
case is the reconstruction of the edges of 2D crystals when they 
are brought into close proximity. The reconstruction can be elastic 
or chemical or both, but in any case it will result in modification 
of electronic states at the perimeter of the flake12. In addition, sur-
face reconstruction at the interface between two 2D crystals might 
help in stabilization of 2D clusters of a certain size, offering a fine 
control over the size or edges of the crystals. For example, Dai and 
colleagues found that solvothermal synthesis of MoS2 nanosheets 
on RGO sheets led to high electrocatalytic activity in the HER with 
a Tafel slope of only ~41 mV per decade, exceeding the activity of 
bare MoS2 catalysts125. This enhancement of catalytic activity results 
from the abundance of catalytic edge sites on the MoS2 nanosheets 
and the excellent electrical coupling to the underlying graphene 
network125. Shin and co-workers also found that WS2/RGO hybrid 
nanosheets exhibit promising catalytic properties for the HER, 
because the formation of an interconnected conducting RGO 
network assists in rapid electron transfer from the electrode to 
WS2 nanosheets126.

Although they are rather complex structurally, such stacks 
of different 2D crystals can be produced by self-assembly. By 
modifying the surface charge of 2D nanoflakes, one could create 
strong interactions between different crystals. Recently, superlat-
tices of graphene oxide and titanium oxide have been produced 
through this method (Fig. 5d–f)127. In some cases, the strong inter-
action can even promote catalytic activity in each of two different 
2D crystals. Yu and co-workers found that 2D MoS2/CoSe2 stacks 
can synergistically enhance the HER activity in acid, as the strong 
chemical coupling between them increases the HER activity of both 
MoS2 and CoSe2, according to DFT calculations128.

Perspective
Two-dimensional materials and their heterostructures are excellent 
candidates for both fundamental catalytic research and commercial 
applications (Table 1). But their application in catalysis still faces a 
number of scientific and technological issues.

Precise control of structural and electronic properties. Different 
catalytic systems usually involve the use of different catalysts. 
Therefore, 2D materials need to have specificity but also diversity in 
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structural and electronic properties. Currently, however, 2D materi-
als are often a composite of nanosheets with all kinds of layer thick-
ness, size, edges and defects. The preparation of 2D materials with 
controllable size, layer, heteroatom dopants and specific structure is 
of vital importance.

The epitaxial growth of 2D materials (for example graphene, 
BN and MoS2) on single-crystal metal substrates is a better route to 
control the layers, the size and even the specific edges and defects. 
However, currently there is no effective way to prepare controlla-
ble structures of 2D materials in large quantities. Controlling the 
type, content and distribution of heteroatom dopants in 2D materi-
als is potentially an even bigger challenge. For example, in the case 
of N-doped graphene, the N sites usually include three types of 
species — pyridinic N, pyrrolic N and graphitic N (ref. 33) — and 

there is almost no way at present to prepare N-doped graphene 
with only one homogeneous type of N species. Similarly, the 
preparation of 2D materials with controllable heteroatom dopants 
remains challenging.

Despite considerable progress in the preparation of nanosheets 
of layered materials, it remains difficult to prepare 2D nanosheets 
based on non-lamellar materials. Two-dimensional nanosheets of 
catalytic non-lamellar materials are abundant with catalytically 
active sites and should be ideal systems for probing the structure 
of active sites and investigating the catalytic mechanism. Therefore, 
more research attention should be given to the development of 
effective strategies to prepare nanosheets from such materials. Apart 
from the inorganic 2D materials, soft matter such as polymer and 
organic building blocks can be assembled into 2D structures by 
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self-assembly or ‘catassembly’129. This can provide an ideal matrix 
to stabilize active metal centres130, and such systems may be used 
as biocatalysts in the future because of their good biocompatibility 
compared with inorganic 2D materials.

In addition, heterostructures formed by the combination of 
various 2D materials and/or nanoparticles would offer even greater 
control over the structural and electronic properties of such crys-
tals and heterostructures. Making use of strong electron interac-
tions, confined space and creation of sandwich structures may lead 
to new directions in the catalytic research and application of these 
materials.

Understanding the mechanism of catalysis. Although 2D mate-
rials and their heterostructures provide a well-defined model 
to bridge realistic systems and theoretical calculations, present 
research on these materials often focuses on catalytic performance 
and gives little attention to the mechanism of catalysis. Most cata-
lytic studies of these materials are still at the stage of trial-and-error. 
There is a lack of effective characterization tools and theories that 
would help to guide the design of efficient catalysts based on 2D 
materials. Although theoretical calculations have been developed 
quickly during the past few years, there is still a big gap between 
the calculations and realistic reaction systems. Therefore, more 
in  situ characterizations and calculations close to realistic condi-
tions are needed.

Commercial application in catalysis. Catalytic research on 2D 
materials and their heterostructures has involved almost all types of 
heterogeneous catalysis, including electrocatalysis, photocatalysis, 
biocatalysis and traditional heterogeneous catalysis. The 2D mate-
rials and their heterostructures can be used as a catalyst, catalytic 
support (catalytic host or guest depending on the interaction with 
metals) or even an electron donor to the active centres131. Although 
there has been rapid development of 2D materials in catalysis 
recently, there are still no successful examples of an industrial appli-
cation. Apart from the scientific issues, there are a number of tech-
nological problems that need to be solved for this to happen.

The mass production of 2D materials and their heterostructures 
will be the key to their application in catalysis. Although there are 
many preparation methods for 2D materials and their heterostruc-
tures85,89,132–134, it remains challenging to produce them on the large 
scale. Small nanosheets and large-area films are two major forms of 
2D materials used for various applications. Large quantities of small 
nanosheets are usually required for catalytic applications. However, 
the present production cost of graphene is still high, owing to the 
limitations of the available preparation technology. Therefore, it is 
important to develop more efficient technologies for the mass pro-
duction of graphene nanosheets.

Another urgent issue is the moulding process or the assembly 
of 2D materials and their heterostructures into a real industrial 
catalyst. The 2D nanosheets usually possess a loose structure and 
tend to aggregate or sinter at high temperature owing to desorp-
tion of adsorbed species or functional groups, which seriously 
limits their application in industry. A promising route to solve this 
problem is to anchor the nanosheets on stable supports. Several 
reports indicate that graphene can be grown on a SiC surface by 
directly annealing SiC single crystals or granules under ultrahigh 
vacuum135,136, or with the aid of Cl2/CCl4 (refs 137,138). These epi-
taxially grown graphene nanosheets have a strong chemical bond 
with SiC, thereby significantly enhancing the structural stability 
of the graphene. For example, Li et  al. found that N-doped gra-
phene nanosheets on SiC granules, obtained with the aid of CCl4 
and NH3, can be used as an efficient mercury-free catalyst in the 
hydrochlorination of acetylene, with high stability138. In addition, 
recent research indicates that by assembling 2D materials as a foam 
(for example graphene foam), or supporting them on Ni foam or 

carbon fibre paper (for example for MoS2 nanosheets), catalytic 
performance can be enhanced.

Two-dimensional materials and their heterostructures have 
shown considerable potential in catalysis, but application-orientated 
research is only just beginning. We believe that by understanding 
the catalytic nature of these materials by means of in  situ charac-
terizations and theoretical simulations, and combining this with the 
development of appropriate preparation technology, it will not be 
long until real catalytic applications are achieved.
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