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performance beyond many other catalytic 
materials in the heterogeneous catal
ysis,[1–3] electrocatalysis,[4–6] and photo
catalysis.[7–9] However, preciousmetal 
catalysts all suffer from the disadvan
tages of high cost and limited reserve on 
the earth, determining that they are not 
viable for largescale industrial applica
tions. Hence, seeking for alternatives 
with nonpreciousmetal catalysts has 
become a hot topic in the catalytic field. 
Although nonpreciousmetal catalysts 
owned the comparable or surpassing cata
lytic capacity in some featured reaction 
systems,[10–12] the survival environment of 
numerous catalytic reaction is badly dif
ficult for the nonpreciousmetal catalysts, 
and even sometimes for precious metals. 
For example, many harsh conditions such 
as the strong acidic or alkaline medium 
in liquid reaction, high overpotential in 
electrocatalysis, and high temperature in 
gassolid catalytic system easily lead to cor
rosion, oxidation, or sintering of the metal 
catalysts. Therefore, keeping high stability 
of metal catalysts especially the nonpre
ciousmetal catalysts without sacrificing 

their activity under harsh conditions is an urgent task, but it 
remains a great challenge.

Recently, a novel and promising strategy has been proposed 
by our group to overcome the low stability of nonprecious
metal catalysts operated under harsh reaction conditions,[13–16] 
i.e., designing and fabricating the unique chainmail catalyst 
via graphene shell completely encapsulating transition metals 
(TMs). In the chainmail catalyst, the electron of TMs can pene
trate through the graphene shell to promote the catalytic reac
tion on the external graphene surface, while the graphene shell 
can completely prevent reaction molecules and medium from 
contacting the TMs and therefore can protect the TMs from 
damage in harsh conditions. It will improve both the activity 
and stability of nonpreciousmetal catalysts.[13] Since then, vast 
structural designs and modulations in such chainmail catalysts 
have been developed, involving of encapsulating different mate
rials of metallic TMs, TM alloys, TM carbides, TM oxides, TM 
phosphides, and TM nitrides, as well as employing different 
shells of graphene, boron nitride, graphitic carbon nitride, and 
TM dichalcogenides for the encapsulation. This chainmail cata
lyst delivers a novel concept and offers a future opportunity for 
the nonpreciousmetal catalysts to be utilized in many catalytic 
reactions under harsh conditions, and also offers a good model 

Great endeavors are undertaken to search for low-cost, rich-reserve, and 
highly efficient alternatives to replace precious-metal catalysts, in order to 
cut costs and improve the efficiency of catalysts in industry. However, one 
major problem in metal catalysts, especially nonprecious-metal catalysts, is 
their poor stability in real catalytic processes. Recently, a novel and promising 
strategy to construct 2D materials encapsulating nonprecious-metal cata-
lysts has exhibited inimitable advantages toward catalysis, especially under 
harsh conditions (e.g., strong acidity or alkalinity, high temperature, and high 
overpotential). The concept, which originates from unique electron penetra-
tion through the 2D crystal layer from the encapsulated metals to promote a 
catalytic reaction on the outermost surface of the 2D crystal, has been widely 
applied in a variety of reactions under harsh conditions. It has been vividly 
described as “chainmail for catalyst.” Herein, recent progress concerning this 
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and control with the associated electronic properties of such heterostructure 
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CO2 conversion, solar cells, metal–air batteries, and heterogeneous catalysis. 
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1. Introduction

In the fields of catalytic science and technology, developing 
catalysts with high activity and stability is eternally the major 
pursuit. In consideration of this motivation, precious metals 
(e.g., Pt, Pd, Au, and their alloys) are always employed to drive 
most of catalytic processes because they can exhibit inimitable 
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for flexible tuning of structural and electronic properties in 
such kind of catalysts.

Here, we briefly summarize recent progress in the TM2D 
crystal chainmail catalysts and their wide applications in a 
number of chemical reactions. We introduce the concept 
of electron penetration originated from the TM–graphene 
structure, and then various pathways to tune its structure, 
components, and electronic state, so as to optimize the catalytic 
performance of this unique catalyst. On this basis, the different 
applications of the chainmail catalysts via structural control are 
systematically discussed (Table 1). Finally, we give a perspective 
on challenges and opportunities in future research with respect 
to both the fundamental understanding and industrial applica
tion of such chainmail catalysts.

2. The Concept of Chainmail for Catalyst

2.1. Origin from the TM@Graphene Catalyst

Nonpreciousmetal catalysts with TMs in their low valence 
state can even display higher reactivity in many reactions than 
some precious metals, but they usually do not demonstrate sus
tainable reactivity for many reactions under harsh conditions, 
such as strong acidic or alkaline medium, high overpotential, 
and high temperature.[15] In many enzymes and homogeneous 
catalysts, coordinatively unsaturated (CUS) metal sites are often 
the catalytically active sites and also are very stable due to the 
effective protection by the different ligands.[17,18] For example, 
in the methane monooxygenase (MMO), the converted reaction 
of methane to methanol typically occurs on a diiron center, 
in which the TMs are constrained by the proteins to prevent 
their deep oxidation during catalysis and thereby the CUS sites 
are effectively maintained.[17] Inspiring from the nature, other 
substance with the similar function to the organic ligands in 
enzymes may be explored to protect the unstable TMs.

Graphene, one of 2D materials, with unique physical and 
chemical properties is very stable under harsh conditions,[19–25] 
which is an excellent candidate for the protection. For example, 
previous studies have reported that graphene can stabilize 
some metalbased structures like the metal atoms doped into 
a graphene matrix[26–28] or the wellknown metal/nitrogen/
carbon composites.[29–34] However, the stability is still not satis
fied under harsh conditions, due to the weak bonding between 
metals and carbon atoms or the direct exposure of metals to the 
harsh environment. One promising strategy is to employ gra
phene as outer shell to completely encapsulate metals, which 
can effectively protect the inside metals from being destroyed 
in harsh conditions because the inside metals cannot contact 
reactants and the reaction medium.

The remaining key point is how to trigger the catalytic 
activity of these materials. Pristine graphene is a zerooverlap 
semimetal with very low density of states (DOS) near the Fermi 
level, which is actually very inert in reaction.[19,35] Therefore, in 
order to increase the reactivity of graphene, it needs to increase 
the DOS near the Fermi level.[36] Like the chemical modifica
tion with dopants such as nitrogen and boron to increase the 
DOS near Fermi level of graphene,[37,38] the CUS metals inside 
the graphene shells with sufficient electrons can be used as 

electron donors for tuning the electronic state of graphene sur
face. Encouragingly, previous studies showed that the electron 
transfer will happen when fullerenes or metallofullerenes were 
embedded into the carbon nanotube, and thereby it will change 
the local surface electronic state of the carbon nanotube.[39,40] 
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For example, the bandgap of carbon nanotube is narrowed to 
≈0.1 from ≈0.5 eV where Gd@C82 endohedral fullerenes are 
inserted.[39] Moreover, several theoretical calculations have 
exhibited that when TMs like Fe, Co, and Ni were encapsu
lated in graphene shells, electron transfer will happen through 
the metal–carbon interaction.[41,42] For example, inserting TM 
nanowires inside zigzag nanotubes C(m, 0) will bring charge 
transfer from TMs to carbon nanotubes, and the transfer pro
cess will be enhanced via decreasing the nanotube diameter and 
increasing nanowire thickness.[41] However, whether the elec
tron transfer from CUS TMs can affect the catalytic reactions 
on graphene surface has not been investigated and understood 
before, though some similar structures of graphitic carbon 
coating metal can be found in several catalytic systems.[43,44]

In light of this, the definite concept about the electronic 
effect between nonpreciousmetal catalyst and graphene shell 
on the catalysis has been proposed by our group recently 
(Figure 1a).[13] We constructed a welldefined structure by com
pletely encapsulating CUS metal into graphene shell, and found 

that oxygen reduction activity in the acidic medium on gra
phene surface has been significantly enhanced assisting by the 
encapsulated metallic Fe nanoparticles (Figure 1b). The stability 
of the Fe catalyst, usually suffered from acidic solutions, oxi
dants or poisons, has been significantly improved. Meanwhile, 
the high activity can be effectively maintained. Experiments and 
theoretical calculations showed that because of the work func
tion difference between the graphene and Fe, a part of electron 
will transfer from the Fe to the graphene surface. It leads to the 
decrease of local work function on graphene surface (Figure 1c),  
which further increases the DOS near Fermi level of graphene 
(Figure 1d,e) and therefore promotes the oxygen activation on 
graphene surface to enhance the catalytic activity. This strategy 
is like soldiers wearing chainmail to protect themselves from 
injury in ancient combat, where the chainmail should not 
hinder the fighting capacity of soldiers. So the concept can be 
vividly depicted as “chainmail for catalyst” (Figure 1f), in which 
the graphene shells are used to stabilize nonpreciousmetal cat
alysts under harsh conditions and the electronic properties for 
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Table 1. Summary of chainmail catalysts for application in catalysis.

Chainmail catalyst Structure Reaction system Performance

TM@graphene FeCo alloy encapsulated in N-doped CNT ORR in PEMFCs[45] Maximum power density of 328 mW cm−2,  

and stability of more than 150 h

CoNi alloy encapsulated in ultrathin  

graphene shell (1–3 layers)

HER in acidic medium[46] Overpotential of 142 mV at 10 mA cm−2

FeNi encapsulated in single-layer graphene shell OER in alkaline medium[49] Overpotential of 280 mV at 10 mA cm−2

Fe encapsulated by ultrathin (1–3 layers)  

carbon layers

CO2 conversion[156] CO generation of 55.75 µmol min−1,  

selectivity of 99.76%

FeNi encapsulated in N-doped pod-like CNT CE of DSSCs[160] Power conversion efficiency of 8.82%

Carbon-encapsulating NiFe2 nanocrystals Zn–air battery[169] Charge–discharge overpotential  

of 0.78 V at 50 mA cm−2

N-doped single layer graphene  

shell encapsulating Co

Li–air battery[177] Discharge and charge overpotentials  

of 0.14 and 0.58 V

Fe nanoparticles encapsulated in pod-like  

carbon nanotubes

Fischer–Tropsch synthesis[188] High selectivity of light olefins (45%) and high stability 

over 120 h reaction

Hierarchically porous N-doped carbon frameworks 

embedded with Co nanoparticles

Catalytic hydrogenation[181] Rate constant of 1.024 min−1 for the hydrogenation  

of 4-aminophenol

TM carbide@graphene Ultrasmall Mo2C nanoparticles embedded within 

nitrogen-rich carbon (NC) nanolayers

HER over a wide PH range[145] Overpotential of 124, 156, and 60 mV at 10 mA cm−2 

in acidic, neutral, and basic medium, respectively

TM oxide@graphene Uniform CoMnO nanoparticles coated with a thin, 

continuous nitrogen-doped carbon (CN) framework

HER in alkaline medium[60] Overpotential of 71 mV at 20 mA cm−2

TM phosphide@graphene Co2P encapsulated in N,P-doped graphene HER in acidic medium[65] Overpotential of 103 mV at 10 mA cm−2

TM nitride@graphene Hybrid Co2P and CoxN nanoparticles encapsulated  

in N-doped graphene shell

Zn–air battery[67] Charge–discharge voltage gap of 0.85 V

TM@g-CN Carbon nitride (CN) encapsulating Ni Catalytic hydrogenation[78] Conversion and selectivity of 100% in hydrogenation 

of p-nitrobenzoic acid under pH of 3.6 for 4 h

Metallic Co encapsulated in nitrogen-rich  

carbon nitride

HER in acidic medium[79] Overpotential of 200 mV at 10 mA cm−2

TM oxide@g-CN C2N 2D network encapsulating Co oxide NaBH4 hydrolysis in alkaline 

medium[80]

Maximum H2 generation rate  

of 8903 mL min−1 g−1 at 303 K

TM@BN BN covered Au ORR in acidic medium[74] Overpotential reducing by ≈ 0.27 V if BNNS  

is placed on Au

TM@MoS2 Single-layer MoS2 attached on different substrates  

of Ir (111), Pd (111), and Ru (0001)

Hydrogen adsorption[75] Binding of hydrogen enhanced as much as ≈0.4 eV  

by DFT calculation
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the catalytic activity of nonpreciousmetal catalysts will not be 
shielded by the graphene shells.

2.2. Modulation and Optimization toward  
the TM@Graphene Chainmail Catalyst

The structural modulation of a material usually has an impor
tant effect on its electronic properties and thereby the corre
sponding catalytic performance. Therefore, a structural and 
electronic modulation and optimization of this unique chain
mail catalyst will promote it to make the most of its advantage 
for the catalytic reactions under harsh conditions. Various fac
tors can influence the electron penetration process from TMs 
through graphene shell, such as thickness of graphene shell, 
heteroatom doping within graphene surface, TM type, size, cur
vature of graphene shell, etc. (Figure 2a). Recently, a number 
of important studies have been carried out by considering 
these factors to achieve the modulation and optimization in the 
TM@graphene chainmail catalysts.

First, the layer number of graphene shell in the chainmail 
catalyst is often changeable during the preparation, and the 
effect of the graphene layer thickness on the electron transfer 
should be considered. Several studies have shown that the 

electron shuttle across the graphene layer is limited to no 
more than three to four carbon layers,[47,48] which indicates that 
reducing the graphene layer number of the shell will reinforce 
such an electron transfer process. Lately Deng et al. found that 
graphene layer number decrease will significantly promote the 
electron transfer from TMs to graphene shell, which therefore 
enhances the O2 adsorption on the graphene surface and sub
sequently the oxygen reduction catalytic activity, according to 
both the experiments and theoretical calculations (Figure 2b).[45]  
More recently, only one to three layers graphene encapsu
lating CoNi catalyst (Figure 2c)[46] and singlelayer graphene 
encapsulating FeNi catalyst[49] both showed high activities 
toward hydrogen production and oxygen evolution separately 
in electrocatalytic water splitting. It can be attributed to the 
greatly enhanced electron penetration through the graphene 
layer to tune the electronic structure of the graphene surface 
(Figure 2d).[46] The conducted studies indicate the thinner 
the graphene shell, the more the electron transfer and the 
higher the catalytic activity.

The heteroatom doping (e.g., N, B, and P) has been proved 
as an effective way to tune the electronic properties and 
catalytic performance of graphene through electron interac
tion.[37,38,50–53] So the introduction of heteroatoms into the gra
phene shell will affect the electron transfer from TMs and the 
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Figure 1. a) Schematic illustration of electron penetration through graphene layer for catalysis. b) HRTEM image of Pod-Fe with the inset showing Fe 
[110] crystal face of the nanoparticles. c) Photoemission electron microscopy (PEEM) image of Pod-Fe with a start voltage of 1.7 V for its laser. The top 
inset showing the lightness profile along the lines. The bottom inset showing the corresponding low-energy electron microscopy (LEEM) image of the 
same region. d) STXM chemical images of the Pod-Fe, red: iron particle regions, green: thick CNT regions, blue: thin CNT regions. e) Projected density 
of p-states of carbon atoms bonded to Fe4 in Fe4@SWNT and Fe4@N-SWNT compared with that in pure SWNT. The vacuum level is aligned at 0 eV. 
The red and blue regions in plot II and III indicate a charge increase and decrease, respectively. f) Schematic illustration of the concept of “chainmail for 
catalyst.” a) Reproduced with permission.[14] Copyright 2016, Nature Publishing Group. b,c,e) Reproduced with permission.[13] Copyright 2013, Wiley-
VCH. d) Reproduced under the terms of the CC-BY Creative Commons Attribution 3.0 Unported Licence.[16] Copyright 2015, Royal Society of Chemistry.
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corresponding catalytic activity of the graphene shell surface. 
For example, when N atoms were doped into the graphene 
shells, the electrocatalytic oxygen reduction and hydrogen evo
lution processes can be both promoted by using such kind of 
chainmail catalysts. It was because the presence of N dopants 
in the graphene shell will further increase the DOS near the 
Fermi level according to the density functional theory (DFT) cal
culations.[13,45,46,54] Furthermore, Zhang et al. recently codoped 
B and N atoms into the graphene cages that encapsulating Co 
nanoparticles. They found that the codoping of B and N atoms 
can produce a synergistic effect in tuning the electronic proper
ties of the surface carbon atoms, as well as can couple with the 
encapsulated Co nanoparticles to promote the electrocatalytic 
hydrogen evolution activity.[55] In addition, Ryu et al. described 
a new type of carbon shell coating Co nanoparticles, of which 
the surface composites are modified by P incorporation. This 
Pdoped catalyst exhibits efficient oxygen electrode catalytic 
activity.[56]

Different metals possess different work functions, leading 
to the difficulty and number of electron transfer from TMs to 
graphene shell to be different. The surface electronic properties 
and local work function of graphene can be effectively tuned 

through altering the TM types, which therefore optimizes 
the catalytic performance in a specific reaction system. For 
example, Deng et al. found that metallic Co encapsulated inside 
the graphene shell will show much higher modulation ability 
to the hydrogen evolution activity of graphene than that of 
metallic Fe.[54] Xing et al. gained a better counter electrode (CE) 
toward I3

−/I− reduction reaction with encapsulating Ni nano
particles in comparison to the Co nanoparticles.[57] In addition, 
when graphene shell is used to encapsulate TMs, the graphene 
matrix will become curvy. The electron transfer process and the 
electron distribution on the graphene surface may be affected 
by the curvature of graphene shell and the particle size of TMs. 
Such effect still needs a detailed and deep study from experi
ments and theoretical calculations.

3. Expansion of the Chainmail Concept  
into More TM@2D Crystal Catalysts

The chainmail catalyst can be employed in some reaction sys
tems under harsh conditions, where bare nonpreciousmetal 
catalysts usually appeared unstable. Such advantage of the 
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Figure 2. a) Schematic illustration of the structural and electronic modulation within the TM-graphene chainmail catalyst. b) The DFT calculated dis-
sociative adsorption energy of O2 (Ea(dis)) on the carbon surface of pure or N-doped (doped with two nitrogen atoms) SWCNTs, DWCNTs, and TWCNTs 
with or without an enclosed Fe4 cluster. c) HRTEM image of graphene shell encapsulating CoNi nanoparticles (CoNi@NC). d) The redistribution of 
electron density after a CoNi cluster is covered by one to three layers of graphene. The red and blue regions represent increased and decreased electron 
density, respectively. b) Reproduced with permission.[45] Copyright 2013, Royal Society of Chemistry. c,d) Reproduced with permission.[46] Copyright 
2015, Wiley-VCH.
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chainmail catalyst has been referenced by more researchers. 
Based on the fact that both TM materials and 2D crystals pos
sess abundant alternatives, flexible combination between dif
ferent TM materials and 2D materials can be achieved. Recently, 
diverse TM materials and 2D crystal shells have been fabricated 
and studied (Figure 3), which enriched such class of chainmail 
catalysts and enormously expanded their applications (Table 1).

3.1. Variation of the TM Types

In the initial introduction of chainmail catalyst, metallic TMs 
were encapsulated into the graphene shells as electron donor, 
such as Fe, Co, Ni, or their alloy nanoparticles. Science then, 
many kinds of TM materials have been successfully encapsu
lated for various catalytic processes, such as TM carbide, TM 
oxide, TM phosphide, TM nitride, etc. (Figure 3).

When TM carbide was encapsulated in graphene shell, the 
electronic modification on graphene surface to promote cata
lytic activity can also be found. For example, Chen et al. pre
pared a CoxC encapsulated in carbon shell catalyst, showing 
high oxygen reduction activity which is comparable with that of 
20 wt% Pt/C in 0.1 m KOH electrolyte. It also exhibited a high 
activity in 0.1 m HClO4 with a nearcomplete 4e− pathway.[58] In 
addition, when Co3ZnC and Co were simultaneously encapsu
lated in graphene layers, the heterostructure of Co3ZnC/Co will 
synergistically enhance the adsorption of reaction intermedi
ates to be beneficial to the electrocatalytic activities on carbon 
surface. The material ultimately served as a high bifunctional 
oxygen catalyst toward oxygen reduction and oxygen evolution 
processes.[59]

Besides TM carbide, TM oxide has also been encapsulated 
into the graphene shell to form the unique chainmail catalyst. 
In the report of Li et al.,[60] the presence of CoMnO nanoparti
cles inside graphene framework will contribute to the decrease 
of local work function via the electron transfer on graphene 
surface to promote the catalytic activity. It can be served as an 
efficient bifunctional watersplitting electrocatalyst. Further
more, combining with a silicon photovoltaic cell, this bifunc
tional catalyst enabled unassisted solar water splitting with 
a solartohydrogen conversion efficiency of 8.0%. In addi
tion, Cheng et al. reported a MnO nanoparticles encapsulated 
in mesoporous fewlayer carbon (MnO@FLC), which shows 

excellent oxygen reduction activity with an onset potential of 
−0.005 V and a halfwave potential of −0.153 V (vs Ag/AgCl). 
They disclose that the fewlayer carbon could be activated by 
the encapsulated MnO nanoparticles and further become active 
sites for the oxygen reduction process.[61]

Recently, TM phosphide has attracted much attention in the 
electrocatalysis fields due to the high performance,[62–64] but the 
instability in harsh environment is still existed. Zhuang et al. 
developed a onepot strategy for the fabrication of Co2P encap
sulated in N, Pdoped graphene (Co2P@NPG) and used it as an 
electrocatalyst for hydrogen production under strong acidic or 
alkaline medium.[65] Owing to the synergistic modulation effect 
of Co2P nanoparticles and N, P dopants, a high hydrogen evo
lution activity was obtained. Meanwhile, encapsulation by gra
phene effectively prevent nanoparticles from corrosion, exhibi
ting nearly unfading catalytic performance during 30 h testing. 
Moreover, this method is versatile and can be easily extended to 
other TM phosphides such as Fe2P, Ni2P, and Pd5P2 encapsu
lated in graphene shells.

Similarly, when Fe2N was encapsulated in the carbon shell, it 
showed outperformed activity than Pt toward oxygen reduction 
reaction in alkaline electrolyte and comparable activity to Pt/C 
(onset potential of 0.82 V versus 0.91 V) in acidic electrolyte. It 
also showed outstanding durability and resistance to methanol 
crossover, ascribed to that the carbon shell suppresses the dis
solution or agglomeration of Fe2N nanoparticles.[66] On this 
basis, dual TM compounds can be embedded into graphene 
shells, providing a hybrid Co2P and CoxN nanoparticles encap
sulated in Ndoped graphene shell catalyst. The positive syner
gistic effect of the coexistence of Co2P and CoxN as well as their 
strong coupling with graphene greatly promote the electron 
transfer between the catalyst surface and reaction molecules, 
which eventually bring the optimized structure as an efficient 
bifunctional catalyst in the rechargeable Zn–air batteries.[67]

3.2. Variation of the 2D Materials

The successful research of graphene has promoted other 
2D crystal materials (BN, MoS2, etc.) to be prepared and 
studied.[68–72] Like graphene, they also can be adopted to encap
sulate the TM materials due to their bendable plane struc
ture, though the experimental construction is still remained 

Adv. Mater. 2017, 29, 1606967

Figure 3. Schematic illustration of the different TM materials and 2D crystal shells within the chainmail catalyst.
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as a challenge compared to the graphene. Recently, there have 
been a few studies on nongraphene shells covering TM cata
lysts, such as BN, MoS2, graphitic carbon nitride (gCN), etc. 
(Figure 3).

BN, a typical chemical inert 2D crystal, usually cannot act as 
an efficient catalyst. However, when it was covered on metallic 
Ni surface, the catalytic activity toward oxygen reduction reac
tion can be achieved according to the DFT calculations. The 
studies showed that the mixing between the metal d and BN 
π bonds will provide the electron transport to the active sites 
on BN, promoting the adsorption of O species such as O2, 
OOH, OH, and O. Therefore, the BN can be functionalized by 
the underneath metal Ni to become catalytically active. On the 
basis of this calculated results, one can further tune the cata
lytic activity of BN by choosing a suitable TM.[73] Encouragingly, 
Uosaki et al. have demonstrated the validity of this BN covering 
TM catalyst from experiment accompanied with DFT calcula
tions. In their experimental results, BN nanosheets supported 
on Au (111) electrode will significantly reduce the overpoten
tial for oxygen reduction reaction compared with pure Au (111) 
electrode and BN nanosheets on bare glassy carbon electrode. 
DFT calculations show that a slight increase of DOS near 
the Fermi level is observed when BN supported on Au (111) 
through the BN–Au interaction. It promotes the O2 adsorption 
on BN and thereby induces the catalytic activity on the inert BN 
surface.[74]

Another 2D crystal material MoS2 has attracted great 
research interest during recent years, but no effective experi
mental method yet can be used to achieve the structure of MoS2 
covering TMs, except for theoretical studies. Chen et al. inves
tigated the electronic and chemical properties of a singlelayer 
MoS2 attached on different TM substrates such as Ir (111), Pd 
(111), and Ru (0001). Their DFT calculations indicated that by 
using hydrogen adsorption as a testing example, the chemi cal 
reactivity of the absorbed MoS2 layer can be substantially 
altered by the introduction of metal substrate. An electron 
transfer from the metal to the MoS2 layer will enable a stronger 
H–S coupling for enhancing the hydrogen binding by as much 
as ≈0.4 eV, which thereby can boost the hydrogen production 
and related chemical process.[75]

gCN, another important carbonbased 2D crystal mate
rial, owns a similar 2D structure to that of graphene and has 
been widely studied when directly used as catalyst.[76,77] When 
using gCN to encapsulate the TMs, it may further enhance 
the intrinsic activity due to the additional electronic contribu
tion from the TMs. One typical example is come from Ding 
and coworkers,[78] by using carbon nitride (CN) encapsulating 
Ni as the catalyst to promote hydrogenation of nitrobenzene to 
produce pamoniophenol in strong H2SO4 (1.5 m). They found 
that it showed a high activity and stability, while for this reac
tion only precious metals can be used in previous studies due 
to the strong corrosion of H2SO4. The characterization demon
strated that metallic Ni donates electrons to CN, promoting the 
hydrogen directly to be absorbed and activated on the CN sur
face for reaction with nitro compounds to amino compounds. 
The direct contact of the metal with the harsh environment 
is avoided, which makes it highly stable. Dai et al. have also 
embedded metallic Co into nitrogenrich carbon nitride (Co@
NCN). The metallic Co nanoparticles are wellconfined and 

protected by the NCN to exhibit excellent stability (5000 cycles) 
in acidic hydrogen evolution reaction. The electronic coupling 
between Co nanoparticle and NCN shell accelerates the charge 
transfer to provide outstanding activity with an onset potential 
of −89 mV versus RHE.[79]

Besides the metallic TMs, other TM compounds can also 
be encapsulated into gCN shells, such as TM oxide and TM 
carbide. Mahmood et al. have reported an in situ solvothermal 
synthesis to fabricate C2N 2D network encapsulating Co oxide 
(Co@C2N) structure. The obtained catalyst exhibited out
standing catalytic activities for hydrogen generation from the 
hydrolysis of alkaline sodium borohydride (NaBH4) solutions. 
The rate of maximum hydrogen production is comparable to 
the best reported values for other preciousmetal catalysts in 
alkaline solutions. The high catalytic activity may originate 
from the strong interaction between the Co oxide nanoparticle 
and the C2N framework.[80] In addition, Liu et al. recently pre
pared nanosized Fe3C encapsulated within mesoporous carbon 
nitride (Fe3C@mCN), exhibiting a superior oxygen reduction 
activity and much better durability compared to that of com
mercial Pt/C catalyst.[81]

4. Application

In view of the advantages in such chainmail catalysts (TM@2D 
crystal), many reaction processes under harsh conditions (e.g., 
strong acidic or alkaline medium, corrosive solution, high over
potential, and high temperature) can employ them to enhance 
the stability of TM catalysts. In recent years, the applied reac
tion systems of the chainmail catalysts have been extended into 
several important research fields, including the fuel cells, water 
splitting, CO2 conversion, solar cells, metal–air batteries and 
heterogeneous catalysis (Table 1), showing great potential of the 
unique chainmail catalysts for catalysis.

4.1. Oxygen Reduction Reaction (ORR)

Fuel cells have been regarded as promising clean and efficient 
energy conversion devices, in which the sluggish reaction 
kinetic of the ORR at cathode is the major limit to increase 
the energy conversion efficiency. Considering both the high 
catalytic performance and easy to be commercialized, nonpre
cious alternatives should be developed to replace Ptbased pre
cious electrocatalysts in order to reduce the cost of this device. 
Especially, the instability of nonpreciousmetal catalysts under 
working conditions (strong acid or base, high overpotential) 
and poison environment (e.g., CO, SO2, and CH3OH) has to be 
overcome. The unique chainmail catalyst showed the possibility 
to become the Ptalternative electrocatalyst,[61,82–109] which was 
first tried by Deng et al. (Figure 4a). In their study, metallic Fe 
nanoparticles were encapsulated by graphene shell, exhibiting 
both high activity (Figure 4b) and high durability (Figure 4c). 
The reason for the performance enhancement is as discussed 
in the concept origin section that a part of the electron will 
transfer from the Fe to the graphene surface. It leads to the 
decrease of local work function on graphene surface, which 
further increases the DOS near Fermi level of graphene and 
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therefore promotes the oxygen adsorption on graphene surface 
to enhance the catalytic activity.[13]

Afterward, more metallic TMs were successfully introduced 
into the graphene shell for the ORR, owing to the progress in 
the understanding of material preparation and experimental 
technology. For example, Liu et al. have devised a facile and 
costeffective solidstate thermal reaction of cyanamide and 
transitionmetal chloride to prepare TM nanoparticles (Fe, Co, 
and Ni) encapsulated in Ndoped graphene shell. The different 
TMs showed different promotion to the ORR activity, where 
the Co enclosed in the Ndoped carbon even owned a higher 
activity in terms of the halfwave potential value (0.84 V) com
pared to commercial Pt/C catalyst (0.82 V) as well as a better 
durability under the longterm stability and methanoltolerance 
measurements.[111] Likewise, Kong et al. prepared the nitrogen
doped carbon cubes embedded with numerous metallic Co 
nanoparticles by onestep pyrolysis of a unique “cageincage” 
Co metal–organic framework (MOF). With about 60 wt% Co 
particles in the prepared sample, the obtained catalyst shows 
high electrocatalytic activity for the ORR. The efficiency is com
parable to the commercial Pt/C catalyst, and the durability and 
methanoltolerance performance are better than commercial 
Pt/C catalyst.[112]

Besides the metallic TM nanoparticles, TM carbides are often 
encapsulated due to their similar and facile prepared process 
as the metallic TMs. For example, the Fe3Cbased electrocata
lysts have been often reported in the literature.[113,114] Hu et al. 

encapsulated Fe3C nanoparticles in graphitic layers (Figure 4d), 
which was highly active and stable toward oxygen reduction 
reaction in both acidic and alkaline electrolytes (Figure 4e,f).[110] 
In their catalytic nature study, the fact that Fe3C nanoparticles 
activated the surrounding graphene shell to make the outer sur
face of the carbon layer active toward oxygen molecules is the 
reason why this Fe3C/C catalyst exhibit excellent electrocatalytic 
performance (Figure 4d).

Guo’s group has done several interesting works by encapsu
lating Fe3C nanoparticles to catalyze the ORR. For example, they 
demonstrated a new onestep softtemplateinduced strategy 
through annealing a mixture of PEG–PPG–PEG Pluronic P123, 
melamine and Fe(NO3)3 at high temperature, for controlled 
synthesis of Fe3C encapsulated in graphene. The resulting 
hybrid electrocatalysts showed a high ORR activity with a half
wave potential of 0.861 V (vs RHE) which is much more pos
itive than that of 20% Pt/C (0.812 V vs RHE) in 0.1 m KOH  
solution, and a comparable onset potential to that of Pt/C cata
lyst in acidic media. More importantly, the asprepared electro
catalysts exhibited much better durability than the commercial 
Pt/C catalyst in both alkaline and acidic solutions.[115] On this 
basis, they developed a simple method to achieve manufac
turing hierarchical micro, meso, and macropores on the walls 
of graphene to introduce a 3D diffusion pathway for O2 and 
electrolyte. This method can also bring more electrochemically 
active and stable Fe3C nanoparticles into the graphene shell for 
increasing the active domains. Through these two important 
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Figure 4. a) A scheme of the reaction process for ORR at the surface of Fe4@SWNT. b) A single H2–O2 fuel cell performance test with Pod-Fe, 
Pod(N)–Fe, Pod(N)–FeCo, and commercial 20% Pt/C (JM) cathodes. c) H2–O2 fuel cell durability test with the Pod-Fe, Pod(N)–Fe, Pod(N)–FeCo cath-
odes at a steady current of 0.1, 0.5 and 0.5 A, respectively. d) Oxygen reduction process on Fe3C/C-700 (scale bar = 5.00 nm). e) LSVs of Fe3C/C-700, 
Fe3C/C-700L, and Pt/C at 900 rpm in O2-saturated 0.1 m HClO4 before and after 4500 potential cycles. f) LSVs of Fe3C/C-800 and Pt/C at 900 rpm in 
O2-saturated 0.1 m KOH before and after 4500 potential cycles. a–c) Reproduced with permission.[13] Copyright 2013, Wiley-VCH. d–f) Reproduced with 
permission.[110] Copyright 2014, Wiley-VCH.
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features, the modified catalyst exhibits a higher ORR activity 
and superior durability relative to previous unhandled ones and 
commercial Pt/C catalyst in both acidic and alkaline media.[116]

Since the hierarchical modulation within the chainmail cat
alyst can synergistically boost the ORR process, some studies 
focus on the design and synthesis of 3D hybrid framework 
catalyst to achieve the activity enhancement. Zhang et al. 
employed a simple NaClassisted pyrolysis approach for the in 
situ synthesis of 3D hybrid of metallic Fe and Fe3C encapsu
lated in graphitic carbon integrating with carbon nanosheets. 
The obtained sample preserved the intrinsic catalytic centers 
of graphene enclosing metallic Fe/Fe3C nanoparticle, and addi
tionally possessed enlarge specific surface area and porosity for 
accommodating sufficient active sites and facilitating electron/
mass transfer due to the structural advantage of this 3D carbon 
hybrid. Benefiting from these features, the developed hybrid 
exhibited a significantly enhanced electrocatalytic activity and 
durability for the ORR. Another important advantage is that 
NaCl can be easily recycled via a recrystallization process, which 
makes the preparation costeffective and easily scalable.[117] In 
addition, Hou et al. also prepared a 3D nanoarchitecture com
prising CoNi alloy encapsulated in Ndoped graphene grown on 
Ndoped porous carbon nanosheets with the desirable porosity, 
sufficient active sites and good conductive networks. When 
evaluated as an electrocatalyst for ORR, the hybrid shows effi
cient catalytic activity, high selectivity, superior durability, and 
strong tolerance against methanol crossover compared with the 
commercial Pt/C catalyst, which are even better than those of 
most previous reported carbonbased electrocatalysts.[118]

In view of the graphene layer thickness being very impor
tant in affecting the electron transfer between the TMs and gra
phene shell, controlling the layer thickness is also a significant 
research direction. Noh et al. recently optimized the shell thick
ness by oxidizing carbon with CO2 at high temperature within 
the framework of Cu particles encapsulated by Ndoped carbon 
(Cu@N–C). The Cu@N–C catalyst after CO2 treatment showed 
a dramatically enhanced ORR activity to a similar level to Pt/C 
catalyst, and a better stability than Pt/C catalyst under longtime 
tests. Their DFT calculations displayed that the encapsulated 
Cu particle donates electronic charges to the N–C layers, which 
enables favorable electronic interactions between the carbon 
surface and adsorbed molecules in the ORR to contribute the 
high activity.[119]

4.2. Hydrogen Evolution Reaction (HER)

Hydrogen as a clean and renewable fuel has long been expected 
to replace the traditional fossil fuels to act as potential energy 
carrier for future energy infrastructure. The most abundant 
and renewable hydrogen source is from the water, which makes 
the electrocatalytic water splitting become an important high
efficient technology for the hydrogen production. One halfreac
tion in water splitting is the HER, which consumes Ptbased 
precious metals as the stateoftheart catalysts. However, 
the high cost and limited reserve of Ptbased electrocatalysts 
require seeking for highly active and stable nonpreciousmetal 
catalysts, which usually suffer from leaching or corrosion in 
strong acidic or alkaline electrolyte. The chainmail catalyst 

has been originally applied into the HER system by our group 
(Figure 5a) and Asefa’s group recently.[120–137]

Our experiments and DFT calculations indicated that the 
adsorption of hydrogen on pristine graphene is too weak 
because the chemically inert surface of graphene leads to the 
adsorption process thermodynamically unfavored. Thus, gra
phene shows poor HER activity. After graphene encapsulating 
TM nanoparticles, the electron will transfer from TMs to gra
phene due to the lower work function of TMs compared with 
graphene. It significantly modified the electronic state near 
the Fermi level of carbon atoms to make the band center of 
the occupied states of the C–H bond locate in a lower energy 
regime, which means a stronger chemical bonding between 
hydrogen atom and carbon atom to enhance the hydrogen 
adsorption on the graphene surface (Figure 5b) and thereby the 
HER activity (Figure 5c). Meanwhile, the stability of nonpre
ciousmetal catalysts is significantly enhanced with the protec
tion of graphene shell.[54]

Almost at the same time, Asefa’s group also reported a 
simple, easily scalable synthetic route involving thermal 
treating of TM cations and graphitic carbon nitride to prepare 
TMembedded Nrich graphene shell. The material is proven 
to be highly efficient for HER.[139] They thought the encapsu
lated metal nanoparticles can result in the decreased local work 
function on carbon surface through the facile electron transfer 
from metal particles to graphene. It will also couple with the 
N dopants to favor the hydrogen adsorption and thereby the 
catalytic activity. The results of the electrocatalytic measure
ments of different enclosed TMs showed the activity increase 
in an order of Fe < Ni < Co in their studies, which is consistent 
with the results of our study showing the modulation ability as 
the sequence of Fe < Co (Figure 5c).

In consideration of the Co atom in the chainmail catalyst is 
a much better choice for the HER system, many studies have 
selected it as the encapsulated materials. For example, Zhou 
et al. adopted a facile solvothermal and subsequent hightem
perature calcination procedure by decomposition of cyanamide 
and concurrent reduction of Co2+ to prepare Ndoped carbon 
wrapping Co nanoparticles on Ndoped graphene nanosheets 
(Co@NC/NG) for HER.[140] The resulting composites were 
found to possess high conductivity and abundant active sites, 
leading to the Co@NC/NG hybrids exhibited a remarkable 
electrocatalytic activity with an onset potential at only −49 mV 
(vs RHE) and excellent catalytic stability. They also conducted 
the DFT calculations to unravel the fundamental mechanism 
by using a C60 molecule with a Co atom in it to simulate the 
carbonwrapping Co nanoparticles in the experiments. It was 
found that about 0.7 electron was transferred from Co to the 
nearby carbon atoms raising the Fermi level, and some energy 
levels in the highest occupied molecular orbital (HOMO)–
lowest unoccupied molecular orbital (LUMO) gap of the pure 
carbon cage were introduced. These were expected to decrease 
the local work function and increase chemical reactivity, leading 
to HER activity enhancement, as observed experimentally. 
In addition, Su et al. demonstrated a straightforward method 
to prepare highly integrated Conanoparticlerich carbon 
nanofibers via selfassembly and carbonization of metalorganic 
complex nanofibers, possessing high contents of well dispersed 
Co nanoparticles estimated to be 51.3 wt%. The asobtained 
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catalyst exhibited superior HER stability and activity with an 
overpotential of only 196 mV (vs RHE) at the current density of 
10 mA cm−2 in 1 m KOH and surpassed the HER performance 
of benchmarked Pt/C in concentrated alkali solution.[141]

Besides the nonprecious TMs (Fe, Co, Ni, etc.), other pre
cious TMs like Au can also be encapsulated as HER catalyst 
although Au nanoparticle itself is rare seen to be efficient for 
HER studies. In addition, the uptake of precious metals from 
electronic waste and subsequently manufacturing as cata
lyst is of environmental significance and potential commer
cial value. Recently, Zhou et al. prepared evenly dispersed Au 
nanoparticles (≈20 nm) embedded in Ndoped carbon (Au@
NC) after bioreduction of precious metals by microorganism 
cells. The high resolution transmission electron microscopy 
(HRTEM) images and XPS results confirm the strong inter
action generated by the in situ bioreduction and calcination 
process. It was advantageous for the charge transport between 
the Au and Ndoped carbon to modulate the electronic density 
states of Ndoped carbon and to promote the catalytic activity. 
The optimized Au@NC catalyst displays efficient HER activity 
with a small onset potential of only −54.1 mV (vs RHE), a Tafel 
slope of 76.8 mV dec−1, a large catalytic current density, and 
electrochemical durability, while the bare Au nanoparticles or 
supported on Ndoped carbon both showed a negligible HER 
activity.[142]

As a result of the similar dband electronic DOS to that of Pt 
and high electrical conductivity, TM carbides, especially molyb
denum carbide, had long been expected to be promising nonPt 
HER electrocatalysts.[143,144] However, the problems of inevitable 
aggregation and/or excessive growth of molybdenum carbide 
nanoparticles and the ready oxidation of the surface of molyb
denum carbide nanoparticles to molybdenum oxide species still 
remained. Recently, these disadvantages have been overcome 
by fabricating the chainmail catalyst, i.e., encapsulating the 
molybdenum carbide nanoparticles into the graphene shells. 
One report was from Zou and coworkers.[145] They adopted a 
simple onestep thermal treatment of homogeneously mixed 
ammonium molybdate and dicyandiamide in Ar atmosphere to 
produce ultrasmall molybdenum carbide (Mo2C) nanoparticles 
embedded in nitrogenrich carbon (NC) nanolayers (Mo2C@
NC). The Mo2C@NC hybrid nanoelectrocatalyst shows remark
able catalytic activity, great durability, and about 100% Faradaic 
yield toward the HER over a wide pH range (pH 0–14). More 
importantly, it owns even a much higher catalytic activity than 
the bare Mo2C. The DFT calculations indicated the presence 
of the synergy between Mo2C and N dopants to the neigh
boring C atoms through the electron transfer process can tune 
the hydrogen adsorption on Mo2C@NC to a moderate level 
instead of too weak on pristine graphene and too strong on 
bare Mo2C, resulting in the final high HER activity. Ma et al. 
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Figure 5. a) A schematic representation of the HER process on the surface of Fe@NCNTs. b) Comparison of projected density of states (DOS) of 
H(1s) and its bonded C(2p) when H is adsorbed on the surface of pristine CNTs, Fe@CNTs, and Fe@NCNTs. The dashed lines present the center of 
the occupied band. c) Polarization curves of Fe@NCNTs, Co@NCNTs, FeCo@NCNTs, FeCo@NCNTs-NH along with MWCNTs, SWCNTs, and 40% 
Pt/C for comparison. d) Polarization curves of Mo2C@NPC, Mo2C@NPC/NPRGO, and Pt–C (inset: the production of H2 bubbles on the surface 
of Mo2C@NPC/NPRGO). e) Polarization curves of Mo2C@NPC/NPRGO initially and after 1000 CV cycles. Inset: Time-dependent current density 
curve of Mo2C@NPC/NPRGO under a static overpotential of 48 mV for 10 h. f) Calculated free-energy diagram for HER on various studied system.  
a–c) Reproduced with permission.[54] Copyright 2014, Royal Society of Chemistry. d–f) Reproduced under the terms of the CC-BY Creative Commons 
Attribution 4.0 International License.[138] Copyright 2016, Nature Publishing Group.
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used the similar method by heating the mixture of dicyana
mide and ammonium molybdate to synthesize the ultrafine 
Mo2C nanoparticles uniformly embedded in a carbon matrix. It 
showed superior HER activity in acidic media, with a very low 
onset potential of −6 mV, a small Tafel slope of 41 mV dec−1, 
and a large exchange current density of 0.179 mA cm−2, as well 
as a good stability during operation for 12 h. They also consid
ered that the ultrathin graphene shells could promote electron 
penetration from the Mo2C to the graphene surface to improve 
reactivity for HER.[146]

In addition, for the purpose of preventing Mo2C nanoparti
cles from aggregating and increasing the dispersion of active 
sites, Li et al. further coupled Mo2C encapsulated by N,Pco
doped carbon shells with N,Pcodoped reduced graphene oxide 
(Mo2C@NPC/NPRGO) using a PMo12 (H3PMo12O40)–PPy/
RGO nanocomposite as the precursor.[138] The obtained com
posites possessed a unique structure with the Mo2C@NPC 
and NPRGO highly dispersed and strong conjugated, which 
is favorable for the fast mass transport of reactants and facili
tates the electron transfer. After the structural optimization, the 
catalyst exhibits excellent electrocatalytic activity for the HER, 
with a low onset potential of 0 mV (vs RHE) and an overpo
tential of only ≈34 mV (vs RHE) to achieve a current density of  
10 mA cm−2 (Figure 5d), a small Tafel slope of 33.6 mV dec−1, 
and excellent stability in acidic media (Figure 5e). The HER cat
alytic activity, comparable to that of commercial Pt/C catalyst, is 
even superior to those of the best reported nonpreciousmetal 

catalysts. Their DFT calculations also demonstrated that the 
synergistic effect between Mo2C and heteroatom dopants con
tributes to the excellent HER activity (Figure 5f).

4.3. Oxygen Evolution Reaction (OER)

In the water splitting process, besides the HER halfreaction to 
directly produce hydrogen, the other important halfreaction, 
known as OER, is usually kinetically sluggish and largely hin
ders the overall efficiency of water splitting. Currently, precious
metalbased catalysts including RuO2, IrO2, etc. can efficiently 
reduce the energy barrier and thus increase the OER efficiency, 
but their largescale commercialization is still hindered by the 
limitations of their scarcity and high cost. Search for nonpre
ciousmetal catalysts as alternatives to the OER electrocatalysts 
also proceeded in this oxygen electrode. However, low efficiency 
and instability of nonpreciousmetal catalysts still remain when 
they suffer longtime operation or accelerated degradation 
measurements under strong acidic/alkaline electrolytes.[147–149]

To this end, Cui et al. recently applied the chainmail cata
lyst into the OER system (Figure 6a).[49] They devised a uni
versal strategy to directly synthesize singlelayer graphene 
encapsulating uniform earthabundant 3d TM nanoparticles, 
such as Fe, Co, Ni and their alloys assisted by the channel of 
mesoporous silica (Figure 6b). Electrochemical measurements 
showed that the singlelayer graphene encapsulating metals 
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Figure 6. a) A schematic representation of the OER process on the surface of graphene encapsulating metal catalyst. b) Schematic illustration of the 
synthesis process of M@NCs from metal-containing precursors and SBA-15. c) OER polarization curves for M@NCs in comparison with CNTs and 
IrO2 with the same mass loading. d) Durability test of FeNi@NC in an alkaline electrolyte in contrast to IrO2. e) The calculated negative overpotential 
(ηcal) against the universal descriptor ΔG(O*) − ΔG(HO*) on different catalysts. a–e) Reproduced with permission.[49] Copyright 2016, Royal Society 
of Chemistry.
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exhibited an OER activity as the order of Co < Fe < Ni. The 
optimized FeNi alloy catalyst showed the best activity with 
only 280 mV overpotential at current density of 10 mA cm−2 
(Figure 6c) and a high durability without degradation even after 
10 000 cycles (Figure 6d), both of which are superior to those 
exhibited by commercial IrO2. DFT calculations indicated that 
the singlelayer graphene immensely promoted the electron 
transfer from the encapsulated metals to the graphene surface, 
which optimizes the electronic structure of the graphene sur
face and further tunes the binding energies of reaction inter
mediates (O* and HO*) on the graphene surface. By changing 
the type of metal, the OER descriptor that the free energy of 
O* relative to HO* (ΔG(O*)–ΔG(HO*)) can be adjusted to an 
optimal value and thereby the OER activity can be highest trig
gered on the inert graphene surface (Figure 6e).

Furthermore, Xia et al. also synthesized a hollow framework 
constructed from interconnected carbonencasing Co nanopar
ticles and Ndoped carbon nanotubes starting with ZIF67 par
ticles as single precursor. It performed as an efficient and stable 
electrocatalyst for OER with a current density of 10 mA cm−2 
at a potential of 1.60 V (vs RHE), comparing favorably to other 
reported nanocarbonbased catalysts and IrO2/C catalyst. The 
remarkable electrocatalytic properties are mainly attributed 
to the synergistic effect between the unique TM–carbon com
posite and the robust hollow structure.[150]

The two halfreactions of OER and HER processes both 
require efficient catalysts to reduce the energy barrier and fur
ther accelerate the overall water splitting. The development of 
bifunctional electrocatalysts with high activities toward both 
the OER and HER in the same electrolyte could be a promising 
way, as it may simplify the requirement for diverse equipments 
and processes. In consideration of this unique chainmail cata
lyst can catalyze both the anodic and cathodic reactions of water 
splitting efficiently, it could be a good choice for promoting the 
electrochemical processes. For example, Zhang et al. prepared 
metallic Ni–Fe alloy nanoparticles encapsulated in carbon shell 
by pyrolyzing a precursor composed of Ni and Fe salts with urea 
under inert argon atmospheres without any posttreatments. 
The metal ratios in the nanoparticles can be easily altered, and 
the amount of Fe was found to have a significant influence on 
both the HER and OER activities of the catalysts. For the OER, 
the best activity was achieved with 10 at% Fe in the metal alloy. 
However, for HER, the activity decreased with increasing the 
Fe contents. When it was integrated into symmetric twoelec
trode watersplitting cells, the catalyst with 10 at% Fe (with a 
mass loading of 2 mg cm−2 on Ni foam for both the cathode 
and anode) could achieve a current density of 10 mA cm−2 with 
a voltage of only 1.58 V and show negligible degradation after 
24 h of operation.[151]

In addition, an electrospinning technique was adopted by 
Zhao et al. to synthesize Co nanoparticle embedded in porous 
nitrogendoped CNFs, displaying a welldefined 3D network 
associated with an encapsulated and porous structure.[152] The 
unique encapsulated structure could efficiently avoid the direct 
contact of metal nanoparticles with harsh environment, pro
tecting the metal nanoparticles from corrosion and aggregation 
during the catalytic process. The porous structure could pro
vide more active sites for the catalytic process and facilitate fast 
and versatile transport pathways for the electrolyte diffusion. 

Benefiting from these, the material can serve as active electro
catalysts for both the OER and HER with an outstanding per
formance and excellent stability.

4.4. CO2 Conversion

Carbon dioxide (CO2) is the primary greenhouse gas, which 
has a significant effect on human’s climate and environ
ment. Owing to the unsustainable utilization of fossil fuels, 
the atmospheric concentration of CO2 has rapidly increased, 
leading to global warming, drastic environmental problems, 
etc. Therefore, CO2 conversion has been proposed as a potential 
way to maintain the balance of the carbon cycle and develop a 
sustainable society. Among the various technologies of catalytic 
conversion, naturally abundant and chemically stable TMs and 
their oxides have been explored as the potential catalysts,[153–155] 
but the low efficiency and rapid loss of activity still remains 
due to the high overpotential. The chainmail catalyst accompa
nied with the high stability of TMs and the rather interesting 
behavior different from the naked TM nanoparticles, has been 
inducted into the CO2 catalytic conversion recently.

Zhang et al. have constructed a nanostructure of Fe nanopar
ticle enclosed by ultrathin (1–3 layers) carbon layers (Fe@C) via 
using an Fecontaining metal–organic framework (MOF) (MIL
101) as both selfsacrificing template and precursor. Compared 
with naked Fe nanoparticles, the carbon layercoated catalysts 
exhibited improved catalytic performance in the solardriven 
CO2 conversion by H2 (Figure 7a), with a more stable CO2 con
version speed and higher selectivity to CO through effectively 
coupling the lightharvesting and catalytic function in one mate
rial (Figure 7b). The mechanism analysis demonstrated that 
under photoirradiation, the local temperature of the nanoparti
cles increased dramatically, which can provide adequate energy 
to overcome the successive barrier and initiate the reaction pro
cess (Figure 7c). Simultaneously, the UVlightinduced Fe local 
surfaceplasmon resonances activated the nonpolar molecules 
CO2, which produced enhancement of the CO2 conversion in 
catalytic processes. DFT calculation results revealed that when 
few layers of graphene shell covered on Fe nanoparticles, the 
electron transfer from encapsulated Fe to graphene will happen 
(1.25 electrons by quantitative Bader charge analysis calcula
tion), which decreased the work function of graphene surface 
(0.38 eV) (Figure 7d). It can dramatically promote desorption of 
produced CO from the catalyst surface while CO on the pure Fe 
surface is overbonded. Hence, through the electronic modula
tion of graphene by encapsulated Fe, the reaction selectivity to 
CO can be increased.[156]

4.5. Dye-Sensitized Solar Cells

Solar energy and photovoltaic devices have attracted enormous 
interests due to energy depletion and environmental pollution 
brought by the over consumption of fossil fuels. Dyesensitized 
solar cells (DSSCs), with lowcost fabrication, environmental 
friendliness, and relatively high power conversion efficiency, 
become a promising light–electricity device to address the 
challenge of achieving clean energy. Among the components 
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of DSSCs, the CE plays a vital role in improving the photovol
taic efficiency. The precious Pt is currently the most useful CE 
catalyst, but its limited resource and highcost hindered the 
largescale fabrication of DSSCs. Several catalytic materials like 
nonpreciousmetal oxides or metal alloys have been proposed 
as potential alternatives to Pt catalyst, but there still remains 
a question for the electrochemical stability of the nonprecious
metal catalysts in electrolytes, due to the potential corrosion of 
metal CE in electrolytes by the formation of halides. In con
sideration of the stability when exploring highperformance 
nonpreciousmetal catalysts in the CE of DSSCs, the chainmail 
catalyst can be a good choice.[157–159]

Recently, Zheng et al. adopted the strategy to obtain an 
excellent CE electrocatalyst in the I−/I3

− redox reaction of 
DSSCs (Figure 8a), through direct pyrolysis of organometallic 
precursors to prepare the podlike Ndoped carbon nanotubes 
encapsulating FeNi alloy NPs (Pod(N)–FeNi) (Figure 8b). 
The Pod(N)–FeNi catalyst displayed significantly lower peak 
separation between the anodic and cathodic peaks (Epp) of 
≈60 mV (Figure 8c), lower charge transfer resistance (Rct) of 
0.54 Ω cm2 at the interface of the CE/electrolyte (Figure 8d), 
higher exchange current density than the sputtered Pt coun
terpart (140 mV, 0.88 Ω cm2). Ultimately, the DSSC devices 
consisting of the Pod(N)–FeNi CE displayed a power conver
sion efficiency (PCE) of 8.82% (Figure 8e), superior to that of 

the control device using sputtered Pt as the CE (PCE = 8.01%). 
Through the control experiments, it demonstrated that the 
existence of metal nanoparticles in the graphene shell can pro
mote the electron transfer from the metal to the carbon shells. 
It will synergistically with nitrogen doping to change the elec
tronic structure and reduce the surface work function of the 
carbon shells, consequently enhancing the catalytic activity of 
the carbon shells. More importantly, due to the FeNi alloy NPs 
were encapsulated by the graphene shells, they were protected 
from leaching and corrosion caused by the electrolyte, leading 
to a high stability during the sequential cyclic voltammetry (CV) 
scanning for 150 cycles with nearly no change of the current 
densities and the Epp for Pod(N)–FeNi but noticeable decay in 
Pt CE.[160]

Thereafter, the chainmail catalyst with encapsulated FeNi 
alloy has been constantly employed as the CE material of 
DSSCs through different prepared methods. For example, Zhu 
et al. used a simple and largeproduction pyrolysis approach to 
synthesize the onionlike nitrogendoped carbon shell encap
sulating FeNi3 alloy (ONC@FeNi3), which was exploited as 
catalyst for the triiodide reduction reaction in CE. The sig
nificantly lower peaktopeak separation, lower chargetransfer 
resistance at the interface of the CE/electrolyte, and the higher 
exchange current density were found within the ONC@FeNi3 
catalyst. As a result, the DSSCs based on ONC@FeNi3 achieved 
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Figure 7. a) A schematic representation of the solar-driven reduction of CO2 into CO process on the surface of Fe@C. b) Photoinduced thermocatalytic 
CO2 conversion performance for Fe@C, Fe/SiO2, and Fe/CNT catalysts in fixed bed reactor. c) Spatial distribution of the SPR-induced enhancement of 
electric field intensity at the SPR peak wavelength (350 nm), from FDTD simulation of 9 nm iron nanoparticles and 9 nm iron particles overcoated by 
multiple carbon layers. d) Projected density of states for the pz orbitals of C atoms bonded with Fe atoms in the model of Fe9@graphene in comparison 
with that of corresponding C atoms in pristine graphene model. a–d) Reproduced with permission.[156] Copyright 2016, Wiley-VCH.



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1606967 (14 of 23)

www.advmat.dewww.advancedsciencenews.com

outstanding power conversion efficiency (PCE) of 8.87%, 
which exceeded the 8.28% of Ptbased DSSCs. Furthermore, 
TEM investigation revealed that the Ndoped graphitic carbon 
onions exhibit the high structural stability in iodinecon
taining medium even subject to hundreds of CV scanning.[161]  
Similarly, Wu et al. also adopted a hightemperature thermal 
pyrolysis strategy to gain the NiFe alloy nanoparticle encapsu
lated in mesoporous nitrogendoped carbon sphere (NiFe@
MNCS).[162] The DSSCs employing NiFe@MNCS CE could 
reach a PCE of 7.6%, very close to the DSSCs achieved by 
employing the Pt CE (7.8%), primarily owing to the presence 
of NiFe alloy nanoparticles that acted as a catalytic center for 
boosting the charge transfer process. With the protective 
carbon shell, the dissolution of NiFe alloy in corrosive iodide/
iodine redox electrolyte could be suppressed, leading to an 
improved longterm stability of NiFe@MNCS CE. In addition, 
the electrospinning technique was employed by Saranya et al. 
to prepare bimetallic (Fe–Ni) nanoparticle embedded carbon 
nanofibers, which showed a superior electrocatalytic activity 
confirmed from the results of CV, electrochemical impedance 
spectroscopy and Tafel polarization studies.[163]

Besides the FeNi alloy, other TMbased materials have been 
encapsulated as the CE catalyst. Xing et al. used a simple 
method to achieve different TM (Co and Ni) nanoparticles 
encapsulated in Ndoped graphene shells that were applied 
into the CE of DSSCs. The experimental results indicate that 
both catalysts display high catalytic activity in the CE reduction 
reaction (I3

− to I−), and exhibit as the sequence of Ni > Co >  
Pt CE, considering the peak separation between the anodic and 

cathodic peaks (Epp), charge transfer resistance (Rct), and Tafel 
curves. Furthermore, the corresponding photovoltaic devices 
made of the Co and Nibased catalysts displayed efficiencies 
of 7.75% and 8.39%, respectively, which are comparable to or 
superior to that of the control sputtered Ptbased device with 
a PCE of 7.67%. The current densities and the Epp experi
enced negligible change subject to CV measurements for 150 
cycles, indicative of the superior stability of the Co and Ni
based catalysts in comparison with Pt CEs.[57] Likewise, Wu et 
al. also developed a prepared method by thermal pyrolysis of 
Niorganic framework under nitrogen environment followed 
with acid treatment to gain the Ni nanoparticles embedded 
in bimodal mesoporous carbon (BMCNi), which reached a 
cell efficiency of 8.6% when employing as CE catalyst outper
forming the Pt CE (8.4%). The Ni nanoparticles embedded in 
BMC matrix offer electrical conductivity and extra active sites 
for expediting the I3

−/I− redox couple. The BMC with small and 
large mesopores not only provides numerous active sites for 
electrocatalytic reaction, but also accommodates large amounts 
of electrolyte for facilitating the transport of ions. In addition, 
the BMC matrix can protect the Ni nanoparticles from corro
sion in the corrosive iodinebased electrolyte.[164]

4.6. Metal–Air Batteries

Developing renewable energy generation and storage systems 
are drawing extensive attention because of the increasing global 
energy crisis and environmental issues caused by the heavy 
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Figure 8. a) A schematic representation of the reduction of I3
− to I− process on the surface of Pod(N)–FeNi in the CE of DSSCs. b) Elemental mapping 

of the materials (the area in the box) reveal the homogeneous distribution of Fe and Ni elements in the metal nanoparticles. c) Cyclic voltammograms 
of the Pod(N)–FeNi and the sputtered Pt CEs. d) Electrochemical impedance spectra of symmetrical cells for Pod(N)–FeNi and the sputtered Pt CEs. 
e) Photocurrent density versus voltage (J–V) curves of the DSSCs using CNTs, Pod–Fe, Pt, and Pod(N)–FeNi as CEs. a–e) Reproduced with permis-
sion.[160] Copyright 2014, Wiley-VCH.
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reliance on fossil fuels. Rechargeable metal–air batteries (e.g., 
Zn–air and Li–air) with high theoretical energy densities have 
become promising technologies for future electronic vehicles 
and other advanced electronic devices. One of the pivotal tasks 
is to develop highly active and durable bifunctional electrocata
lysts which can efficiently catalyze both the ORR and the OER 
in the discharge and charge processes, respectively. Although 
precious metals such as Pt, Ru, and Ir have been demonstrated 
to possess high activity in ORR or OER, however, these elec
trocatalysts are expensive and exhibit poor bifunctionality. In 
addition, preciousmetalbased and nonpreciousmetal electro
catalysts both also suffer from insufficient durability during 
the working conditions of metal–air batteries owing to the high 
overpotential and strong oxidative atmosphere. The unique 
chainmail catalysts have been found to be efficient electro
catalysts for both ORR and OER, and the graphene shell can 
enhance the durability of TMs against the corrosion of oxygen 
molecules during the discharge and charge processes. There
fore, recently the chainmail catalyst has been tried as the 
bifunctional oxygen electrode catalysts in the fields of metal–air 
batteries, especially the Zn–air and Li–air batteries.

4.6.1. Zn–Air Batteries

The Zn–air battery is a relatively mature technology compared 
to the Li–air battery, and its theoretical energy density can 
reach a value of 1086 W h kg−1, which is approximately five 
times higher than that of current Liion batteries.[165,166] Mean
while, the Zn–air battery is environmentally benign, safe, and 
affordable.

Ding et al. employed a facile approach to prepare heter
oatomdoped mesoporous carbons embedded with Fe3C nano
particles from a novel and lowcost Fe–histidine complex. The 
histidine with a high content of heteroatoms and high solu
bility in aqueous solutions, is a cheap and essential amino acid 
which can be found in various biological systems. The obtained 
catalysts exhibit excellent catalytic activity and stability for 
both ORR and OER, and subsequently high performance for 
rechargeable Zn–air batteries. The twoelectrode Zn–air battery 
can exhibit an opencircuit voltage of 1.54 V, an energy density 
of 960 W h kg−1, and a peak power density of 212 mW cm−2. 
However, the battery discharge and charge performance dete
riorated significantly at 20 mA cm−2 under a longterm cycling 
test. Therefore, a threeelectrode configuration was adopted 
to improve the cycling performance, which could prevent the 
bifunctional catalyst from coming into contact with the oxida
tive or reductive potential during discharge or charge process. 
Notably, in a threeelectrode configuration, the rechargeable 
Zn–air battery exhibited excellent durability for operating at 
high current densities (20 and 50 mA cm−2) without obvious 
voltage loss.[167] In addition, Zeng et al. also gain the metallic 
Co nanoparticles encapsulated in multilayered graphene shells 
prepared by the hightemperature decomposition of Co con
taining Prussian blue colloids, which can be used as the high
performance air catalyst of a Zn–air battery. The formed Zn–air 
battery has an open circuit voltage of ≈1.4 V, large current den
sities of 55 and 255 mA cm−2 at a voltage of 1.2 and 1.0 V, and a 
maximum power density of close to 350 mW cm−2. This Zn–air 

battery is also very durable, when galvanostatically discharged 
at a current density of 10 mA cm−2 for 14 h and 50 mA cm−2 for 
4.5 h, little activity decay is observed. The slight voltage loss is 
in fact associated with the degradation of Zn anode.[168]

In view of the catalytic performance being strongly 
dependent on the structural and electronic properties of one 
catalytic material, the modulation and optimization within the 
chainmail catalyst matrix is of great importance. So aiming at 
the Zn–air batteries (Figure 9a), Zhu et al. designed a unique 
twostage encapsulation technique with the aid of a MOF to 
acquire carbonencapsulating Ni, Fe, or NiFe2 alloy nanocrys
tals (denoted as Ni@NCx, Fe@NCx, NiFe@NCx, respectively) 
(Figure 9b). They all possessed ultrasmall core size (7.8, 10.8, 
and 9.2 nm for NiFe@NCx, Ni@NCx, Fe@NCx, respectively), 
high metalloading (≈25 wt%), and high dispersion. The best 
NiFe@NCx catalyst exhibits high stability and activity with an 
onset potential of 1.03 V for ORR and an overpotential for onset 
potential of only 0.23 V for OER (Figure 9c), superior to those 
of commercial Pt/C and IrO2 catalysts. Rechargeable Zn–air 
batteries using NiFe@NCx catalyst exhibited a small charge–
discharge overpotential of 0.78 V at 50 mA cm−2 (Figure 9d), 
high reversibility with a roundtrip efficiency of 76.7% at 
10 mA cm−2, and high stability with only 0.29 V increase in 
the voltage gap after 205 cycles (Figure 9e). The superb elec
trocatalytic performance originates from the modulation of the 
electronic structure of outer carbon layers by electron penetra
tion from the NiFe alloy. Reducing the size of encapsulated 
nanoalloy can significantly increase the active site density and 
the electron density in the graphene shells, which further 
enhance the ORR and OER activities.[169]

Similarly, Wang et al. successfully synthesized highdensity 
Fe nanoparticles encapsulated into nitrogendoped carbon 
nanoshells (Fe@N–C) by solidphase precursor’s pyrolysis of 
dicyandiamide and ammonium ferric citrate followed with acid
leaching. The optimized highdensity catalyst showed excellent 
bifunctionality for ORR and OER in alkaline medium compared 
to stateoftheart commercial Pt/C and IrO2. Furthermore, the 
Zn–air battery constructed with the Fe@N–C catalyst exhibits 
the maximum peak power density of 220 mW cm−2 at 0.72 V, 
which is higher than those of Pt/C (192 mW cm−2 at 0.63 V) 
and IrO2 (141 mW cm−2 at 0.50 V). The initial charge and dis
charge potential of Fe@N–C catalyst is ≈1.95 and ≈1.25 V. After 
10 cycles, the values change to ≈1.97 and ≈1.11 V, and these 
values are stable until 100 cycles, showing excellent cycling 
durability of the catalyst in rechargeable Zn–air batteries.[170]

4.6.2. Li–Air Batteries

The Li–air battery possesses exceptionally high theoretical spe
cific energy density (up to 2000–3000 W h kg−1), rivaling that 
of any other existing rechargeable batteries and can even be 
comparable to gasoline.[171–173] In consideration of this aspect, 
rechargeable Li–air batteries are being regarded as a prom
ising candidate for nextgeneration energystorage system. 
Until now, a critical scientific challenge facing Li–air batteries 
is the high charge overpotential due to the sluggish OER on 
the oxygen electrode, which results in low energy efficiency and 
poor cyclability.[174–176]
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Tu et al. recently prepared a highly efficient oxygen electrode 
catalyst for Li–air batteries (Figure 10a), i.e., Ndoped single 
layer graphene shell encapsulating nonpreciousmetal Co 
(Co@NC) (Figure 10b). The experiments showed that the gra
phene shells can protect the metals from being oxidized in O2 
atmosphere. Moreover, the electronic structure of graphene shell 
can be modulated by N dopants and encapsulated metal nano
particles to enhance both ORR and OER activity, leading to the 
lower discharge/charge overpotential in Li–air batteries. In par
ticular, Co@NC electrode delivers high catalytic activity with dis
charge and charge overpotentials of 0.14 and 0.58 V, which was 
remarkably lower compared with the corresponding Nfree gra
phene encapsulating metal, metal oxide, and metalfree carbon 
materials (Figure 10c). Moreover, the Co@NC based electrode 
showed a better cycling performance than graphene and CNTs 
based electrodes (Figure 10d). DFT calculations revealed that 
the electrons from encapsulated transition metals can enhance 
the charge density of the carbon layers. Moreover, with the N 
dopants, this enhancement of charge density will become much 
more apparent, which can synergistically modulate the electronic 
properties of the graphene surface. Thus it changed the ther
modynamic free energies of the intermediates of each reaction 
steps and affected the potential difference between these steps 
(Figure 10e), and ultimately resulting in a dramatic decrease in 
the voltage gap. It provides the possibility for the rational design 
of nonpreciousmetal catalysts toward Li–air batteries.[177]

Apart from the design of chainmail catalyst within nonpre
ciousmetal catalysts, other studies have also adopted this dis
tinct strategy for the adjustment of preciousmetal based cata
lysts to overcome their instabilities and reduce the overpoten
tials. For example, Guo et al. developed a novel oxygen cathode 
by encapsulating RuO2 nanoparticles into nanoporous Ndoped 
graphene to stabilize the RuO2 nanoparticles.[178] The obtained 
catalyst owns high catalytic activity and ultrahigh stability, 
showing highly reversible cathodic reactions for up to 100 time 
discharge/charge cycles at the cutoff capacity of 2000 mA h gtotal

−1  
and low average charge potential of 3.7 V. Although the RuO2 
nanoparticles are encapsulated by graphene which prevents the 
direct contact of the catalysts with the electrolyte and Li2O2, the 
catalytic nanoparticles still show high catalytic activities toward 
cathodic reactions, similar to the recent observations of Tu et al. 
Meanwhile, the RuO2 nanoparticles are stabilized by graphene 
surrounding for long cycling lifetime.

Additionally, Huang et al. also encapsulated a series of 
preciousmetal nanoparticles (Pd, Pt, Ru, and Au) inside gra
phitic carbon shells, which exhibit a dramatic reduction of 
charge overpotentials compared to their counterparts with 
nano particles directly supported on carbon surface. Espe
cially, the charge overpotential can be as low as 0.3 V and 
good stability during discharge–charge cycling can be achieved 
when Pdbased catalyst is used on the cathode. DFT calcu
lations reveal that encapsulation of “guest” preciousmetal 
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Figure 9. a) A schematic representation of the ORR and OER processes on the surface of NiFe@NCx in the rechargeable Zn–air batteries. b) Schematic 
illustration of the synthetic strategy of the TMs@NCx composite. c) The pyridinic N content versus onset potential for ORR and OER of TMs@NCx 
catalysts. d) Charge and discharge polarization curves for the Zn–air batteries. e) Cycle stability of the rechargeable Zn–air battery. The galvanostatic 
discharge–charge cycling curves were performed at 10 mA cm−2 with a duration of 600 s per cycle. Reproduced with permission.[169] Copyright 2016, 
American Chemical Society.
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nanoparticles in “host” carbon shell is able to strengthen the 
electron density on carbon surfaces, and to avoid the regional 
enrichment of electron density caused by the direct exposure 
of nanoparticles on carbon surface. These unique properties 
ensure the uniform coverage of Li2O2 nanocrystals on carbon 
surfaces instead of localized distribution of Li2O2 aggregation, 
thus providing efficient charge transfer for the decomposition 
of Li2O2.[179]

4.7. Catalytic Hydrogenation

In the industrial and pharmaceutical fields, catalytic hydrogena
tion process is an important kind of reaction for the produc
tion of fine and bulk chemicals. Precious metals such as Ru, 
Pd, Ir, Pt, and Au have been proved to be active components 
for catalytic hydrogenation process. However, considering the 
high price and limited availability of precious metals, it is nec
essary to develop nonpreciousmetal catalysts. TM nanopar
ticles have attracted intense scientific interest in the past few 
decades because of their excellent physicochemical properties 
and promising applications in a variety of fields. Unfortunately, 
naked TM nanoparticles are easy to agglomerate during usage 
because of their high surface energy and high reactivity, which 
is a major limitation to their practical applications. Therefore, 
fabricating chainmail catalyst with the TMs to promote the cat
alytic activity on the outermost shell surface and the protective 
shell to prevent the harm to the inner TMs, is a feasible strategy 

to increase the stability of nonpreciousmetal catalyst under this 
reaction condition.

Hu et al. have lately designed a facile strategy to fabricate 
FeCo nanocrystals inside Ndoped graphene shells, involving 
onestep thermal decomposition of Prussian blue analogue 
Fe3[Co(CN)6]2 spheres. The asprepared catalyst was employed 
to catalyze the hydrogenation of 4nitrophenol to 4amino
phenol by NaBH4 at room temperature. The estimated com
pletion time of the catalyst was about 350 s, and the kinetic 
constant kapp was 8.28 × 10−3 s−1 (0.4968 min−1), which is com
parable to that of some preciousmetal catalysts for catalytic 
hydrogenation of 4nitrophenol. Furthermore, the conversion 
of 4nitrophenol can be achieved above 95% even after run
ning for ten cycles, indicating a stable catalytic performance. 
The excellent catalytic activity may originate from that the syn
ergistic effect of FeCo nanocrystals and nitrogen dopants pro
moted the hydrogenation reaction, and the relatively small size 
of FeCo nanocrystals greatly improved the utilization efficiency 
of the metal nanoparticles.[180]

The hydrogenation of 4nitrophenol process has also been 
investigated by Li et al.[181] In their study, hierarchically porous 
Ndoped carbon frameworks embedded with Co nanoparticles 
(Co@NC) were prepared by a MOFengaged strategy using a 
welldefined rhombic dodecahedral Cobased zeolitic imida
zolate framework67 (ZIF67Co) as an effective precursor and 
template (Figure 11a). Numerous small particles with diameters 
of about 8 nm are uniformly distributed in the carbon frame
works and several nanopores are distributed homogeneously 
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Figure 10. a) A schematic representation of the charge–discharge process on the surface of Co@NC in the Li–air batteries. b) HRTEM image of Co@
NC with the inset showing the (111) crystal plane of the Co particle. c) Discharge/charge profiles of the Li–air batteries with different cathodes at a 
current density of 200 mA g−1 with the fixed capacity of 2000 mA h g−1. d) Cycling stability and the terminal discharge voltage as a function of cycle 
number for the graphene-, CNTs-, and Co@NC-based cathodes for Li–air batteries. e) Calculated free energy diagram for the oxygen electrode reactions 
along M2 on the surface of N-doped graphene encapsulating Co nanoparticles (Co@NC). Reproduced with permission.[177] Copyright 2016, Elsevier.
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throughout the whole rhombic dodecahedron (Figure 11b,c), 
allowing efficient diffusion, transportation, and transfer of 
reactants to the catalytically active sites. The resulting Co@
NC exhibited remarkable catalytic activity and excellent dura
bility for the catalytic hydrogenation of 4nitrophenol to 4ami
nophenol by NaBH4 in an aqueous solution (Figure 11d). It 
could reach nearly 100% conversion within 3 min (Figure 11e,f), 
even when the amount of the catalyst used was as low as  
0.02 mg. Moreover, after 17 successive cycles of reactions, it still 
retained large conversion efficiencies over 95% (Figure 11g). 
The apparent rate constant for the catalytic reaction of 4amino
phenol hydrogenation was estimated to be 1.024 min−1 
(Figure 11h), which was superior to those of the previously 
reported TM nanoparticles and even compared favorably with 
that of the most active preciousmetal nanoparticles.

Beyond the reaction systems of catalytic hydrogenation of 
4nitrophenol to 4aminophenol, the unique chainmail cata
lyst can be used for the transfer hydrogenation of nitriles to 
imines. Long et al. report a facile and repeatable route to syn
thesize TM based nanocatalysts by first developing a series of 

new and novel Ndonor multimetallic M–M′MOFs [(M–M′ 
(1,4bdc)2 (dabco)]·4DMF·1/2H2O, M/M′ = Co, Ni, Cu) through 
a facile mixedmetal approach and then directly pyrolyzing 
these heteronuclear MOFs under inert gas. In the pyrolysis 
process, the TM ions (two of Co, Ni, and Co) of M–M′MOFs 
could be transformed into transition alloy nanoparticles while 
the surrounding Ncontaining ligands were polymerized to 
Ndoped graphitic carbon, resulting in highly dispersed M/M′ 
alloy nanoparticles embedded in the Ndoped carbon matrix. 
The alloy nanoparticles were highly dispersed and embedded 
in the highly ordered Ndoped graphene layers with an average 
size of ≈20 nm (denoted as M–M′@C–N). The TM elements 
were completely alloyed and the Ndoped carbon was homoge
neously distributed on every nanoparticle. When being used in 
the transfer hydrogenation of nitriles in the absence of basic 
additives, the optimal Co–Ni(3:1)@C–N showed the best cata
lytic performance with 100% conversion of benzonitrile and 
over 98% yield for the desired product, which was almost 
5 times more active than its monometallic counterparts. It was 
found that nitriles substituted with electrondonating groups, 
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Figure 11. a) Schematic illustration of the synthesis of Co@NC derived from ZIF-67-Co. b) TEM image of the Co@NC. c) HRTEM image of the 
Co@NC with the Co nanoparticle completely covered by carbon layers. d) Reduction reaction for the conversion of 4-nitrophenol to 4-aminophenol 
catalyzed by Co@NC in the presence of NaBH4. e) Pictures of the reduction of 4-nitrophenol by NaBH4 before and after being catalyzed by Co@NC.  
f) Catalytic efficiency in different systems for 4-nitrophenol reduction as a function of time. g) Reusability test of the Co@NC for the catalytic reduction 
of 4-nitrophenol. h) Kinetic constants of different systems for 4-nitrophenol reduction. a–h) Reproduced with permission.[181] Copyright 2016, Royal 
Society of Chemistry.



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1606967 (19 of 23)

www.advmat.dewww.advancedsciencenews.com

such as methyl and methoxyl, underwent the transfer hydro
genation reaction smoothly to afford the corresponding imines 
in excellent yields, while nitriles substituted with electron
withdrawing groups, especially halogenated nitriles, are more 
challenging to be hydrogenated due to the competition with 
dehalogenation.[182]

4.8. Syngas Conversion

The syngas (H2/CO), derived from coal, natural gas or bio
mass etc., is an important feedstock for the production of 
useful hydrocarbons, fuels, and other chemicals in the indus
trial process. During the syngas conversion process, metal 
catalysts especially the nonpreciousmetal 3d TM nanocatalysts 
(such as Fe, Co, and Ni) become the first choice considering 
the economic cost and earthly storage.[183] However, the 3d TM 
catalysts face significant problems such as the coking and sin
tering under high temperature, leading to the deactivation of 
the catalyst. One of the solved methods is to coating the metal 
nanoparticles with a protection layer to stabilize them, but still 
maintain their necessary electronic conductivity and chemical 
activity as catalysts. It is because the protection layer with 
electronically poorly conduction such as organic molecules, 
polymers, or oxides, etc. may block effective charge transfer 
between the catalysts and the reagents, and thus reduce the 
electrical conductivities and work functions of metal nanoparti
cles.[184–186] The graphene with extremely high electron mobility 
up to 15 000 cm2 V−1 s at room temperature is a good option 
to protect the inner metal particles from harsh reaction condi
tions,[20,187] while the penetration electron of the TMs promote 
the catalytic reaction on the graphene surface. In consideration 
of these, the chainmail catalyst has recently been applied into 
the field of syngas conversion.

Chen et al. demonstrated that Fe nanoparticles encapsu
lated in podlike carbon nanotubes (PodFe) can be used as an 
efficient catalyst to achieve the conversion of syngas into light 
olefins via the Fischer–Tropsch synthesis. It gave a higher selec
tivity of light olefins (45%) and high stability over 120 h reac
tion (P = 0.5 MPa, T = 320 °C, CO:H2 = 1:2, gas hourly space 
velocity = 3500 h−1). A catalyst with exposed Fe particles on the 
outside of the PodFe (FeOx/PodFe) catalyst showed a selec
tivity of light olefins of 42%, but had a significantly lower sta
bility. In order to find the reason for the deactivation of FeOx/
PodFe at high temperature, TEM characterization was carried 
out. It showed that the PodFe catalyst still kept the morphology 
of the podlike structure even after reaction at 380 °C for 10 h, 
and no obvious agglomerated Fe and carbon filaments were 
observed. In contrast, the tube morphology of the FeOx/PodFe 
was hardly observed after 10 h reaction at 340 °C, the Fe parti
cles were agglomerated and the tubular structure was covered 
by carbon filaments and flakes. The authors interpreted that 
there is a strong interaction between encapsulated nonprecious 
metals and the carbon shell, which lead to electron transfer 
from Fe to the carbon shell and reduced the local work func
tion of the carbon surface where the Fe particles were located. 
Then the penetrated electron from the Fe to the outside carbon 
surface probably promoted the adsorption of CO and H2, and 
their subsequent activation since the Fe was encapsulated 

inside the compartment of the podlike carbon nanotubes and 
cannot directly contact the reaction molecules. Meanwhile, the 
stable carbon shells effectively protected the inner Fe from 
agglomeration. Hence, the PodFe catalyst ultimately showed 
good selectivity toward light olefins and excellent antisintering 
performance.[188]

Focusing on the Fischer–Tropsch synthesis, Wang et al. also 
report a onestep simple route to in situ prepare graphene
encapsulating Fe nanoparticles (Fe@G) with the Fe nanopar
ticles of 5–15 nm diameter and graphene of two to five layers 
via an arcdischarge method. As a catalyst for syngas conver
sion, it exhibits excellent catalytic performance with a stable 
CO conversion (≈75%) and a high yield on light olefins (C2–C4, 
746 mg gcat

−1 h−1) and C5+ hydrocarbon (706 mg gcat
−1 h−1) at 

553 K, which is more than three times that of bare Fe nano
particles. The graphene shell was proposed to be responsible 
for the olefins favorable and chain growing enhancing for 
heavy hydrocarbon products. Furthermore, the Fe@G shows no 
apparent changes on nanoparticles’ size and morphology, and 
the graphene shell still survives after the catalytic reaction.[189]

Apart from encapsulating Fe nanoparticle to catalyze syngas 
conversion via the Fischer–Tropsch synthesis, the Ni nano
particles can be introduced into the graphene shell to achieve 
the conversion of syngas from the gasification of coal or bio
mass into synthetic natural gas via the methanation reaction. 
Wang et al. adopted the arcdischarge method to in situ pre
pare grapheneencapsulating Ni nanoparticles (Ni@G). The 
Ni nanoparticles with diameter 5–15 nm are encapsulated by 
2–4 layers of graphene. Moreover, when NH3 is introduced into 
the reaction atmosphere during the arc discharge process, Ni 
nanoparticles encapsulated in Ndoped graphene (Ni@G–N) 
can be obtained. The Ni@G catalyst exhibit excellent catalytic 
performance for the methanation reaction, and the catalytic 
performance is further improved when the graphene shell is 
doped with nitrogen (Ni@G–N). Particularly, it can deliver 
highly stable CO conversion (≈99% at 450 °C) and a high yield 
of methane (≈91% at 450 °C), which is better than that of bare 
Ni nanoparticles. Furthermore, the unique confinement effect 
of the graphene shell leads to good resistance to sintering and 
carbon deposition in this hightemperature reaction. The elec
tron transfer between Ni nanoparticles and the graphene layer 
facilitate the adsorption and reaction behavior of H2 and CO 
on the catalyst surface, and the Ndoping in the graphene shell 
will create higher carrier density for efficient electron transfer, 
which may benefit a further enhanced catalytic performance of 
Ni@G. In addition, further modification of the graphene shell 
by the hydrogen activation process to remove the absorbed 
groups, heal the defects of graphene shell and enhance the 
crystalline quality of graphene sheath, can also improve the 
catalytic performance of the catalyst.[190]

5. Perspective

The chainmail catalyst, with the concept of electron penetra
tion through 2D crystal layer to strengthen the catalytic perfor
mance on the 2D material surface, has exhibited considerable 
advantages toward various reaction systems (Table 1), especially 
the catalytic processes conducted under harsh conditions (e.g., 
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strong acidity or alkalinity, high temperature, and high overpo
tential). However, in view of both the fundamental research and 
industrial application, this still remains some challenges.

The precise control and modulation of structural and elec
tronic properties within the 2D crystal encapsulating TM 
catalyst is still a difficult issue. For example, the optional 
combination between the TMs and 2D crystal shells is far from 
sufficient at present. The graphene now occupied the dominant 
position among the species of shells for encapsulation due to 
the welldeveloped strategy for the preparation of graphene, 
while using other 2D materials as the shells still needs quan
tities of trial and error. In addition, considering that the layer 
thickness of graphene will significantly affect the electron pen
etration accompanied with different catalytic performance, the 
accurate layer number control of the graphene shell still needs 
to be reinforced, despite the graphene layer covering the TMs 
can be reduced to single layer. Also, the stability of the graphene 
shell should be taken into account, for that single graphene 
layer may be easily damaged and two to three layers could be 
a compromised choice for the graphene shell. Introducing het
eroatoms into the graphene matrix has been proved to be effec
tive to modulate the electronic properties of surface carbon 
atom synergistically with TM nanoparticles. However, the most 
dopants are the N atoms and few are the B, P atoms. It should 
be also interesting to dope more heteroatoms such as S, Se, Cl, 
etc. into the graphene shell and thereby to study their effect on 
the electronic and catalytic properties of graphene shells.

In addition, currently, the TMs mainly focus on only few 3d 
metals (e.g., Fe, Co, Ni, and Cu) and their compounds, so new 
methods are required to encapsulate other more sorts of TMs 
into 2D crystal shells to bring novel electronic and catalytic 
properties. At the same time, the particle size of the TMs is also 
hard to be tuned in a controllable and uniform range, which is 
of vital importance because the particle size will influence the 
utilization efficiency of the metal particle and subsequently the 
transfer efficiency of electrons from the TMs.

In spite of various prepared methods have been developed for 
the chainmail catalyst synthesis, usually one method can only 
synthesize one or few specified structures. There is still lack of 
a universal technique to achieve the structural polytrope toward 
the framework of 2D materials and TMs. Moreover, most of the 
prepared processes are not economical, such as many precur
sors are still expensive, the hightemperature treatment and the 
complicated procedure needs high energy consumption and 
additional maintenance of instruments. Therefore, more sus
tainable and facile routes are required for the production of the 
chainmail catalyst, e.g., biomass or crop wastes can be used as 
the lowcost and widely available precursors for the synthesis. 
Another significant issue is to realize the largescale production 
to meet the needs of industrial application in catalysis, which 
now still remains a big challenge.

The catalytic mechanism study is important for the under
standing of reaction process and improvement of catalytic per
formance, and also in reverse for the structural and electronic 
design and modulation of the chainmail catalyst. Although the 
electronic properties and catalytic nature on the 2D material 
surface with TMs underneath have been investigated in detail 
by both experiments and theoretical calculations, there is lack 
of effective characterization tools to in situ observe the electron 

transfer process and the corresponding variation of structural 
and electronic properties during the catalytic reaction. In addi
tion, the definite structure provides a welldefined model to 
bridge the theoretic study and realistic systems, but a big gap 
between them still remains. It is urgent to develop more effec
tive in situ characterization techniques and theoretical calcula
tion methods to understand the catalytic nature and process.

While the chainmail catalyst has exhibited considerable 
potential in catalysis from scientific prospect, there are a 
number of technological problems that waiting to be solved. 
One of the significant issues is to mold or assemble the chain
mail catalyst into a real industrial catalyst, but they usually tend 
to aggregate or sinter under the conditions of high overpoten
tial or high temperature due to their loose structures. One of 
the effective ways is to construct 3D skeleton with the catalyst 
anchored into stable supports, such as SiC, carbon fiber, metal 
porous foam, etc. In addition, the mechanical strength, mass 
transport, solvophilic feature, electric conductivity, etc. also 
should be taken into overall consideration toward a real indus
trial catalytic process.

Although there is still some challenges for the fundamental 
research and industrial applications of these chainmail catalysts, 
we believe that the insights of the chainmail catalysts will be 
increasingly enhanced, and there is a surely promising future 
for the industrial applications by developing appropriate prepa
ration strategy, controlling their structural and electronic proper
ties, and understanding the catalytic nature and process through 
combining in situ characterizations and theoretical calculations.
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