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in catalysis but the latter is indispensable 
to modulate the electronic and geometric 
structure of active sites. In this respect, 
confinement catalysis is recognized for its 
ability to control the structural and elec-
tronic properties of active centers at nano 
or atom precision via the coordination 
environments.[3] The electronic states of 
the confined active sites will receive direct 
influence from their coordination environ-
ments, which finally alters the adsorption 
energetics of catalytic intermediates and 
consequently changes the catalytic activity 
and selectivity. For confinement catalysis, 
one important target is to search the suit-
able substrates to efficiently confine the 
active sites, and meanwhile to efficiently 
stabilize and fully expose the active sites. 
It needs the substrate materials should 
have stable structures, novel electronic 
properties, and highly exposed surface.

Emerging as a novel and promising 
class of materials, 2D nanomaterials have 

captured widespread interest and achieved great development 
over the past two decades.[4] The well-defined structures and 
unique electronic properties of 2D materials have triggered 
wide research interest in various catalysis systems, especially 
in the conversion of small energy-related molecules like the 
O2, CO2, CH4, CO, H2O, and CH3OH,[5] because these small 
molecules are more sensitive to the electronic properties of 
the catalytic materials with less structure effect such as steric 
hindrance compared with the conversion of macromolecules. 
The lattice of 2D materials and the interface between 2D cover 
and other active components provide meaningful confining 
environments for active sites, which has stimulated a new 
area of “confinement catalysis with 2D materials.” Within this 
lattice- and interface-confined environment, the electronic state 
of catalytic sites can be easily manipulated to the appropriate 
values matching the energy level of the substrates, which real-
izes the feasibility of turning activity. In addition to the precise 
turning of activity, the unique nanostructure of 2D materials 
affects kinetic reaction barriers governed by the surroundings 
of the active site allowing for enhanced selectivity. In addition, 
the high mechanical strength and thermal stability of 2D mate-
rials render it as a promising host for confined active sites. 
Finally, because of the relatively simple type of catalytic site and 
the well-defined structure, the atomically thin 2D nanosheets 
can serve as an ideal model for understanding confinement 
catalysis. Considering that 2D lattice- and interface-confined 
catalysts afford a highly active, selective and stable system, 

The unique electronic and structural properties of 2D materials have 
triggered wide research interest in catalysis. The lattice of 2D materials and 
the interface between 2D covers and other substrates provide intriguing 
confinement environments for active sites, which has stimulated a rising area 
of “confinement catalysis with 2D materials.” Fundamental understanding of 
confinement catalysis with 2D materials will favor the rational design of high-
performance 2D nanocatalysts. Confinement catalysis with 2D materials has 
found extensive applications in energy-related reaction processes, especially 
in the conversion of small energy-related molecules such as O2, CH4, CO, 
CO2, H2O, and CH3OH. Two representative strategies, i.e., 2D lattice-confined 
single atoms and 2D cover-confined metals, have been applied to construct 
2D confinement catalytic systems with superior catalytic activity and stability. 
Herein, the recent advances in the design, applications, and structure–
performance analysis of two 2D confinement catalytic systems are summarized. 
The different routes for tuning the electronic states of 2D confinement catalysts 
are highlighted and perspectives on confinement catalysis with 2D materials 
toward energy conversion and utilization in the future are provided.

 2D Confinement Catalysts

1. Introduction

With the rapid increase of fossil fuels consumption and the 
continuous growth of global energy demands, the search 
for renewable energy sources has become a great challenge  
for sustainable society.[1] Tremendous efforts have been made for  
the development of energy conversion processes on the basis 
of the important catalytic systems such as water electrolysis, 
fuel cells and C1 molecules transformation.[2] The efficiency 
of these energy conversion systems depend on many factors, 
but the overall performances strongly rely on the electronic 
and structural properties of the catalysts. A general catalyst is 
composed of active center and surrounding environments, in 
which the former is usually regarded as the dominant function 
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confinement catalysis with 2D materials may be a consummate 
solution to further improve upon current heterogeneous sys-
tems and gain deep understanding of the reaction mechanism.

Based on the confinement catalysis with 2D materials, two 
types of 2D confinement catalytic systems have been built up 
including catalysis with 2D lattice-confined single atoms and 
catalysis with 2D cover-confined metals. The 2D lattice-con-
fined single atoms refer to the single atoms that anchored by 
or doped in the coordination environment of 2D lattice. It is 
well-known that the catalytic activity is essentially determined 
by the electronic states created by the interaction between 
single atom and the confined coordination environments.  
2D materials have unique electronic properties closely 
depending on the number of layers. When the single atoms, 
whose electronic states are typically very different from their 
bulk particles, are confined by 2D materials, new electronic 
states will be created for potential catalytic processes. In addi-
tion, with the advantage of the open structure of 2D materials, 
the reactants have more opportunities to access the single atom 
active site anchored by 2D material compared with that of bulk 
materials. Moreover, a high degree of coordinative unsatura-
tion of the confined single atoms could be maintained in the  
2D structure and thus the single atoms in this confining envi-
ronment generally exhibit unique catalytic performance com-
pared with other types of catalysts. For the catalysts derived 
from heteroatom doped 2D materials, the catalytic activity of 
atoms in the vicinity of doped atoms can be induced at the sur-
face of 2D materials. From this aspect, the doped heteroatoms 
could be used to turn the electronic property and promote 
catalytic activity of intrinsically inactive 2D nanomaterials. 
These confined single atoms in ultrathin 2D sheets are advan-
tageous as they maximize the number of reaction sites. Since 
2D materials (e.g., graphene) are generally stable and chemi-
cally inert, they can provide effective and tight protection for 
the active metal catalysts against harsh reaction medium. The 
encapsulation of metals by 2D cover can also protect catalyst 
against harsh reaction medium such as strong acidity, strong 
alkalinity, oxidation, poisoning, or sintering. Therefore, this 
type of catalysts makes it possible to use active but perishable 
nonprecious metals for potential applications in extreme condi-
tions. It should be of great interest and significance in studying 
the electronic interaction at the interface between 2D cover and 
metals. The difference of the work functions between 2D cover 
and the inner metals will lead to the charge transfer from metal 
to 2D cover. This will change the work function or electronic 
states of the outer surface of 2D cover and trigger their cata-
lytic activity for reaction activation. Moreover, the well-defined 
nanospace between 2D cover and metals offers an ideal micro-
environment for exploring the confinement catalysis experi-
mentally and theoretically.

Here, we present recent progress in the confinement catal-
ysis with 2D materials and their wide applications in several 
important energy-related catalytic processes including water 
electrolysis, fuel cells, and C1 molecules transformation. Two 
representative strategies (Figure 1), i.e., 2D lattice-confined 
single atoms and 2D cover-confined metals, will be extensively 
discussed for constructing 2D confinement catalytic systems. 
Finally, we will present a brief outlook on future research and 
development of 2D confinement catalysis for energy conversion.

2. Catalysis with 2D Lattice-Confined Single Atoms

Single-atom catalysts exhibit unique properties and attract wide-
spread interest for their effectiveness in promoting a variety of 
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catalytic reactions.[6] However, preparation of stable and prac-
tical single atoms-based catalysts is still a great challenge, since 
single atoms have the tendency to aggregate into larger parti-
cles under realistic reaction conditions. A strategy to prevent 
their aggregation, while at the same time maintaining their 
activity, is to confine them into atomically thin 2D nanosheets. 
To accomplish this, single-atom catalysts can be stabilized by 
the lattice of ultrathin 2D nanosheets. Such atomically thin 2D 
sheets are ideal platforms for four reasons: 1) The single atoms 
doping into the basal planes of 2D nanosheets can be either 
directly used as new catalytic sites, or used as heteroatoms to 
modulate the electronic property of inert 2D nanomaterials and 
turn the intrinsic activity; 2) Abundant exposed surface atoms 
within the basal planes of 2D sheets is an advantage as it maxi-
mizes the areal density of active site; 3) The unique open struc-
ture of 2D nanosheets favors direct identification of the atomic 
structure information by advanced characterization techniques; 
and 4) The simple and well-defined 2D nanostructure affords 
us a suitable model to bridges the theoretical and experimental 
studies on the structure–performance relationship of nano-

catalysts. All these aspects mentioned above demonstrated the 
experimental and theoretical importance of 2D lattice-confined 
single atom catalysts in understanding confinement catalysis. 
In this section, typical 2D nanomaterials (graphene, MoS2, and 
g-C3N4) confining metal and nonmetal single atom catalysts 
will be introduced.

2.1. Graphene Confining Single Atoms

2.1.1. Graphene Confining Nonmetal Atoms

Metal-free catalysts are promising substitutes compared with 
noble-metal-based nanocatalysts for oxygen evolution reac-
tion (OER), hydrogen evolution reaction (HER), oxygen reduc-
tion reaction (ORR), and other energy-related catalytic systems 
because of the low cost. One of the several earliest metal-free 
nanocatalysts was reported by Dai and co-workers in 2009. In 
this work, N-doped carbon nanotubes exhibited high catalytic 
ORR performances which was even comparable with that of 
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Figure 1. Overview of 2D confinement catalytic systems. Image for “Graphene confining single atoms”: Reproduced with permission.[5a] Copyright 2016, 
Springer Nature. Images for “MoS2 confining single atoms” and “hBN confining single atoms”: Reproduced with permission.[5c] Copyright 2018, 
American Chemical Society. Image for “Catalytic reaction over 2D cover”: Reproduced with permission.[5a] Copyright 2016, Springer Nature. Image for 
“Catalytic reaction in the confined space”: Reproduced with permission.[5a] Copyright 2016, Springer Nature.
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precious-metal-based nanocatalysts.[7] Since then, more metal-
free catalysts are developed for effective catalytic processes. In 
particular, heteroatom-doping graphene with highly tunable 
physicochemical properties have been increasingly reported as 
typical metal-free nanocatalysts for energy-related catalytic sys-
tems.[8] By replacing sp2 C atoms with N, B, P, S, etc., heter-
oatom doping leads to polarization in the lattice of graphene 
because of differences in the electronegativity of atoms, thereby 
modulating the electronic states and catalytic activity of pristine 
graphene.[9] Here we will focus on the most recent reports on 
graphene confining nonmetal atoms (B, N) in the electrocatal-
ysis for ORR (Figure 2a).

It has been widely demonstrated that N-doping could 
enhance the performance of pristine graphene in many 
energy-related catalytic processes.[10] The introduction of N 
atoms induced partial positive charge on the neighboring C 
atoms because of their high electron affinity, which leads to 
unique electronic properties. One typical example was con-
ducted by Deng et al. in 2011 who synthesized N-doped gra-
phene by a simple method using tetrachloromethane and 
lithium nitride.[11] The unique electronic structure change 
manipulated by the N heteroatoms in the lattice was directly 
confirmed by scanning tunneling microscopy for the first time 
(Figure 2b). Some N doping forms have been revealed in gra-
phene: oxidized N, iminic N, pyrrolic N, pyridinic N, graphitic 
N, nitrile N, and amino N.[12] Thus, it is imperative to confirm 
the active centers of N-doping graphene which are responsible 
for the ORR. At present, the debate focuses on whether the 
catalytic sites of N-doping graphene are created by graphitic 

N or pyridinic N.[13–16] In comparison with the widely reported 
N-doped graphene, catalysis over graphene confining B atoms 
is a less studied subject probably because of the difficulties in 
material synthesis. B element can also lead to the modulation 
of charge density in the graphene, since the electron-accepting 
property of B improves O affinity.[17] In general, the enhance-
ment of catalytic performances after B-doping are not as notice-
able as those shown in N-doping graphene. In addition, the 
formation of different B bonding configurations causes difficult 
to the understanding of the catalytic mechanism in B-doping 
graphene.[18]

Heteroatoms co-doping has emerged as a promising strategy 
to further regulate the electronic states, surface structures, and 
the catalytic performance of graphene-based catalysts. N and B 
co-doping of graphene has significant enhanced catalytic per-
formance of ORR. Depending on the B, N, and C stoichiom-
etry, two typical heteroatoms co-doping could be synthesized: 
1) h-BN domains confined in the lattice of graphene; and 2) 
NC and BC chemical bonding confined in graphene lattice. 
The synthesis of graphene confining h-BN domains has been 
studied by Ajayan and co-workers in a CVD process.[19] Previous 
results demonstrated that the introduction of h-BN domains 
in the lattice of graphene had limited influenced on the ORR 
activity due to the inertness of h-BN.[20] Although h-BN domains 
in the lattice of graphene nanosheet is inactive to ORR, h-BN 
domains at the zigzag edges showed improved oxygen affinity 
between C and B.[21] For example, Ajayan and co-workers has 
prepared graphene nanoribbons confining h-BN domains 
at the zigzag edges, which exhibited high-performances in 
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Figure 2. a) The doping configuration of B, N isolated, or B,N-codoped graphene, and the related trend of ORR activity. b) STM images of N-doping 
graphene. c) A schematic illustration of the B,N-codoped graphene. d) LSV curves for B-doped graphene, N-doped graphene, h-BN/graphene, 
B,N-codoped graphene, and Pt/C. b) Reproduced with permission.[11] Copyright 2011, American Chemical Society. c,d) Reproduced with permission.[22] 
Copyright 2013, Wiley-VCH.
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ORR reaction.[21] In addition, the formation of BC chemical 
bondings and NC chemical bondings within the lattice of 
graphene is essential to understand the synergistic effect 
of N-doping and B-doping. Large-scale synthesis of B or N  
co-doping graphene has also been showed via a postannealing 
process. Qiao and co-workers revealed a new method to syn-
thesize B,N-graphene without h-BN domains by employing a 
unique two-step sequential N or B doped process (Figure 2c).[22] 
The new nanocatalyst exhibited high catalytic activity in the 
ORR. The graphene confining B and N also exhibited higher 
catalytic performances than B/N-separated doping graphene in 
ORR (Figure 2d). Despite tremendous progress in the produc-
tion of graphene confining nonmetal atoms,[23–26] a phase pure 
B/N co-doping graphene has not been fully realized, which 
makes the identification of the function of heteroatoms very 
difficult. Future work should focus on developing a graphene-
based nanostructured catalyst at atom precision doping.

2.1.2. Graphene Confining Metal–Nx Centers

Since Jasinski reported that cobalt phthalocyanine could cata-
lyze some electrocatalytic reactions in 1964, metal–Nx centers 
have been widely reported as effective nanocatalysts for a series 
of chemical catalytic processes.[27] It has been demonstrated 
that the coordinatively unsaturated metal centers are key to the 
high catalytic reaction. Graphene confining metal–Nx centers 

provides a promising strategy to not only take advantage of 
the catalytic activity of metal–Nx centers but also prevent their 
aggregation. So far, three types of the synthesis methods for 
graphene confining metal–Nx centers have been developed 
including pyrolysis, ball milling, and post treatment on pris-
tine graphene. Pyrolysis of N,C-containing molecules and 
metal precursor is a common method to synthesize graphene 
confining metal–Nx catalysts.[28–36] In this process, templates 
such as SiO2,[28–30] MgO,[33] and α-FeOOH,[31] have been widely 
used as supporting solids to synthesize graphene confining 
metal–Nx. However, these routes involve tedious synthetic pro-
cesses, including the adsorption of metal precursors, followed 
by reduction and removal of templates. The reported synthesis 
routes were also relatively difficult to scale up because of the 
complex operating steps and sensitive conditions. Ball-milling 
approach is a simple and practical strategy to synthesize gra-
phene confining metal–Nx, which was firstly reported by  
Deng et al. (Figure 3a–c).[37,38] Firstly, the graphene was cut by 
ball milling into small nanosheets. Then, these small nanosheets 
after mixing together an amount of metal phthalocyanine 
were treated with ball milling under inert gases atmosphere. 
Under the high energy input during the ball milling, metal–Nx  
centers could be introduced into the defects of graphene to 
obtain graphene confined metal–Nx. Up to now, a series of 
metals including Fe, Cu, Mn, and Co, have been successfully 
embedded into the lattice of graphene nanosheets through 
ball milling. Finally, post treatment is another facile method 
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Figure 3. a) Scanning tunneling microscopy image of graphene confining FeN4 site. b) Simulated scanning tunneling microscopy image for (a).  
c) Intensity profiles obtained from the mark line for (a). d) A sketch map of the catalytic process (shown here is CH4 oxidation) on the surface of gra-
phene confining FeN4 center. e) Reaction activity of graphene confining FeN4 center and other related catalysts for CH4 oxidation. f) The relationship 
between the CH4 activation rate and the formation free energy of the different catalytic site with a volcano curve. a–c) Reproduced with permission.[37] 
Copyright 2015, American Association for the Advancement of Science. d–f) Reproduced with permission.[52] Copyright 2018, Elsevier Inc.
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to synthesize graphene confining metal–Nx by heat treating of 
graphene and metal precursor in the presence of NH3.[39–41]

Water splitting, as a promising strategy for hydrogen produc-
tion, has received intense attention. Presently used catalysts 
for OER, a key reaction in water splitting technologies, typi-
cally require high-cost noble metal oxides. Graphene confining 
metal–Nx have been demonstrated as promising noble-metal-
free catalyst for OER.[42,43] Guan et al. synthesized the single 
MnN4 centers doped in the lattice of graphene (MnN4-G), 
which showed a lower electrochemical overpotential in OER.[42] 
Density functional theory (DFT) results exhibited that the theo-
retical overpotential of MnN4-G is much lower than that of a 
trinuclear Mn3N7-G. The difference in overpotential between 
MnN4-G and Mn3N7-G was assigned to the over-destabilization 
of OOH* intermediate on Mn3N7-G. Other models of active 
sites also exhibited higher overpotential than MnN4-G. These 
comparisons gave strong support to the vital responsibility 
and necessity of the mononuclear Mn site coupled to four N 
coordination environments for the superior catalytic activity of 
MnN4-G.

The fuel cell is regarded as promising energy conversion 
devices, where the cathode reaction (ORR) is the major obstacle 
for improving the conversion efficiency of this energy-related 
device. Graphene confining metal–Nx have been also widely 
used for ORR. As reported by Deng and co-workers, the ORR 
catalytic performance of graphene confining FeN4 centers were 
comparable to those of the typical Pt/C nanocatalyst.[44] In addi-
tion, the graphene confining FeN4 exhibited a higher stability 
than Pt/C nanocatalysts. DFT results showed that the unique 
structure and high density of FeN4 centers within the lattice of 
graphene can turn their catalytic activity. Yang et al. recently 
proposed an efficient and universal surfactant assisted method 
to synthesize the graphene confining metal–N4 catalyst.[45] The 
onset potentials and half-wave potentials of ORR reach 1.0 V (vs 
reversible hydrogen electrode) and 0.88 V in alkaline condition 
while they are 0.9 and 0.8 V in acidic condition, respectively. 
Moreover, graphene confining metal–N4 exhibited extremely 
high stability. Interestingly, the DFT results demonstrated that 
the doping of Fe-pyrrolic-N moieties was the major reason 
for high-ORR activity of graphene confining metal–N4, which 
was unusual comparing to the common results. Although gra-
phene confining FeN4 structure was usually regarded as active 
site, the direct observation and confirmation of this active site 
structure was rarely achieved. Recently, Zelenay and co-workers. 
revealed that the carbon-embedded FeN4 center was directly 
confirmed with aberration-corrected scanning transmission 
electron microscopy (AC-STEM), and the origin of catalytic 
centers within the lattice of graphene were elucidated through 
DFT calculations.[46] Besides the FeN4 centers, the coordination 
environments of graphene can also be used to tune the catalytic 
performances of other metal–N4 centers (CoNx, CuNx, MnNx, 
and RuNx) for ORR.

C1 molecules such as methane, carbon oxides, and oxygen-
ated hydrocarbons are promising feedstock for the production 
of high value chemicals. CO2, as the main greenhouse gas and 
the most abundant C1 molecules, has great effects on climate 
and environment.[47] CO2 utilization research has gained a sig-
nificant attention in recent decades. Previous research results 
have demonstrated that graphene confining metal–Nx could 

also be used as efficient catalysts for activating CO2. Yang 
et al. reported that graphene confining NiNx can be used as a 
promising catalyst for the conversion of CO2.[48] The graphene 
confining NiN4 exhibited high CO2 reduction activity, reaching 
a high current at a low overpotential with 97% CO Faradaic 
efficiency. Furthermore, the graphene confining NiN4 exhib-
ited long-term stability. So far, graphene confining NiNx have 
been widely reported for the CO2 reduction.[49,50] Owing to 
its low price and high reserves, CH4 distributed in shale gas 
or natural gas is widely used as one of the most important C1 
resources.[51] However, CH4 conversion to high-value products 
represents a great challenge in catalytic researching, which 
usually requires high-energy import to activation and conver-
sion of CH4 molecules due to the high reaction barrier. One 
of the pioneering works was reported by Deng and co-workers 
in 2018. In this work, graphene-confined FeN4 centers can be 
used as promising catalyst to activate CH4 molecules to high 
value products at low temperature (25 °C) (Figure 3d,e).[52] DFT 
calculations revealed that CH4 is first converted methyl radicals 
by the O–FeN4–O catalytic site and subsequently into value-
added oxygenated products (Figure 3f).

2.1.3. Graphene Confining Metal Atoms

Previous reports showed that pure metal atom could also be 
anchored on graphene for tuning the catalytic performance of 
pristine graphene. For instance, Zhang et al. demonstrated that 
graphene confining single niobium atoms showed high ORR 
activity, since graphene confining the niobium heteroatoms led 
to the reconstitution of d-band electrons and became surpris-
ingly active for oxygen activation.[53] Chen and co-workers dem-
onstrated that graphene confining pure Ni single atoms can 
be prepared by acid-leaching method.[54] The authors revealed 
that Ni heteroatom occupied the position of one C atom and 
bonded with other C atoms within the basal planes of 2D 
graphene. Compared with graphene and conventional Ni-based 
catalysts, graphene confining pure Ni showed high HER per-
formances together with long time stability in acidic condition. 
DFT results demonstrated that the superior catalytic perfor-
mance of graphene confining Ni atom was created by syner-
getic effect between the Ni heteroatoms and the neighboring 
C atoms. Recently, Yao and co-workers also showed a similar 
method to synthesize graphene confining Ni atom catalysts.[55] 
Defects on graphene were used to trap atomic Ni species. Theo-
retical investigations based on the three typical doping models 
of Ni–C configuration revealed that the reaction mechanism of 
HER and OER have close relationship with Ni–C coordination 
conditions and is different from conventional Ni–N–C catalyst.

2.2. MoS2 Confining Single Atoms

2D MoS2 has gained great research interest in catalysis due to 
its well-defined structures and unique electronic properties.[56] 
Single-layer MoS2 consists of three atomic layers, where Mo 
layer is sandwiched by two S layers. Coordinatively unsaturated 
edge atom of MoS2 is known to provide active site for catalysis, 
whereas coordinatively saturated site on basal planes of 2D 
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MoS2 is regarded as catalytically inert. We have proposed to 
turn the catalytic property of basal plane of 2D MoS2 by doping 
heteroatoms to trigger the number of catalytically sites.[57,58] 
Here we will summarize two kinds of MoS2 confining single 
atom nanocatalysts. One is single metal atom substituting Mo 
to trigger the catalytic activity of the adjacent S atoms, another 
is direct substitution of S atoms in the outer layer.

2.2.1. MoS2 Confining Mo-Substituted Single Atoms

It is usually difficult to synthesize MoS2 confining Mo-substi-
tuted single metal atoms by a post treatment way, owing to the 
six-coordinated Mo atoms are enclosed by two S layers. Thus, 
in situ method is a popular way for preparing MoS2 confining 
Mo-substituted single metal atoms. Deng et al. firstly reported 
an in situ method to promote the HER catalytic activity of 
inert MoS2 basal planes through single Pt atoms replacing Mo 
atoms in the lattice of few-layer MoS2 (Figure 4a).[57] Theoretical 
investigations revealed that the Pt heteroatoms could modulate 
the adsorption free energy of H intermediates on the adjacent 
S atoms and therefore improve HER catalytic activity, which 
originates from the new electronic properties of MoS2 con-
fining Pt atoms. Moreover, the HER catalytic activity of MoS2 
doping with several single metal heteroatoms were explored  

by theoretical calculations, suggesting that the relationship 
between heteroatoms and the adsorption energy of H interme-
diates presented a volcano curve in HER (Figure 4b). Such elec-
tronic difference led to significantly different adsorption energy 
of H intermediates and consequently resulting in diverse HER 
catalytic activity, which was further confirmed in experiment 
by using Pt, Co and Ni heteroatoms doped MoS2 as catalysts 
(Figure 4c). Furthermore, Deng et al. reported a multiscale 
strategy to synthesize MoS2 confining Co atoms for HER.[58] 
Experimental results and DFT calculations demonstrated that 
an appropriate content of Co heteroatoms can considerable 
improve the HER performance of MoS2. In addition, Xia and 
co-workers proposed a way to trigger the HER activity of MoS2 
by engineering its structural and electronic properties via heter-
oatom doping.[59] Zn-doped MoS2 was synthesized as a typical 
example to understand the catalytic mechanism of HER. Theo-
retical calculations on the catalytic mechanism of this process 
revealed that the enhancement of catalytic performance was 
due to the synergistic effect of structural advantages (rich active 
sites) and novel electronic properties (transition-metal doping). 
Recently, Jia and co-workers also proposed a simple and practical 
method to activate the basal planes of MoS2 for HER through 
introducing earth-abundant Zn elements into the lattice.[60]  
DFT calculations revealed that the doping Zn heteroatoms not 
only reduced the formation free energy of S-vacancy sites, but 
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Figure 4. a) HR-STEM image of MoS2 confining Pt single heteroatoms. The inset in (a) is the doping configuration of MoS2 confining Pt single hetero-
atoms. b) The relationship between ΔGH° and currents (log(i0)) shows a volcanic curve when using MoS2 with a series of single metal heteroatoms 
as catalyst. c) LSV curves of HER reaction for Pt-doped MoS2 in comparison with referencing samples. d) The pure MoS2 (bottom) and the calculated 
density of states of the O-doped MoS2 (top). e) The density distributions of valence band (left) and conduction band (right) near the O atom in 
O-doped MoS2, respectively. f) LSV results of the O-doped MoS2. a–c) Reproduced with permission.[57] Copyright 2015, Royal Society of Chemistry. 
d–f) Reproduced with permission.[63] Copyright 2013, American Chemical Society.
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also helped to lower the adsorption free energy of H atoms on 
the S-vacancy site. The optimal MoS2 confining Zn showed an 
obviously enhanced HER performance compared to unreduced 
MoS2 nanosheets. Moreover, rhenium (Re) can also be used as 
effective heteroatom to trigger neighboring S atoms for turning 
the adsorption energy of H intermediates, which was reported 
by a recent works.[61] The 50% Re-50% Mo (Re,Mo)S2 nano-
alloy showed the best HER performance compared with other 
samples. This new catalyst has enhanced HER catalytic activity 
with a small Tafel slope and a low overpotential.

2.2.2. MoS2 Confining S-Substituted Single Atoms

The nonmetal atoms (O, N, P, Se, etc.) can be introduced into the 
lattice of MoS2 by substituting S atoms. Unlike Mo-substituted 
single metal heteroatoms, the exposed nonmetal heteroatoms 
can not only directly activate the neighboring S atoms within the 
basal planes of MoS2, but also act as new catalytic sites in HER. 
Xue and co-workers demonstrated that the doping P heteroatoms 
could be used as the new catalytic sites and help promote the 
intrinsic electronic conductivity, resulting in a greatly enhance 
the HER catalytic activity.[62] This work provided a novel way for 
turning the catalytic activity by P-doping. However, some results 
revealed that O atoms within the lattice of MoS2 can only be used 
as heteroatoms to modulate the in-plane S atoms. For instance, 
Xie and co-workers discovered that MoS2 confining O atoms with 
controllable disorder engineering realized the turning of active 
sites for efficient HER.[63] The optimized nanocatalyst showed 
extremely high activity and long-term durability. Theoretical cal-
culations showed that the O heteroatoms can effectively affect 
the electronic states of neighboring S atoms and therefore pro-
mote the intrinsic catalytic properties of MoS2 (Figure 4d,e). 
In addition, Ding and co-workers showed an economical and 
efficient way to synthesize N-doped MoS2 nanosheets, which 
showed the dramatically enhanced activity in HER.[64] Moreover, 
DFT calculations revealed that the N heteroatoms activated the 
neighboring S sites for HER process and enhanced electronic 
conductivity of the basal plane.

2.3. g-C3N4 Confining Single Atoms

Graphitic carbon nitride, as typical 2D material with well-
defined layered nanostructure, is useful owing to its visible-
light response, physicochemical stability, and low cost with 
earth-abundant C and N elements.[65] Other nonmetal heter-
oatoms can be embedded into the basal planes of g-C3N4 via 
replacing C or N atoms which is same as the B,N atoms co-
doping of graphene. Given that nonmetal atoms doping g-C3N4 
has been reviewed by some recent reviews,[66] here the research 
progresses of single metal heteroatoms doping g-C3N4 will be 
only introduced. In photocatalysis, the catalytic performance 
of pristine g-C3N4 is usually limited by its drawbacks like the 
low energy conversion efficiency and the easy reconstruc-
tion of electron–hole pairs. Recent results have demonstrated 
that single metal heteroatoms doping g-C3N4 is a simple and 
practical way to boost the photocatalytic performances of 
g-C3N4. For instance, Wu and co-workers revealed that g-C3N4 

confining Pt atoms can remarkably promote the photocatalytic 
performances, with a higher H2 generation rates than those of 
pristine g-C3N4.[67] The synergetic interaction between Pt-atom 
co-catalyst and neighboring atoms within the lattice of g-C3N4 
provided a useful way to modulate the catalytic properties of 
pristine g-C3N4. In addition, Xiong and co-workers also showed 
that the charge transfer between single Pt heteroatoms and 
g-C3N4 had great effect on the photocatalytic process.[68] g-C3N4 
confining single Pt2+ also exhibited higher hydrogen genera-
tion rates than those of pristine g-C3N4. The DFT calculations 
showed that the excited electrons on Pt single atoms were 
transferred to the neighboring atoms of g-C3N4 which cause 
the formation of the novel electronic states. In addition, the 
introduction of nonprecious metal atoms into g-C3N4 can also 
be used to boost the catalytic performances of pristine g-C3N4. 
For example, Wei and co-workers showed that g-C3N4 confining 
single Co1–P4 site was prepared by a facile phosphorization 
method (Figure 5a–d), which exhibited high catalytic perfor-
mances for overall water splitting (Figure 5e).[69b] The atomically 
dispersed Co1–P4 catalytic sites allowed efficient charge transfer 
from g-C3N4 to active sites, and finally lead to a high catalytic 
activity of overall water splitting. Likewise, g-C3N4 confining 
single Co1–N4 site have also been reported as a typical photo-
catalyst for high hydrogen production.[69a] DFT calculations 
showed that the nearby nitrogen donors turned the electronic 
states of active sites and lowered the energy barrier of catalytic 
key intermediate, thus boosting H–H coupling to promote 
the hydrogen production. In short, single metal heteroatoms 
doping g-C3N4 is a simple and practical way for synthesizing 
high-performance nanocatalysts by utilizing the synergetic 
effect between different single metal atoms and g-C3N4, which 
could catalyze a series of important catalytic reactions.

2.4. Other 2D Materials Confining Single Atoms

The strong interaction between 2D material and heteroatoms 
will unavoidably affect catalytic performances of energy conver-
sion. Generally, different 2D material may lead to the properties 
of catalyst differently. The other 2D nanomaterials like graph-
diyne, MXene, and ultrathin TiO2 nanosheets, have also been 
used as support for confining single heteroatoms. As a novel 
allotrope of 2D carbon materials, graphdiyne has been adopted 
in various applications. Recently, Li and co-workers introduced 
a novel structure of N-doped configurations—sp-hybridized N 
(sp-N) heteroatoms into lattice of graphdiyne nanosheets, via 
pericyclic replacement of the acetylene chemical bonding.[70] 
The as-synthesized sp-N-doping graphdiyne exhibited high ORR 
activity, together with excellent cycling stability. Furthermore, 
DFT calculations demonstrated that these catalytic performances 
originated from sp-N heteroatoms, which could effectively affect 
the electronic states of neighboring single atoms and thus 
enhance the intrinsic catalytic properties of the catalyst. Inter-
esting, Mo2TiC2Tx MXene nanosheets with abundant surface 
Mo vacancies by electrochemical exfoliation have recently been 
reported as support to trap Pt heteroatoms (Figure 6a,b).[71] 
The resultant Mo2TiC2Tx–Pt catalysts showed a high catalytic 
activity with a low overpotentials and a mass activity about 
40 times higher than that of Pt/C nanocatalyst (Figure 6c). 
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Figure 5. a) Sketch map of the sunlight-driven overall water splitting on g-C3N4 confining Co1–phosphide catalyst, in which the photogenerated 
electrons and holes are spatially separated, and charge transferred to Co1–phosphide to drive HER and OER. b) STEM image of g-C3N4 confining 
Co1–phosphide catalyst. c) STEM image acquired from the area in (b). d) Intensity profiles acquired from the red lines 1 and 2 in (c). e) Catalytic 
performances of water splitting by g-C3N4 confining Co1–phosphide catalyst. Reproduced with permission.[69b] Copyright 2017, Wiley-VCH.

Figure 6. a) The electrochemical exfoliation process of MXene with confined single Pt heteroatoms. b) HRTEM image of Pt-doped MXene and its 
related simulated image. c) HER curves of Pt-doped MXene and other related nanocatalysts. d) Calculated PDOS of MXene and Pt-doped MXene. 
e) Free energy profiles of HER at the equilibrium potential of MXene, Pt-doped MXene and Pt/C. Reproduced with permission.[71] Copyright 2018, 
Springer Nature.
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Theoretical calculations suggested that Pt heteroatoms with 
positively charged anchored on MXene comprised the optimum 
adsorption position for H+, which facilitates H2 production 
(Figure 6d,e). The ultrathin TiO2 nanosheets represent a promi-
sing supports to trap heteroatoms owing to the simple and well-
defined structure.[72] Wang and co-workers showed a simple and 
practical way to support single Au atoms by creating defects on 
the basal planes of TiO2 nanosheets.[73] The resulted Ti–Au–Ti 
chemical nanostructure could improve the catalytic perfor-
mances via lowering the formation barrier and restraining the 
competitive reaction on single Au atoms. In summary, 2D mate-
rials confining single atoms opens an alternative avenue for 
developing highly efficient single-atom catalysts.

3. Catalysis with 2D Cover-Confined Metals

The confinement effect not only includes the modulation of 
electronic state by the confinement environment at atomic-
scale, it also refers to the control of electronic states or reac-
tion space at nanoscale. The gap of work functions between 
2D cover and confined metal leads to the charge penetration 
from metal to 2D cover to trigger the catalytic activity at outer 
surface. Moreover, the interface of 2D cover and metal can also 
provide a confined space to allow the control of diffusion and 
interaction of catalytic reactants on the surface of inner nano-
metal catalysts. In this section, catalytic reactions over 2D cover 
with metals encapsulation and in the confined space between 
2D cover and metals will be introduced.

3.1. Catalytic Reactions over 2D Cover on Metals

Considering that noble metals exhibit inimitable performance 
over other catalysts in catalysis, they are usually employed to 
drive a series of energy-related chemical reactions.[74] The high 
cost and low efficiency of precious metal-based nanocatalysts, 
however, are major barriers for large-scale industrial applica-
tions. Considerable efforts have been made for the development 
of non-noble-metal-based nanocatalysts. Although non-noble 
metal catalysts may have the surpassing or comparable catalytic 
performances in a number of catalytic processes,[75] one major 
problem in non-noble metal nanocatalysts is their poor stability 
in harsh reaction conditions (e.g., high overpotential, high 
temperature, and strong acidity or alkalinity). Therefore, it is 
a great challenge to keep high stability of the non-noble metal 
nanocatalysts without impairing catalytic performances under 
harsh reaction processes. Constructing 2D cover encapsulating 
non-noble metal catalysts (chainmail catalysts) has been pro-
posed as a promising strategy by our group (Figure 7a).[76] In 
the chainmail catalyst, the graphene cover boosts the electron 
penetration from encapsulated nanometals to the inert gra-
phene, while the outer cover can also completely protect the 
encapsulated nanometals from damage under harsh reaction 
processes. This unique strategy can promote both the catalytic 
activity and stability of inner nanocatalysts,[76] which has been 
vividly described as“chainmail for catalyst.”Encouragingly, pre-
vious research has confirmed that electron transfer from inner 
metals affected the catalytic reactions of the inert graphene. 

Like graphene, other 2D materials (hBN, g-C3N4, etc.) can be 
also adopted to encapsulate the non-noble-metal-based mate-
rials. Benefiting from the advantages of 2D cover encapsulating 
metal, the chainmail catalysts have been extended into many 
important catalytic processes under harsh conditions.

3.1.1. The Chainmail Catalysts for ORR

Graphene encapsulating metal has the overwhelming advan-
tage to replace Pt-based noble electrocatalysts in ORR reaction 
because of the low cost and the high stability under working 
conditions. For example, Deng and co-workers reported that 
graphene cover encapsulating Fe nanoparticles exhibited both 
high activity and high stability (Figure 7b,c).[76a] Experiments 
and DFT calculations revealed that electron could transfer from 
the metallic Fe nanoparticles to the inert cover due to the work 
function difference between outer cover and the inner nano-
metal. The electron penetration led to the change of local elec-
tronic state on outer shell, which promoted oxygen activation 
on graphene shell. Thus, the graphene cover can be used to 
protect non-noble metal catalysts in harsh reaction conditions, 
while the catalytic performance of inner nanometal will not be 
shielded by outer cover. Since then, more non-noble metals 
were successfully covered by graphene shell for the ORR. Li 
and co-workers systematically showed a general way to synthe-
size graphene confining transition metal nanoparticles.[77] The 
different transition metals exhibited different promotion to the 
ORR performances, where N-doped graphene encapsulated Co 
nanoparticles even showed a higher catalytic activity than noble-
metal-based catalyst along with good stability under harsh 
reaction conditions. In addition to metallic non-noble metal, 
many kinds of non-noble-metal-based nanomaterials have also 
been successfully enclosed into the graphene shell for various 
energy-related catalytic reactions, like metal carbide, metal 
oxide, metal phosphide, etc. For instance, Hu et al. reported 
a new ORR nanocatalyst with a well-controlled hollow sphere 
structure comprising uniform Fe3C nanoparticles covered by 
graphene shell.[78] These unique catalysts showed excellent 
activities and high stabilities toward ORR. The graphene shell 
stabilized the inner Fe3C nanoparticles in hot acids and the 
electron penetration from inner Fe3C nanoparticles activated 
the outer surface toward ORR.

3.1.2. The Chainmail Catalysts for HER

Electrochemical water splitting requires inexpensive elec-
trocatalysts with low HER overpotential. Although Pt-based 
catalysts have excellent catalytic performances, the high cost 
hampers their large-scale utilization. The chainmail catalysts 
show potentials to substitute Pt or Pt-based catalysts and were 
firstly studied by our group and Laasonen’s group recently. 
Deng et al. reported a way to introduce transition metals into 
carbon nanotubes for HER.[79] The optimized catalysts exhib-
ited superior activity and long-term durability, which is even 
comparable to those of the typical Pt/C nanocatalyst. DFT 
results demonstrated that encapsulation of nanometal and the 
introduction N-dopants could synergistically optimize both the 
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electronic states of graphene shell and the adsorption energy 
of reaction intermediates on graphene shell, and thus improve 
the HER activity. However, the multilayer graphene shells are 
too thick to promote electron transfer which may significantly 
reduce the activity. To further promote the catalytic activity, 
Deng et al. showed a practical way to synthesize CoNi nanoalloy 
catalysts covered by outer graphene shell with only one to three 
graphene layers.[80] The unique catalyst exhibited high stability 
and activity in HER. DFT calculations indicated that graphene 
cover with only 1–3 layers strongly promoted electron penetra-
tion from the inner metal alloy to the outer cover (Figure 7d,e). 

Almost at the same time, Laasonen and co-workers also showed 
a unique way to synthesize single shell graphene-encapsulated 
Fe nanoparticles, which showed high catalytic performances 
for HER.[81] The catalytic performances of this chainmail cat-
alyst demonstrated an acid-stable HER nanocatalyst with a 
high catalytic performance comparable to those of platinum. 
Besides the non-noble metals, other kinds of non-noble-metal-
based materials like metal phosphide can also be encapsulated 
as HER catalyst. Recently, Sung and co-workers reported an 
effective method to synthesize graphene-shell-protected iron 
phosphide nanoparticles that have high catalytic performances 
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Figure 7. a) The concept of “chainmail for catalyst.” b) HRTEM results of graphene confining Fe nanoparticle, inset shows the crystal plane of the 
encapsulated Fe nanoparticle. c) The picture of graphene confining Fe nanoparticle revealed by photoemission electron microscopy. The bottom inset 
of graphene confining Fe nanoparticle revealed by low-energy electron microscopy. The top image indicates the lightness profile along the green line. 
d) The schematic illustration of electron penetration through the outer graphene cover. e) The change of thickness from one to three graphene layers 
leads to the redistribution of electron density for graphene confining metals. f) LSV results for graphene encapsulating nanometal in comparison with 
other samples. g) The calculated negative overpotential for the universal descriptor ΔG(O*) − ΔG(HO*) on a series of graphene encapsulating metals. 
h) Calculated overpotential versus the experimental overpotential of different graphene encapsulating metals. a) Reproduced with permission.[5d] 
Copyright 2017, Wiley-VCH. b,c) Reproduced with permission.[76a] Copyright 2013, Wiley-VCH. d) Reproduced with permission.[5a] Copyright 2016, 
Springer Nature. e) Reproduced with permission.[80] Copyright 2015, Wiley-VCH. f–h) Reproduced with permission.[83] Copyright 2016, Royal Society 
of Chemistry.
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for HER.[82] Experimental measurements and DFT results 
revealed that oxidation resistance of graphene cover on nano-
particles was the origin of the long-term durability.

3.1.3. The Chainmail Catalysts for OER

Graphene encapsulating metal also exhibited excellent perfor-
mance for the OER under strong alkaline electrolytes. Deng 
and co-workers showed a simple and practical way for the pro-
duction of single shell graphene confining uniform transition 
metals.[83] Experimental results revealed that different inner 
nanometals played a different role in the reaction process, and 
the optimized nanocatalyst showed high OER activity with a 
lower overpotential, which are even comparable to IrO2 catalysts 
(Figure 7f). DFT results indicated that the electron penetration 
from the inner nanometals to the inert graphene regulated the 
electronic states of outer cover for OER activity (Figure 7g,h). 
Furthermore, Wang and co-workers also showed an effective 
electrospinning technology to synthesize small cobalt nano-
particle covered by graphene shell.[84] The excellent catalytic 
activity could be ascribed to the synergistic effect of N-doping 
and cobalt encapsulation. Likewise, Lou and co-workers showed 
a way to synthesize a hollow structure constructed from 
interconnected graphene-encasing inner metal starting with 
metal–organic frameworks particles as single precursor.[85] The 
resulted catalyst showed a lower overpotential, which compared 
to the typical IrO2/C catalyst. The excellent catalytic activity 
might be attributed to the synergistic effect of the graphene-
encasing inner metals and the unique hollow framework. 
These results revealed that the electronic states of outer shell 
could greatly modulate the OER reactivity, which highly rely 
on the types of inner nanometals and their related proportion. 
Generally, it is difficult to change the inner metals and their 
proportion within the graphene shell. Recently, Tu et al. showed 
an effective method to synthesize ultrathin graphene confining 
FeNi nanoalloy, which efficiently optimize the OER activity by 
changing Fe/Ni ratio.[86] The optimized nanocatalyst exhibited 
a low overpotential in OER. More importantly, the catalytic per-
formances of the optimized nanocatalyst were better than those 
of IrO2 catalysts. Theoretical calculations demonstrated that the 
electronic structure of the key intermediate on outer shell could 
be efficiently optimized by turning the proportion of the inner 
metal, resulting in an enhanced catalytic performance. In short, 
graphene encapsulating metal provided a promising strategy 
to synthesize active non-noble metal nanocatalysts for energy-
related reaction processes. Chainmail catalysts exhibit high 
stability in the OER under alkaline electrolytes, but may suffer 
corrosion of the graphene shell under strong acid electrolytes. 
In this regard, increasing the carbon layer thickness could be 
a promising way to improve the stability of the catalyst in the 
OER under strong acid electrolytes.

3.2. Catalytic Reactions in the Confined Space between  
2D Cover and Metal Surface

In the above section, we showed that the strong interaction 
between 2D cover and the inner metals helps to activate 2D 

cover, on which reactions can occur. On the other hand, cata-
lytic reactions could occur in the confined space between 2D 
cover and inner nanometal surface when metals interact weakly 
with 2D cover (Figure 8a,b). Graphene and h-BN have been 
deposited on metal surfaces via surface transfer strategies. 
The weak interaction between 2D cover and metal via the van 
der Waals force leads to a moderate distance of within 1 nm 
between them, and thus small molecules can populate the con-
fined space between 2D cover and metal surface.[87]

The confined nanospace between 2D cover and inner metal 
offers an ideal micro-environment for exploring the confine-
ment catalysis experimentally and theoretically. For instance, 
Gao et al. presented a simple and practical synthesis way to 
encapsulate Ni nanoparticles within few-layer h-BN cover.[88] 
This unique catalyst exhibited an improved catalytic perfor-
mance in the hydrogen oxidation reaction process compared 
with bulk metal nanoparticles (Figure 8c). The h-BN cover 
could modulate the interaction of the reaction intermediates 
on the inner metal surfaces. In situ evidence and DFT results 
demonstrated that the improved catalytic activity was ascribed 
to the confinement effect from the outer h-BN cover. Thus, the 
h-BN cover not only protected the inner Ni nanoparticles but 
also produced a confinement effect for the catalytic process. 
Taking advantages of DFT calculations, Zhou et al. investigated 
the catalytic performance of graphene-covered different nano-
metals in HER.[89] This result demonstrated that the interaction 
between the H atoms and active metals was modulated when 
H atoms were confined within the interface between outer 
cover and nanometal surfaces. In addition, using the surface 
of Pt(111)/graphene as the model, Fu and co-workers revealed 
that the interaction between atoms or small molecules and a 
Pt(111) surface always has been weakened under graphene-
confined environments,[90] which was attributed to the confine-
ment effect under graphene cover (Figure 8d). The confined 
environment between 2D cover and metal surface could be 
used to regulate catalytic reaction, which was further confirmed 
by optimizing ORR activity on Pt(111) covered by a series of 
2D nanomaterials (Figure 8e). These findings demonstrate that 
confinement catalysis under 2D cover is an appealing catalytic 
platform for energy-related reactions.

4. Conclusion and Outlook

2D materials offer valuable host to construct high-performance 
catalysts for energy conversion. Here, we have introduced two 
major strategies, i.e., 2D lattice-confined single atoms and 2D 
cover-confined metal, which have been applied to construct 
2D confinement catalytic systems. The regulation of the lattice  
of 2D materials and the interface between 2D cover and sub-
strate have led to the desired confinement environment for 
active sites, thereby opening the door for applying confinement 
catalysis in energy-related catalytic processes, like water elec-
trolysis, fuel cells, and C1 molecules transformation (Table 1). A 
combination of experimental studies and theoretical calculations 
are beneficial to the understanding of reaction kinetics of small 
energy-related molecules on 2D materials confined active sites.

2D lattice-confined single atoms have great significance in 
both experimental and theoretical researches of heterogeneous 
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Figure 8. a) Schematic illustration of catalysis in the space between inner metal and 2D cover. b) catalysts encapsulated with 2D cover. c) LSV curves 
from the Ni@h-BN/C and Ni/C catalysts. d) The interaction between CO and Pt(111) surface under the confinement environments and the related 
confinement energy. e) A volcanic curve about the relationship between catalytic activity and absorption free energies of oxygen atoms (ΔEO*) on Pt 
surface in ORR. a) Reproduced with permission.[5a] Copyright 2016, Springer Nature. b) Reproduced with permission.[91] Copyright 2017, Royal Society 
of Chemistry. c) Reproduced with permission.[88] Copyright 2017, Royal Society of Chemistry. d,e) Reproduced with permission.[90] Copyright 2017, The 
Authors, published by National Academy of Sciences.

Table 1. Summary of confinement catalysis with 2D materials for energy conversion.

Types of catalysts Reaction system Activity origin or mechanism Performance

2D lattice-confined  

single atoms

Graphene confining  

nonmetal atoms

ORR in alkaline  

conditions[10b,11]

Nonmetal atoms can tune the charge  

distribution and electronic states  

of the adjacent C atoms, both hetero  

and C atoms can become the active sites

Catalytic activity  

is comparable to Pt/C

Graphene confining  

metal–Nx centers

OER in alkaline conditions[42,43]

ORR in alkaline conditions[44,45]

C1 molecules (CO2, CH4) 

activation[48–52]

The unique electronic structure  

and high density of metal–Nx centers  

within the lattice of graphene

Catalytic activity is comparable to IrO2

Catalytic performance is comparable to Pt/C

Improved conversion of C1 molecules to 

high-value-added products and improved 

catalyst stability

Graphene confining  

pure metal atoms

Electrocatalytic  

HER in acid[54]

Charge redistribution between the metal 

dopants and the surrounding C atoms

Higher activity  

and catalyst stability

MoS2 confining Mo-substi-

tuted single metal atoms

Electrocatalytic  

HER in acid[57,59–61]

Mo-substituted single metal atoms can 

trigger the adjacent S atoms of MoS2

Performance increases  

with increasing dopants

MoS2 confining  

S-substituted single atoms

Electrocatalytic  

HER in acid[62,63]

Heteroatoms not only directly act  

as active centers but also activate the  

adjacent S atoms in MoS2

Performance increases  

with increasing dopants

g-C3N4 confining  

single atoms

Photocatalytic HER[67] Charge redistribution between single  

heteroatoms and g-C3N4

50-fold enhancement in  

H2 generation rate

2D cover-confined 

metals

2D materials  

encapsulating metal

ORR in acidic fuel cells[76a]

HER in acid conditions[79–81]

OER in alkaline conditions[83–86]

Electrons from inner metal sites can transfer 

to 2D cover, which could activate the surface 

electronic states and enhances activity

High catalyst stability.  

Enhanced catalytic activity

Nanoreactor between metal 

surface and 2D cover

Hydrogen oxidation reaction in 

alkaline conditions[89]

The confinement effect  

from the outer 2D cover

Improved activity and stability
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catalysis at the atomic scale. The following aspects should be 
paid more attention in the future study of 2D lattice-confined 
single atoms. 1) Novel methods and approaches should be 
developed to obtain catalysts with controllable compositions 
and coordination structure of single atoms. More convenient, 
economical, and scalable methods are highly required. 2) 
Decreasing the layer number of 2D materials could improve 
the utilization of active sites. The single-layer 2D nano-
materials confined single atoms have not been fully achieved. 
Thus, future research should focus on the precise synthesis of  
2D lattice-confined single atoms with narrower distribution of 
layer numbers. 3) There are no well-established methodologies 
with which to reveal the structural information for 2D lattice-
confined single atoms. Therefore, more efficient characteriza-
tion methods should be developed to directly confirm the active 
sites at atomic level.

2D cover-confined metal centers provides a strategy to use 
non-noble metal catalysts in the catalytic processes under 
harsh conditions. Although considerable progress has been 
made in this research field, some challenges are yet to be 
overcome. First, there is still lack of an effective method to 
achieve the precise regulation and control of electronic and 
structural properties in the 2D materials confining metals. 
For example, method for accurately controlling the layer 
number of graphene or heteroatom doped graphene needs 
to be further explored. Second, many preparation processes 
are not economical due to the use of expensive precur-
sors, high-temperature treatment, etc. Despite continuous  
efforts, the rapid and rational synthesis of 2D cover-confined 
metal catalysts with facile synthetic methods remains a chal-
lenge. Third, beyond graphene, other 2D materials confined 
metal catalysts should be explored. These 2D substrates can 
provide unique electronic states and different confinement 
environments for metals to design novel catalysts for diversi-
fied reactions.
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