
Journal of
Materials Chemistry A

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 1
2:

45
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Recent progress
Y
p
C
S
U
d
H
r
C
U
a
n
2

ests focus on nanocarbon materi
conversion, lithium–sulfur batterie

aSchool of Chemistry & Materials Science, Jia

Chemistry for Functional Materials, Jiangsu

R. China. E-mail: liumingkai@jsnu.edu.cn
bCollaborative Innovation Center of Nonferr

and Engineering, Henan University of Scien

China. E-mail: huhao@haust.edu.cn
cState Key Laboratory of Molecular Eng

Macromolecular Science, Fudan University,

Cite this: J. Mater. Chem. A, 2021, 9,
19489

Received 2nd April 2021
Accepted 6th July 2021

DOI: 10.1039/d1ta02769g

rsc.li/materials-a

This journal is © The Royal Society o
on the synthesis and oxygen
reduction applications of Fe-based single-atom
and double-atom catalysts

Yan Yan,†a Haoyan Cheng,†b Zehua Qu,c Rui Yu,a Fan Liu,a Qianwen Ma,a

Shuang Zhao, a Hao Hu,*b Yu Cheng,e Chongyang Yang,a Zaifeng Li,*d Xu Wang,a

Shaoyu Hao,a Yuyu Chena and Mingkai Liu *ad

Single-atom and double-atom catalysts have emerged as a new Frontier in many fields due to their high atom-

utilization efficiency, excellent catalytic properties and good durability. In this decade, Fe-based atomic catalysts

have exhibited great advantages toward the oxygen reduction reaction (ORR) owing to the high utilization

efficiency of their single/dual atomic sites, well-defined active sites and high selectivity toward the four-

electron (4e�) pathway. To explore their catalytic behavior, many efforts have been made to synthesize Fe-

based atomic catalysts. In addition, the high performance of Fe-based single/dual atoms toward ORR is

mainly attributed to the critical coordination condition and the corresponding electronic structures.

Currently, it is a great challenge to achieve high activity and good stability with a high content of metal

atoms, while maintaining their atomic dispersion. In this review, we begin with a systematic review about the

influence of the coordination environment of Fe-based single/dual-atom catalysts on their electrocatalytic

properties, followed by an overview of some new strategies to improve their coordination environment.

Then, we present a comprehensive summary on the advantages of their unique structures, catalytic activity

for the ORR and further applications. Finally, the remaining key challenges and future opportunities in this

emerging field are concluded to provide more useful clues for the development of advanced catalysts.
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1. Introduction

Advanced catalysts for electrochemical reactions are critical in
the development of renewable energy.1 Many typical chemical
reactions such as the oxygen reduction reaction (ORR), elec-
trochemical reduction of CO2 (CO2RR), hydrogen evolution
reaction (HER), oxygen evolution reaction (OER), and nitrogen
reduction reaction (NRR) involve critical chemical trans-
formation processes, which need catalysts to overcome the
reaction energy barrier or effectively enhance the reaction
rate.2–5 The activity, selectivity and stability of catalysts play
a pivotal role in determining the quality of the product during
the processes of reactant adsorption, intermediate conversion
and product desorption.1,6–10 However, the high cost and low
utilization efficiency of bulk catalysts remain obstacles for their
broad commercial application. Substantially, for the catalytic
process, the reaction generally happens on the surface or
interface of the catalyst, accompanied by the adsorption of
reactants, their subsequent conversion into products, and then
desorption from the active sites.11 For bulk catalysts, only
a small fraction of the surface atoms are involved in the catalytic
reactions. Thus, an effective strategy to increase the utilization
efficiency of catalysts is to increase the proportion of atoms
exposed on the surface by reducing their particle size.12 Cata-
lysts based on ultra-small particles or well-controlled nano-
structures exhibited more efficient utilization and enhanced
reactivity because of their relatively high surface-to-volume
ratio.13 When the size of a catalyst is reduced to the atomic
level, its interaction with the reactants is signicantly different
from that of nanocrystals or nanoclusters, which may originate
from its special electronic structure, geometry, as well as its
charge transfer with the substrate.14,15 These characteristics of
atomically dispersed catalysts make them equipped with high
unsaturated coordination and activity.

Single-atom catalysts (SACs), possessing isolated active sites,
tailored electronic structure, special quantum size effects,
coordination environments, and strong metal-substrate
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interactions, have attracted widespread attention in heteroge-
neous catalysis due to their 100% atomic utilization efficiency
and excellent catalytic performance.16–30 The unique active
centers in SACs have been proven to accelerate the thermal
catalytic reaction, organic catalytic reaction, ORR, CO2RR, NRR,
and OER.31–41 Among the SACs, nonpreciousmetal catalysts with
the advantages of natural abundance and low cost have recently
emerged as a new Frontier in the eld of catalysis.42,43 For
example, a series of SACs with nitrogen-coordinated transition
metal sites, such as M–N–C (M ¼ Fe, Co, Ni, etc.), has been
widely studied, and their ORR activity follows the order of Fe >
Co > Ni.4,44 The special electronic structure of Fe-based SACs can
be easily modied using metallic or inorganic coordination
structures to improve the adsorption and/or desorption of
adsorbates on the catalyst surface, leading to comparably high
activity, desirable stability and anti-poisoning effect.45 In addi-
tion, Fe-based SACs show good catalytic performance in both
acidic and alkaline electrolytes, making them promising cata-
lysts for the ORR in fuel cells.46

Meanwhile, the environment is under severe threat due to
the overuse of fossil fuels, resulting in climate change and
environmental disruption. The dramatic increase in the carbon
dioxide (CO2) concentration in the atmosphere compels us to
develop sustainable energy technologies. Proton exchange
membrane fuel cells (PEMFCs) and metal–air batteries are
considered promising systems for supplying high energy
densities and sustainable clean energy with low or zero pollu-
tion emissions.47–52 However, both PEMFCs and metal–air
batteries suffer from the kinetically sluggish ORR at the oxygen/
air cathode, which is the main reaction in the electrochemical
conversion process.53–58 Thus, currently, to boost the ORR
kinetics for practical applications, low-cost and highly active
electrocatalysts are much more desirable than in the last few
decades. Besides the expensive platinum (Pt), Fe-based SACs
have been widely investigated and reported to possess compa-
rable electrochemical activities toward the ORR, while main-
taining their characteristic of ultralow cost. Well-constructed
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Scheme 1 Strategies for regulating the coordination environment of
Fe-based SACs/DACs.
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substrates can help develop Fe-based SACs with high activity,
while deep investigation of the coordination environment
around the metal single atoms can contribute to establishing Fe
SACs with a high metal content and good life span.

Among the reported strategies for the construction of Fe-
based SACs, Fe–Nx coordinated species in the carbon frame-
work of Fe–N–C catalysts are considered as the most important
active centers, as evidenced by structural characterizations and
electrochemical results.59,60 Carbon nanomaterials, with good
conductivity and excellent porous structures,61–70 are considered
desirable loading substrates for guest molecules. Density
functional theory (DFT) calculation indicated that the edge-
hosted Fe–N4 sites can tailor the bonding conguration of
nitrogen (N) and decrease the overall reaction barriers.71 To
achieve the optimized binding energy for catalytic activity and
improve the active site density of Fe in Fe-based SACs, the
design and synthesis of carbon-based Fe–N–C nanomaterials by
tuning the coordination number of N atoms has received great
attention. Also, introducing heteroatoms (P, S, B and F, etc.) or
defects has been conrmed to be a benecial method to regu-
late the electronic structure of the center metal atom and
control the electronic conguration of the substrate.72–84 These
heteroatoms doping strategies can be further used to modify
the coordination environment of the Fe sites.

To date, besides introducing heteroatoms for the construc-
tion of Fe–N–C SACs, another effective method for improving
the catalytic activity of Fe-based catalysts is to exploit a second
metal component as dual-atomic catalysts (DACs) to boost their
synergistic effect. According to the d-band electronic model, the
molecular interaction between adsorbates and the metal
surface has a deep relationship with the d-band center shi.
The electronic structures of Fe–N–C SACs can be more readily
This journal is © The Royal Society of Chemistry 2021
adjusted by introducing heteronuclear metal atoms with
different d-band congurations such as Ni, Co, and Zn.85–87 This
electronic modication can signicantly facilitate the adsorp-
tion and/or desorption of adsorbates on the catalyst surface.
Therefore, the selective combination of single-atom Fe and
other metal sites endow SACs with excellent bi-functional
property and synergistic effect. In addition, synergistic metal
active sites such as Fe–Ni and Fe–Co are benecial for compli-
cated electrocatalytic reactions, which includemultiple reaction
steps and reaction intermediates.88,89 Moreover, the introduc-
tion of a second metal further makes the catalysts more
adaptable to harsh reaction conditions.

Considering the ever-increasing number of atomic catalysts
based on Fe for electrocatalysis, it is highly desirable to provide
timely updates on Fe-based SACs and DACs with emphasis on
the strategies to optimize their coordination environment and
further improve their catalytic activity, which is important for
researchers to get a systematic understanding of Fe-based
atomic catalysts. In this review, we present the recent progress
on the Fe-based atomic catalysts and summarize different
synthetic strategies to tune the electronic and geometrical
structure of their active centers (Scheme 1), which may promote
the development of Fe-based atomic electrocatalysts. Firstly, the
coordination of nitrogen atoms with Fe is briey discussed,
followed by the methods for their construction and ORR cata-
lytic performance. Then, other heteroatoms including B, P, S
and F that are employed to modify the coordination environ-
ment of the loaded Fe atoms are also briey introduced. The
guest metal atoms that are utilized to regulate the coordination
environment of Fe atoms are also summarized and discussed.
Finally, with an emphasis on practical applications throughout
this review, we provide insight into the present challenges and
the future opportunities of Fe-based SACs/DACs, which may
shed light on the development of more effective and environ-
mentally friendly electrocatalysts for fuel cells and metal–air
batteries.
2. Fe-based SACs/DACs regulated by
coordination engineering
2.1 Fe-based SACs coordinated as Fe–N4

Among the non-Pt group metal catalysts, the metal nitrogen-
coordinated carbon nanomaterials, especially Fe (or Co)–N–C,
have been conrmed to have good ORR catalytic activity. These
active cathode catalysts were rst discovered in 1964,90 and
following investigations and theoretical calculation have
demonstrated that the Fe–Nx species was the primary active
sites toward oxygen reduction. Subsequently, many studies
showed that Fe–N–C catalysts possess effective ORR activity,
which is comparable or even superior to that of commercial Pt/C
due to their high activity, resulting from the anchored Fe active
sites and their 4e� selectivity.90–95 Besides catalytic activity
toward the ORR, Fe–N–C catalysts also show remarkable cata-
lytic activity in other elds, such as the OER,96 HER,97

CO2RR,98,99 N2RR,100 and degradation of organic contami-
nants.101 By using carbon nanomaterials with high conductivity,
J. Mater. Chem. A, 2021, 9, 19489–19507 | 19491

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ta02769g


Fig. 1 (a) Procedure for the synthesis of an atomic Fe-decorated N-doped mesoporous carbon sphere (meso-Fe–N–C). (b) SEM and TEM
images of meso-Fe–N–C materials. (c) ORR curves of different materials, with meso-Fe–N–C loading of 0.4 mg cm�2. (d) Half-wave potential,
E1/2, and kinetic current density, jk, for meso-N–C, meso-Fe–N–C, and Pt/C. (e) ORR curves of meso-Fe–N–C before and after 5000 cycles,
loading: 0.2 mg cm�2. (f) H2–O2 fuel cell polarization curves and power density plots of MEA using meso-Fe–N–C (loading of 4.0 mg cm�2) as
cathode catalysts. Membrane: Alkymer W-25, temperature: 80 �C, electrode area: 1 cm2. Reproduced with permission.90 Copyright 2021, the
American Chemical Society. (g) Corresponding FT-EXAFS fitting curves of Fe–N–C/N-OMC with the inset showing the schematic model of the
FeN4 center: Fe (yellow), N (blue) and C (brown). (h) Polarization curves of Fe–N–C/N-OMC catalyst at different rotating speeds in the range of
400 to 2025 rpm with the inset showing the K–L plots at different potentials. Reproduced with permission.105 Copyright 2020, Elsevier. (i) ORR
polarization plots for Fe-ZIF-derived catalysts in 0.5 M H2SO4 and Pt/C catalysts (60 gPt/cm

2) in 0.1 M HClO4 at 25 �C and 900 rpm. (j) Calculated
H2O2 yield for Fe-ZIF catalysts as a function of particle size. Reproduced with permission.106 Copyright 2017, the American Chemical Society.
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specic surface area and abundant defect sites as the loading
substrate, Fe–N–C catalysts have made substantial progress in
electrocatalysis. Usually, Fe–N–C catalysts can be synthesized
via heat treatment of a mixture of iron salt, nitrogen source
(aromatic or aliphatic ligand or other nitrogen-rich molecule)
and carbon precursor. Heteroatom doping of N between the Fe
atoms and the carbon matrix can effectively improve the
stability of the anchored Fe atoms and also increase the number
of introduced Fe active sites.102 In this section, we mainly focus
on the coordination of Fe atoms with pure N elements.

The structure of the FeN4 complex is commonly studied in
Fe–N–C catalysts. The central Fe atom is coordinated with
four N atoms to form an active FeN4 site. These complexes not
only can carry out fast redox reactions toward the ORR, but also
exhibit excellent electrocatalytic activity in the OER, HER,
CO2RR and other reactions.101,103,104 Zhou reported an atomic Fe
and N co-doped ordered mesoporous carbon nanosphere
(meso-Fe�N–C), which showed excellent ORR activity (Fig. 1a
19492 | J. Mater. Chem. A, 2021, 9, 19489–19507
and b).90 Meso-Fe–N–C possesses a hierarchical structure with
a high surface area of 494.7 m2 g�1 and high mass loading of Fe
atoms (2.9 wt%) and abundant N sites (4.4 wt%) (Fig. 1c and d).
With these benecial structural characteristics, meso-Fe–N–C
exhibited excellent activity and durability, outperforming the
state-of-the-art Pt/C electrocatalysts toward the ORR (Fig. 1e and
f). An efficient three-dimensional (3D) N-doped ordered meso-
porous carbon (N-OMC) supported Fe–C–N catalyst (Fe–N–C/
NOMC) showing outstanding ORR performance was reported
by Han et al. Fe–N–C/N-OMC with Fe–N–C sites was embedded
in a three-dimensional (3D) N-doped ordered mesoporous
carbon framework. The obtained Fe–N–C/N-OMC showed
a high half-wave potential, kinetic current density, turnover
frequency, mass activity towards the ORR in alkaline electrolyte,
and also exhibited comparable ORR activity to commercial Pt/C
in acidic electrolyte, which further achieved a high open-circuit
voltage, high power density and remarkable durability in the
assembled zinc-air battery (Fig. 1g and h). Experiments and
This journal is © The Royal Society of Chemistry 2021
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theoretical calculations suggest that the ultra-high ORR activity
originated from the boosted intrinsic activity of the FeN4 sites
by the graphitic N dopants, high density of accessible active
sites generated by the high Fe and N loadings and ordered
mesoporous carbon structure, together with facilitated mass
and electron transport in its 3D interconnected pores. For
PEMFC, the cathode catalyst needs to work for a long period in
an acidic environment, and thus it is necessary to develop ORR
catalysts with good acid resistance.105 Zhang and co-authors
reported the synthesis of a high-performance atomic Fe cata-
lyst derived from chemically Fe-doped zeolitic imidazolate
frameworks (ZIFs) by directly bonding Fe ions to imidazolate
ligands within 3D frameworks. The new atomic Fe catalyst
achieved acceptable ORR activity in challenging acidic medium
(0.5 M H2SO4), showing a half-wave potential of 0.85 V (vs.
reversible hydrogen electrode, RHE), only leaving a 30 mV gap
with Pt/C (60 mgPt/cm

2). Enhanced stability was attained with
the same catalyst with the loss of only 20 mV aer 10 000
potential cycles (0.6 to 1.0 V) in O2 saturated acid solution
(Fig. 1i and j).106 The high-performance atomic Fe PGM-free
catalyst has great potential to replace Pt in future PEMFCs.
2.2 Fe-based SACs coordinated by phosphorus (P)
heteroatom

In recent decades, many strategies have been developed to tune
the surrounding environment of atomic metal centers. A suit-
able coordination structure can help optimize the ORR perfor-
mance of SACs. Besides N atoms, several other heteroatoms
including P, S, and B can be employed as coordination atoms
for improving the catalytic activity and selectivity of SACs/DACs
by tuning their electronic structures.107,108 Recent research has
found that the ORR capability of single metallic sites can be
greatly enhanced by introducing P or S coordination atoms,
which has been attributed to the discrepancy in electron spin
density and electronegativity between carbon and P/S and the
charge polarization.109–111 The electron cloud distribution
induced by the incorporation of heteroatoms and metal can
result in much improved oxygen adsorption, and subsequent
O–O double bond cleavage.112 It has been conrmed that the
introduction of dual dopants tends to improve the ORR catalytic
activity substantially compared to mono-doping.

P, as a dopant, has attracted signicant attention because it
belongs to the same group as nitrogen in the periodic table, and
thus has the same number of valence electrons and similar
chemical properties as N.107 Compared with N, P has lower
electronegativity and a larger covalent radius. P doping can
change the structure and activity of carbonmore effectively, and
thus P-doped carbon has attracted great interest.113–115 Theo-
retical calculations show that P-doped carbon materials have
higher electron–donor properties, higher adsorption capacity
for O2 and higher oxidation potential than N atoms, indicating
that P-doped carbon materials are promising ORR cata-
lysts.116,117 In recent years, theoretical and experimental studies
on phosphorus coordination active sites have been carried out,
including P coordination metal (M–Px)112,118,119 and N, P double-
coordination metal (M–NxPy).120,121 However, the activity of Fe–
This journal is © The Royal Society of Chemistry 2021
P–C catalysts is still insufficient due to the poor control of the
dispersion and distribution of Fe and P sources, and the local
pore structure. Therefore, Li et al. prepared ordered meso-
porous N-free electrocatalysts with Fe–Px active sites via a wet
impregnation nanocasting method using (Ph3P)2Fe(CO)3 con-
taining Fe–P coordination centers as precursors.122 The results
showed that the catalytic performance of the prepared Fe–P–C
for the ORR was superior to that of other Fe–P–C catalysts in
alkaline and acidic media. Deconvolution of the P 2p signal gave
the binding energy peak centered at 132.5 eV, which can be
assigned to P–C, indicating that the P atom was successfully
bonded to carbon. Furthermore, the pore size of the meso-
porous Fe–P–C increased with an increase in the treatment
temperature. The FT-IR spectrum of Fe–P–C-900 showed
absorption bands at 581 cm�1 and 632 cm�1, corresponding to
the stretching vibration of the Fe–P and Fe–C species, respec-
tively, which further conrmed the formation of Fe–P–C active
sites in the catalyst. In addition, a series of ORR catalysts
composed of metal and P-doped carbon was synthesized via an
in situ polymerization process coupled with carbonization.
Relevant research showed that the pyrolysis temperature has an
important impact on the microstructure of Fe–P–C and the
doping content of P and Fe in carbon, and further affects the
catalytic activity of Fe–P–C in the ORR.123 For example, using
resorcinol and formaldehyde as carbon sources, tetraphenyl-
phosphine bromide as a phosphorus source, and iron nitrate as
an iron source, P, Fe co-doped carbon was prepared via in situ
polymerization.119 Using Raman spectroscopy, it was found that
an increase in ID/IG indicates the an increase in the amount of
defects in carbon, which is the result of the incorporation of
heteroatoms into the carbon aerogels. Due to the high doping
and large specic surface area of P and Fe, the prepared Fe–P–C-
900 electrocatalyst showed good catalytic activity towards the
ORR, and its long-term stability was better than that of
commercial Pt/C (20 wt%).

It has been reported that P and N co-doped carbon display
enhanced acidic ORR activity in comparison to N-doped carbon
and B, N-co-doped carbon124 because the P-induced asymmetric
charge density can increase the charge delocalization of the
nearby carbon atoms, resulting in the 4e� pathway required for
the ORR. Aerwards, researchers further developed a series of
SACs supported by P–N-doped carbon (M–N/P–C) for catalyzing
the ORR process.125–127

For the catalyst with the M–NxPy conguration, the P atoms
can connect with the M–Nx moieties in the carbon structure to
form a P–M–Nx bond. Replacing N with P will signicantly
change the electrocatalytic properties of the central M atom
because P disrupts the original N–M coordination bond length
and electropositivity of the M atom.128,129 At present, the inves-
tigation on Fe coupled with N, P-doped carbon-based catalysts
(Fe–N, P–C) has become a research hotspot. Firstly, viewed from
the intrinsic structure of the heteroatoms, P has a larger radius
and lower electronegativity than N and C (N (3.04) > C (2.55) > P
(2.19)). Also, P-doped Fe SACs show superior catalytic activity in
comparison with N-coordinated samples.130 The conguration
of the active centers of N/P dual-coordination Fe are favorable
for the adsorption/desorption of oxygen intermediates, which
J. Mater. Chem. A, 2021, 9, 19489–19507 | 19493
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Fig. 2 (a) Schematic of the synthesis of the Fe–N/P–C catalyst. (b) Aberration-corrected HAADF-STEM image and enlarged image of Fe–N/P–
C-700, partial single Fe atoms are circled in yellow. (c) EXAFS analysis of Fe–N/P–C-700 at R space. (d) ORR polarization curves of Fe–N/P–C-
700, Fe–N–C-700, N/P–C-700, and Fe–N4@N/P–C-700 catalysts at a rotating speed of 1600 rpm in 0.1 M KOH solution. (e) LSV curves of Fe–
N/P–C-700 and Pt/C. (f) Overall polarization plots (1600 rpm) in the ORR and OER potential window for Fe–N/P–C-700 and commercial Pt/C +
RuO2 catalysts, and the inset depicts the overall electrocatalytic oxygen performance (DE ¼ Ej ¼ 10 � E1/2). Reproduced with permission.131

Copyright 2020, the American Chemical Society. (g) Preparation of PNC and CPFeNPC. (h) ORR activities of the PNC and CPFeNPC catalysts in
0.1 M KOH electrolyte. Reproduced with permission.133 Copyright 2020, The Royal Society of Chemistry.
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can accelerate the reaction kinetics and improve the catalytic
ORR performance. Simultaneously, the optimized Fe–N/P–C
catalyst shows good ORR catalytic activity due to its abundant
active sites, large specic surface area and hierarchical porous
structure.131 For example, Yuan et al. synthesized carbon
nanosheets embedded with N and P dual-coordinated SACs via
high-temperature pyrolysis treatment, denoted as Fe–N/P–C
(FeN3P) (Fig. 2a and b).132 Extended XAFS (EXAFS) data indicates
that the Fe atom in Fe–N/P–C-700 was coordinated with three N
atoms and one P atom, resulting in the formation of a square-
planar conguration (as shown in Fig. 2c). It has been found
that when O2 is adsorbed on the Fe–N3P site, one oxygen atom is
bound to the Fe atom and the other oxygen atom is bound to the
P atom. This structure will promote the cleavage of the O–O
bond. The adsorption energy of O2 on the Fe–N3P active site is
�1.01 eV, which is lower than that on Fe–N4. The unique
structure of FeN3P resulted in an excellent ORR performance in
0.1 M KOH with the most positive onset potential (Eonset¼ 0.941
V) and half-wave potential (E1/2 ¼ 0.867 V vs. reversible
hydrogen electrode) (Fig. 2d and e). Compared with Fe–N4

(endothermic by 1.02 eV), Fe–N3P (endothermic by 0.85 eV) is
more thermodynamically conducive to the reduction of *OH to
19494 | J. Mater. Chem. A, 2021, 9, 19489–19507
OH�. In addition, Fe–N/P–C-700 also showed good catalytic
activity for oxygen evolution in alkaline solution. Fe–N/P–C-700
showed a small potential of 1.66 V at 10 mA cm�2 (Ej ¼ 10)
(Fig. 2f), which is comparable to that of RuO2 (1.61 V). Similarly,
ZIF-8 was treated with triphenylphosphine and ferrous sulfate
to form a new C–P–Fe–Nx–P–C system as an ORR catalyst
(Fig. 2g). Different from Fe–N–C, the CPFeNPC curve moved to
a larger R space, which was ascribed to the longer bond length
of Fe–P than that of Fe–N. This result conrms the effect of the
incorporation of P on the Fe binding environment. Research
results demonstrated that regardless of alkaline or acidic
conditions, CPFeNPC possesses greatly enhanced ORR activity,
and its activity is higher than that of Fe–N–C and comparable to
that of commercial Pt/C (Fig. 2h).133

For catalysts with the M–NxPy conguration, P may also dope
in the carbon matrix by replacing an arbitrary carbon. P-Doped
single-atom Fe–N–C catalysts were synthesized by employing
a self-assembly strategy using phytic acid-modied polypyrrole
nanowire. DFT calculation showed that P doping can adjust the
electronic structure around the FeN4 group, thus reducing the
energy barrier in the rate-determining step and improving the
ORR activity. The ORR processes on the FeN4CP1 and FeN4CP3
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Schematic illustration of the synthesis of Fe-NSC. (b) HRTEM and (c) element mapping images of Fe-NSC. (c) HAADF-STEM image of
Fe-NSC, where the bright dots correspond to the atomically dispersed Fe atoms. (d) ORR performance in 0.1 M KOH at a sweep rate of 5.0mV s�1

and 1600 rpm. Reproducedwith permission.143 Copyright 2020, Springer. (e) Schematic illustration of the formation of Fe SA-NSC-900 structure.
(f) SEM image of Fe SA-NSC-900. (g) HAADF-STEM images of Fe SA-NSC-900 showing the single Fe atoms (white circles) embedded in a carbon
matrix. (h) Corresponding Fourier transform of EXAFS curves of Fe SA-NSC-900. Reproduced with permission.144 Copyright 2021, the American
Chemical Society. (i) ORR polarization LSV curves of Fe-NSDC. (j) OER polarization LSV curves of Fe-NSDC. (k) Charge and discharge polarization
curves of rechargeable Zn–air batteries using different catalysts as air electrode. Reproduced with permission.110 Copyright 2019, Wiley-VCH.
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models have a lower theoretical overpotential and thermody-
namic overpotential than that of the FeN4C model, which
indicates that P-doped Fe–N–C catalysts are more conducive to
the ORR process in terms of energy.134
2.3 Fe-based SACs coordinated by sulfur (S) heteroatom

In addition to introducing P into M–N catalysts, S doping can
also effectively change the electron distribution of doped
carbon materials, which will contribute to their catalytic prop-
erty in the reaction process.135,136 The relatively large atomic
radius of S made it possible to induce defects on the carbon
support and the lower electronegativity of S (N (3.04) > S (2.58)
z C (2.55)) was expected to modify the electronic structures of
the Fe–N active center.137,138 S is considered an excellent dopant
to provide positive effects on catalytic activity for the ORR and
OER.110 In the presence of S heteroatoms, coordination bonding
with M (Ni, Co, Cu)–N–C catalysts occurs with M–S bonds,
resulting in NiN3S, CoN3S, and CuN3S atomic sites.139,140 For
example, Yang et al. synthesized Ni–N3S1 by pyrolyzing
a mixture of Ni salt and small organic molecules as the N and S
sources. Compared with NiN4, NiN3S1 substantiated the positive
effect of S coordination for improving the electrochemical
catalytic activity for the CO2RR.141 In the case of Fe–N–C, the
formed coordination bond between the introduced S and the
single metal is different. Zhang and co-workers synthesized
FeN4S2 (Fe–SAs/NSC), CoN3S1 (Co–SAs/NSC) and NiN3S1 (Ni–
SAs/NSC) by mixing metal ions (Fe3+, Co2+ and Ni2+) with
This journal is © The Royal Society of Chemistry 2021
a single carbon precursor of 1-allyl-2thiourea, which contains N
and S, followed by pyrolysis at 900 �C under an inset atmo-
sphere for 3 h.136 The XANES spectra indicated that no Fe–Fe
bonds, Co–Co bonds, and Ni–Ni bonds existed in Fe SAC, Co
SAC, and Ni SAC, respectively. In addition, Co–S bonds and Ni–S
bonds were observed in the Fourier transformed (FT) k2-
weighted c(k) function of the EXAFS spectra. However, no Fe–S
bond was observed. The above-mentioned results showed that
Fe SAC remained as FeN4S2, while Co SAC and Ni SAC remained
as CoN3S1 and NiN3S1, respectively.142 The different affinities of
Fe and Co/Ni ions towards S-containing ligands result in
different organic complex intermediates, thus generating
distinct nal structures and products.

In the case of Fe-NSC SACs, one of the effective coordination
strategies is to coordinate each Fe atom with four N atoms, and
the S atoms are not directly bonded to the Fe atom (Fig. 3a). For
instance, Jia et al. synthesized an S-doped Fe-NC SAC via sol-
vothermal treatment and annealing, which was denoted as Fe-
NSC (Fig. 3b and c).143 The electrochemical test results
showed that the ORR performance of Fe-NSC was signicantly
improved compared with that of the Fe–N–C catalyst without S.
In 0.1 M KOH, the initial potential was 1.09 V and the half-wave
potential was 0.92 V (Fig. 3d). Simultaneously, the acid ORR
performance of Fe-NSC was equivalent to that of Pt/C, which is
0.78 V E1/2. DFT simulation showed that the signicant increase
in ORR activity can be attributed to the charge enrichment
induced by S doping with S substituting an N atom, which can
achieve the best O2 binding and rapid electron transfer.
J. Mater. Chem. A, 2021, 9, 19489–19507 | 19495
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Similarly, Li et al. reported a novel pyrrole–thiophene copolymer
pyrolysis strategy to synthesize Fe-isolated single atoms on S
and N co-doped carbon (Fe-ISA/SNC).37 The Fe atom is coordi-
nated by four N atoms and partial S coordination with N in Fe-
ISA/SNC. The catalytic efficiency of Fe-ISA/SNC increased with S
doping. The half-wave potential of Fe-ISA/SNC is 0.896 V (vs.
RHE), which is higher than that of single Fe atom on nitrogen-
codoped carbon (Fe-ISA/NC, 0.839 V), commercial Pt/C (0.841 V)
and most reported non-noble metal catalysts. Moreover, Fe-ISA/
SNC exhibited outstanding methanol tolerance, and its activity
decay during 15 000 voltage cycles under alkaline conditions
was negligible. The doped S changes the charge on the N atoms
around the Fe reaction center. The enriched charge promotes
the rate-limiting reduction release of OH*, showing a high ORR
catalytic performance.

Another effective way to coordinate S with Fe–N–C SACs is to
bond S directly with the anchored Fe active atoms. As shown in
(Fig. 3e), Wang et al. reported a NaCl-template pyrolysis method
to fabricate single Fe atom catalysts with atomically dispersed
Fe-heteroatom (N, S) bridge sites anchored on carbon nano-
sheets (Fig. 3f). The HAADF-STEM image exhibited atomically
dispersed Fe atoms, which can be clearly identied as bright
Fig. 4 (a) Schematic of the overall procedure for the synthesis of Fe-, N
Fourier transforms of the Fe K-edge EXAFS oscillations of the FeBNC-80
Reproduced with permission.153 Copyright 2017, the American Chemica
mechanism on the neighboring active sites of B-doped pyrolyzed Fe–N–
the neighboring FeN4 and B subs-sites of the FeN4G-BN system compar
permission.154 Copyright 2020, the American Chemical Society. (f) TEM im
FeSA/B,N-CNT. Scale bar, 2 nm. (h) XANES spectra of FeSA/N-CNT, FeSA/B
and other samples. Reproduced with permission.155 Copyright 2019, The

19496 | J. Mater. Chem. A, 2021, 9, 19489–19507
spots highlighted by white circles (Fig. 3g). The two different
types of Fe-heteroatom bridge sites of Fe SA-NSC-900 can be
observed from the two main peaks in the EXAFS spectrum
(Fig. 3h). One peak is centered at �1.57 Å, which can be
assigned to the Fe–N bond, similar to the main peak in FePc.
The other peak located at �1.8 Å can be attributed to the Fe–S
coordination structure. The structural characterization and
experimental results conrmed that the N and S-coordinated Fe
atomic sites (FeN3S) induced charge redistribution, lowering
the binding strength of the oxygenated reaction intermediates
and leading to fast reaction kinetics and good ORR activity.
Moreover, Fe–SAs/NSC exhibited better stability and higher
tolerance towards methanol compared with Pt/C. Both the
electrochemical results and theoretical calculations indicate the
positive role of introducing S in the single Fe atom microenvi-
ronment, which effectively regulates the local charge density
distribution of the single Fe atomic sites, and thus promotes
their interactions with the oxygenated reactive intermediates in
the ORR.144

Similarly, Zhang et al. developed a porphyra-derived S-doped
Fe–N–C effective bifunctional electrocatalyst, denoted as Fe-
NSDC. An increase in the S content in Fe-NSDC triggered the
-, and B-doped FeBNC catalysts. (b) Fe K-edge XANES spectra and (c)
0 and FeNC-800 samples, with FePc, Fe3C and iron foil as references.
l Society. (d) DFT calculation and microkinetic simulation of the ORR
C catalyst. (e) ORR energy profiles for the dissociative mechanism on
ed to that of the undoped FeN4G system at U ¼ 0 V. Reproduced with
age of FeSA/B,N-CNT. Scale bar, 100 nm. (g) AC HAADF-STEM image of
,N-CNT, Fe2O3, and Fe foil. (i) ORR polarization curves of FeSA/B,N-CNT
Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2021
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most advanced ORR performance, impressive OER perfor-
mance, and lower DE (DE ¼ 0.8 V), which was due to the large
number of monoatomic dispersed active sites and enhanced
mass/electron adsorption transport performance (Fig. 3i and j).
Simultaneously, an Fe-NSDC-driven Zn–air battery showed an
ultrahigh open circuit potential of 1.53 V and outstanding
discharge behaviors with a high peak power density of 225.1
mW cm�2, implying its enormous feasibility to act as an effi-
cient air cathode catalyst (Fig. 3k).110 In conclusion, S-doping
can optimize the charge and spin distribution in Fe–N–C
materials, resulting in superior ORR activities.

It is also a feasible way to boost the catalytic performance of
Fe–N–C materials by doping S and P simultaneously. Li and co-
authors synthesized hollow carbon polyhedron Fe–N–C mate-
rials co-doped with N, P and S from a metal–organic frame-
work@polymer composite, denoted as Fe–SAs/NPS-HC, which
exhibited excellent ORR properties in both acid and alkaline
media. In alkaline media, a positive half-wave potential (E1/2) of
0.912 V (vs. RHE) was obtained. Also, an E1/2 of 0.791 V can be
achieved in acid media. The DFT calculations show that the
excellent kinetic behavior of Fe–SAs/NPS-HC resulted from the
atomic dispersion of N-coordinated Fe and the electronic effect
of the surrounding S and P atoms. This can provide electrons to
the single atom Fe center, which reduces the positive charge of
Fe (Fed+) and weakens the binding force of the adsorbed OH
species. Meanwhile, Fe–SAs/NPS-HC exhibited a superior
performance to Pt/C in the Zn–air battery and H2–air fuel cell
test.145
2.4 Fe-based SACs coordinated by boron (B) coordination

The high overpotential of Fe SACs during the ORR process can
be linked to the difficulty in adsorbing oxygenmolecules, or due
to the fact that the reaction intermediates can be strongly
bonded at the reversible potential.110,146,147 It has been reported
that the adsorption behavior of the active Fe sites can be regu-
lated by changing the bond length of Fe SACs, the oxidation
states of Fe and the chemical property of the nearest hetero-
geneous doped atoms.148 Boron (B) heteroatom doping is an
effective way to realize the electron modulation of active
sites.149–152 The B heteroatom holds great potential to redis-
tribute the inhomogeneous spin and charge densities induced
by the coordination of metal and N atoms, making the metal
center more favorable for intermediate adsorption, thus
resulting in enhanced catalytic activity.156

Yuan and co-workers developed a general high-temperature
pyrolysis approach using polypyrrole (PPy) hydrogel as the C/
N source and boric acid/FeCl3 as the B and Fe sources to
generate porous carbons decorated with B centers and atomi-
cally dispersed Fe–Nx species, denoted as FeBNC (Fig. 4a). The
Fe K-edge XANES spectra (Fig. 4b) and Fourier transforms of the
Fe K-edge EXAFS (Fig. 4c) demonstrate the presence of atomi-
cally dispersed Fe–Nx sites. This FeBNC catalyst exhibited
excellent electrocatalytic properties towards the ORR with an
ultra-low overpotential as low as 0.851 V (vs. RHE), which is
comparable to that of the state-of-the-art porous carbon cata-
lysts and the benchmark system Pt/C. Rotating ring-disk
This journal is © The Royal Society of Chemistry 2021
electrode (RRDE) measurements conrmed that the FeBNC-800
catalyst exhibited a low ring current density of approximately
0.008 mA cm�2 for peroxide oxidation and a much higher disk
current density of approximately 5.5 mA cm�2 for the ORR.
Theoretical calculation revealed that the incorporation of B
dopant into traditional Fe–Nx species-enriched porous carbons
signicantly lowers the energy barrier for the ORR, and there-
fore boosts the overall performance.153 Saputro et al. studied the
dissociative ORR mechanism on the neighboring active sites of
a B-doped pyrolyzed Fe–N–C catalyst using a combination of
DFT calculations and microkinetics simulations (Fig. 4d). The
structure of the neighboring FeN4 and B-doped active sites
facilitates the side-on adsorption of O2 for a facile dissociation
process. The dissociative ORR mechanism analyzed based on
the Gibbs free energy diagram, which was constructed by
compiling the lowest activation energy for each reaction step
(Fig. 4e), conrmed that the presence of neighboring FeN4 and
Bsubs sites in the FeN4G-BN system greatly facilitates the O2

dissociation process through the formation of an O2 side-on
conguration.154 Moreover, Yan group designed a B dopant for
a single-atom Fe–N–C system to modulate the Fe d-band center
for favored adsorption kinetics, therefore boosting the ORR
process (Fig. 4f and g). The Fe K-edge XANES spectra indicated
that the single Fe atoms in FeSA/B,N-CNT were much more
positively charged than B-doped catalysts (Fig. 4h). The calcu-
lation based on rst-principles theory indicated signicant
redistribution occurred because of B doping, which can be
demonstrated by the isosurface plots of charge density variation
with a smaller electron cloud shi away from N to B, leading to
the modulation of the d-band center of Fe. The optimized FeSA/
B,N-CNT catalyst outperformed pure Fe–N–C and commercial
Pt/C in 0.1 M KOH medium, showing a half-wave potential of
0.933 V versus the reversible hydrogen electrode (vs. RHE)
(Fig. 4i). The increased valence electrons and decreased
magnetic moment of the single-atom site aer B-doping can
also be obtained from theoretical calculation. The modulated d-
band center provides the system with favorable adsorption
energy for oxygen and a much lower overpotential, thus greatly
boosting the ORR performance.155
2.5 Fe SACs coordinated by uorine (F) coordination

In addition, uorine (F) can also be used to tune the electron
structure of guest atoms because the incorporation of non-metal
atoms (N: 3.04; P: 2.19; S: 2.58; F: 3.98; and B: 2.04) with greatly
different electronegativity into a carbon matrix can effectively
tailor the distribution of the electronic and charge density of
carbon materials, indicating that the electronegativity of the
nonmetal atoms induces a positive charge in the surrounding
carbon atoms, and further promotes the ORR performance.157–159

Due to the highest electronegativity and the suitable atomic
radius of F, when the F� anion is incorporated into metal oxides
or phosphates, it can effectively increase the polarity of their
chemical bonds, thus greatly affecting the adsorption and
dissociation of intermediate molecules.160–163 Meanwhile, its
strong electron-absorbing ability increases the metal valence
state of the host catalyst, thus enhancing the intrinsic activity of
J. Mater. Chem. A, 2021, 9, 19489–19507 | 19497
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the active sites. Therefore, designing and developing F� anion-
doped metal compound catalysts may be a promising method
to promote the catalytic efficiencies of catalysts.164

Zhou and coworkers created a multilayer stabilization
strategy for the construction of M-SACs in N-, S- and F-co-doped
graphitized carbons (M ¼ Fe, Co, Ru, Ir and Pt), in which metal
precursors are embedded in peruorotetradecanoic acid
multilayers, and are further coated with polypyrrole prior to
pyrolysis, thus efficiently inhibiting the aggregation of themetal
atoms to achieve M-SACs with a high metal of loading up to
�16%. For the ORR, Fe-SA-NSFC exhibited the highest kinetic
current density (Jk) of 61.5 mA cm�2 at 0.85 V compared to that
for the Fe-SA-NC (5.3 mA cm�2), Fe-SA-NSC (13.6 mA cm�2), and
Pt/C catalysts (5.2 mA cm�2). The Tafel slope of Fe-SA-NSFC was
measured to be 53 mV dec�1, which was lower than that of
70 mV dec�1 for Fe-SANC, 69 mV dec�1 for Fe-SA-NSC, and
72 mV dec�1 for Pt/C. Consequently, Fe-SA-NSFC served as an
efficient oxygen reduction catalyst with half-wave potentials of
0.91 and 0.82 V (vs. RHE) in alkaline and acid solutions,
respectively. Moreover, as an air electrode in zinc-air batteries,
Fe-SAC demonstrated a large peak power density of 247.7 mW
cm�2 and superior long-term stability.165
2.6 Fe-based DACs

Besides SACs, polynary metals consisting of two types of metals,
while maintaining their atomic dispersion also emerged as
promising alternative catalysts to the commercial Pt/C toward
the ORR. To accurately modulate each metal catalytic site, the
polynary doping strategy has been proposed, which was
inspired from the synergistic function of alloyedmetal catalysts.
In this section, we particularly focus on Fe-based dual metal
SACs with one component of Fe and the other metal atoms as
active centers, which may have the advantage of the potential
synergistic interactions of the two types of active centers and
inherit the merits of high exposure and high atom utilization.
The interaction between the two anchored metal atoms can
alter the availability of active sites on the surface or interface,
modulate the binding energy to achieve a suitable metal state
between the reactants and catalytic sites, as well as the inter-
mediates, and further affect the nal catalytic performance.
Optimizing the active sites of DACs by modulating their elec-
tronic structures via the introduction of metal coordination is
Fig. 5 Schematic illustration of DACs with different coordination
environments. (a) Fe and M are bonded and further coordinated by N
atoms. (b) Fe and M are coordinated by N atoms separately.

19498 | J. Mater. Chem. A, 2021, 9, 19489–19507
benecial for enhancing the activity and selectivity of the
products. Taking Zn and Co DACs as an example, Zn, Co poly-
nary metal SACs supported on N-doped carbon (ZnCo-NC SACs)
exhibited outstanding ORR performance in both alkaline and
acid conditions with a half-wave potential of 0.861 and 0.796 V,
respectively. Undoubtedly, the ZnCo-NC SACs exhibited supe-
rior catalytic activity for the ORR with a 4e� pathway compared
to their monometallic counterparts (Zn-NC and Co-NC SACs).166

The formation of M1–M2 dual sites not only favors the cost/
time-efficient assembly of integrated energy utilization
devices, but also signicantly boosts the electrocatalytic
performance by virtue of creating a more efficient catalytic route
compared to SACs.85 According to the bonding condition
between the anchored metal atoms and the coordination
heteroatoms, DACs can be further classied into two subcate-
gories, Fe-based DACs coordinated by heteroatoms together or
separately.

In the rst category, Fe and other metal atoms are bonded
together, forming an Fe–M active site, which is further coordi-
nated by N atoms, as shown in Fig. 5a. DACs with this geometric
conguration can effectively enhance the mass loading of SACs,
which was rstly proposed to resolve the problem of a catalyst
loading of less than 1.5%. Simultaneously, these DACs have
been demonstrated to be more active than single-center sites,
and the synergistic effect between M1 and M2 in DACs can
signicantly improve the catalytic performance.167,168 In the
second category, two metal atoms are coordinated by N atoms
separately without any binding connection between M1 and M2,
as illustrated in Fig. 5b. In this geometric conguration, the Fe
atom and the introduced guest metal atoms are coordinated by
four N atoms in the case of Fe–N4/M–N4. This DAC can effec-
tively functionalize the catalysts, such as atomically dispersed
Fe and Ni co-anchored to a microsized trimodal porous-
structured nitrogen-doped graphitic carbon support with
highly ordered macropores (denoted as Fe/Ni–Nx/OC). The
extended X-ray absorption ne structure spectra conrmed that
Fe- and Ni–SAs are affixed to the carbon support via Fe–N4 and
Ni–N4 coordination bonds, respectively. The electrochemical
results demonstrated that the outstanding ORR activity of Fe/
Ni–Nx/OC results from the synergistic enhancement induced by
the coexisting Fe–N4 and Ni–N4 sites.169

2.6.1 Fe-based DACs with two metal atoms bonded and
further coordinated by heteroatoms

(i) Fe–CoNx DACs. Multiple attempts to create Fe–Co dual
atomic catalysts resulted in their successful synthesis, with
methods including high-temperature pyrolysis, host–guest
strategy, in situ electrochemical method, and vesicle strate-
gies.170–172 For example, Bai et al. fabricated Fe–Co DACs in iron-
containing alkaline electrolyte through an in situ electro-
chemical method. The electrochemical activation of the Co
species whose atoms are dispersed on nitrogen-doped carbon
(Co–N–C) resulted in the accidental combination of Co–Fe and
formation of a Co–Fe double-atomic catalyst (Co–Fe–N–C). The
OER performance was due to the signicant synergistic effect of
Fe and Co, together with a decrease in the overpotential from
443 to 309 mV at a current density of 10 mA cm2.173
This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ta02769g


Fig. 6 (a) Schematic illustration of the preparation of (Fe, Co)/CNT. (b) Proposed architecture of Fe–Co dual sites. (c) TEM image and (d) HAADF-
STEM image of (Fe, Co)/CNT. Reproduced with permission.174 Copyright 2018, The Royal Society of Chemistry. (e and f) Magnified HAADF-STEM
images of Ni/Fe–N–C. (g) Ni K-edge XANES spectra of Ni/Fe–N–C, Ni–N–C, Fe–N–C, and Ni-foil. (h) Fourier transformation of the EXAFS
spectra in the R space. (i) First two-shell (Ni–N, Ni–Fe) fitting of the Fourier transformations of the EXAFS spectra for Ni/Fe–N–C. Reproduced
with permission.178 Copyright 2019, Wiley-VCH.
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Wang et al. constructed Fe–Co dual sites embedded in N-
doped carbon nanotubes ((Fe,Co)/CNT) by precisely control-
ling the bonding between Fe3+ precursors and Zn/Co bimetal
organic frameworks (BMOFs) in pristine bimetallic MOFs
(Fig. 6a and b).174 In their synthetic process, a bimetallic (Zn/Co)
MOF was used as the host material, and FeCl3 was encapsulated
in the cavity of the MOF, and further used as a guest metal
source to produce Fel sites using a double-solvent method. Next,
the organic ligands in the BMOFs were annealed at 900 �C
under an N2 atmosphere to convert the initial rhombohedral
dodecahedrons into n-doped carbon nanotubes. The Fe–Co
dual sites on the surface of BMOFs catalyzed the growth of the
carbon nanotubes. Finally, the Zn species could be removed by
volatilization, and (Fe, Co)/N–C DACs were formed, and the
corresponding morphology is shown in Fig. 6c and d. This
unique structure facilitated the rapid transport of ORR-
associated ions and showed a state-of-the-art ORR perfor-
mance with an admirable onset potential (Eonset, 1.15 V vs. 1.05
V) and halfwave potential (E1/2, 0.954 V vs. 0.842 V), out-
performing the commercial Pt/C.174 Using a model of N-doped
graphene-supported dual Co–Fe sites, DFT calculation found
that the dissociation energy barriers of the steps of O2 and OOH
into O and OH were 0.25 eV and 0.02 eV, respectively, which are
This journal is © The Royal Society of Chemistry 2021
much lower than that of the respective single-atom Co and Fe
catalysts, manifesting that the dual-atom Fe–Co sites can
signicantly lower the cleavage barrier of the O–O bond for
enhanced ORR activity.175 Moreover, Yang et al. proposed iso-
lated diatomic Fe–Co anchored on N-doped porous carbon as
an efficient Fenton-like catalyst through a cage-encapsulated-
precursor method. Zeolitic imidazolate frameworks (ZIF-8),
possessing abundant pores and cavity, were used as cages to
separate and encapsulate single Fe(acac)3 and Co(acac)2 mole-
cules via the micropore connement strategy. The constructed
Fe(acac)3/Co(acac)2-1@ZIF-8 precursor was pyrolyzed, which
resulted in the formation of isolated diatomic Fe–Co encapsu-
lated by N-doped carbon. Further, the experimental and DFT
calculation results both demonstrated that the isolated
diatomic metal-nitrogen sites (FeCoN6) with a moderate
adsorption energy greatly facilitate electron transport for the
activation of peroxymonosulfate.176 Similarly, with Co(NO3)2-
$6H2O and Zn(NO3)2$6H2O as the metal precursor, Wang and
co-workers developed a host–guest strategy to construct an
electrocatalyst of porphyrin-like Fe–Co dual sites ((Fe, Co)/N–C)
with Fe–Co dual sites embedded on N-doped porous carbon.
They found that several connected transformations occurred
during the pyrolysis, and the Fe3+ moieties were gradually
J. Mater. Chem. A, 2021, 9, 19489–19507 | 19499
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reduced by the as-generated carbon and bonded with the
neighboring Co atoms. Mössbauer spectroscopic analysis, in
which a minor amount of iron species was found, effectively
demonstrated the presence of a Fe–Co bond. The synthesized
(Fe, Co)/N–C exhibited the maximum power density values of
�0.85 and 0.98 W cm�2 at back pressures of 0.1 and 0.2 MPa
with O2 as the oxidant, respectively. The DFT calculation results
manifested that cleavage of the O–O bond on the Fe–Co dual
site was extremely easy to occur. Also, the dissociation barrier of
O2 and OOH into O and OH was calculated to be as low as
0.25 eV and 0.02 eV, respectively, much lower than that on the
single Fe SAs/N–C and Co SAs/N–C sites.177

(ii) Fe–NiNx-DACs. Some catalytic processes such as the
CO2RR always involve complex reaction processes. Previous
research evidenced that Ni–N sites exhibit high current density
for CO production, but suffer from sluggish kinetics of the rst
proton-coupled electron transfer.141 The Fe–N site shows a low
onset potential for the CO2RR, whereas the desorption of *CO
into the gas phase lowers its reactivity due to the strong binding
of CO to the single Fe atom site.179 Thus Fe–Ni-based DACs have
been conrmed to be promising electrocatalysts combined with
the advantages of homogeneous and heterogeneous catalysts,
providing synergistic functions based on different molecules
and their interfaces. Some Fe–Ni bimetallic N-doped carbon
Fig. 7 (a) Schematic diagram illustrating the procedure for the synthesis
desorption isotherms. (d) Fe K-edge XANES spectra. (e) Ni K-edge XANES
for Fe/Ni–Nx/OC. Reproduced with permission.169 Copyright 2020, Wile
FeNi–N6. (i and j) Fe k-edge fittings curves of FeNi–N6 and the structura
with permission.183 Copyright 2020, the American Chemical Society.

19500 | J. Mater. Chem. A, 2021, 9, 19489–19507
frameworks achieved excellent electrocatalytic performances
and outstanding durability in acidic (259 mV, 10 mA cm�2) and
alkaline (219 mV, 10 mA cm�2) solutions towards the HER.180

There are many ways to form Fe–Ni dual sites, such as sol-
vothermal and one-pot methods. Ren et al. reported the
synthesis of a diatomic metal–nitrogen site (Ni/Fe–N–C)
through an ionic exchange strategy based on the pyrolysis of the
Zn/Ni/Fe zeolitic imidazolate framework for efficient CO2RR
(Fig. 6e and f). The inset in Fig. 6g highlights the pre-edge
features at approximately 8334 eV, which correspond to the 3d
and 4p orbital hybridization of the Ni central atoms. Fig. 6h
displays the Fourier transform (FT) k2-weighted c(k) function of
the EXAFS spectra. The calculated Ni–Fe path in Fig. 6i ts well
with the experimental spectra at 2.06 Å. The Ni–Fe dual center
reduced the energy barrier for the desorption of the COOH* and
CO intermediates in comparison to the simple Ni or Fe center,
thereby signicantly enhancing the CO2RR activity.178 In
another study, N-doped carbon hollow spheres with atomic Fe–
Ni dual-metal pairs (Fe–NiNC) were fabricated via a dual solvent
route. Beneting from the porous substrate and electro-
chemical interactions between the Fe–Ni dual-metal pairs, the
resultant catalyst showed exceptional bifunctional catalytic
performances towards both the OER and ORR in rechargeable
Zn–air batteries. Theoretical and experimental results revealed
of Fe/Ni–Nx/OC. (b) SEM images of Fe/Ni–Nx/OC. (c) N2 adsorption–
spectra with amagnified view in the inset. (f) Proposed structural model
y-VCH. (g) TEM and (h) corresponding element mapping patterns of
l model (insets) of FeNi–N6 (type I) and FeNi–N6 (type II). Reproduced

This journal is © The Royal Society of Chemistry 2021
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that the Fe and Ni atoms act as effective active sites for the ORR
and OER, respectively.181

(iii) Fe–RhNx-DACs. The dual single-atom Fe–Rh catalyst
exhibits an excellent electrocatalytic performance for the HER
in acidic electrolyte. Wang et al. obtained a dual single-atom
Rh–Fe catalyst using a top-down process, which starts from
iron nanoparticles, using dual-metal interbonds (Rh–Fe
bonding) as a chemical facilitator to spontaneously convert the
Fe nanoparticles to single atoms at low temperatures. The
presence of Fe–Rh bonding between adjacent Fe and Rh single
atoms contributes to the thermodynamic stability, which facil-
itates the stripping of a single Fe atom from the Fe nano-
particles, leading to a stabilized single atom. This discovery of
dual-metal interbonding as a chemical facilitator paves a novel
way for the atomic dispersion of chemical metals and the design
of efficient catalysts at the atomic scale.182

2.6.2 Fe-based DACs with two metal atoms coordinated by
heteroatoms separately

(i) FeN–Ni–Nx DACs. Hetero-SACs consisting of Fe and Ni
sites separately co-anchored to carbon substrates present
desirable activity toward the ORR by taking the advantage of two
different activity sites through long-range coupling to alter their
coordination environments and electronic structures. Zhu et al.
prepared a hetero-single-atom ORR electrocatalyst with Fe and
Ni co-anchored to a microsized nitrogen-doped graphitic
carbon support through a template method combining wet
chemical metal ion impregnation and pyrolysis (denoted as Fe/
Ni–Nx/OC) (Fig. 7a). The obtained materials presented a cuboc-
tahedron-shaped structure with 3D-ordered micropores (z180
nm) interconnected by 3-D ordered mesopores channels
(Fig. 7b). Based on the N2 adsorption–desorption isotherms
(Fig. 7c) and EXAFS result (Fig. 7d and e, respectively), they
concluded that Fe- and Ni–SAs are affixed to the carbon support
via Fe–N4 and Ni–N4 coordination bonds (Fig. 7f). The resultant
Fe/Ni–Nx/OC electrocatalyst exhibited outstanding ORR activity,
outperforming SAC electrocatalysts with only Fe–N4 or Ni–N4

sites, which can be derived from the synergistic enhancement
induced by the coexisting F–N4 and Ni–N4 sites and the superior
mass-transfer capability promoted by the trimodal porous-
structured carbon support.169 In another work, a binuclear
FeNi–N6 site embedded in porous nitrogen-doped carbon was
fabricated, as shown in Fig. 7g and h. The active sites and
catalytic mechanism in the N-coordinated Fe, Ni dual-doped
carbon toward the ORR were revealed with the assistance of
XANES tting and DFT calculations.183 This report exposed the
fact that FeNi–N6 with a type I (each metal atom coordinated
with four nitrogen atoms) instead of type II conguration (each
metal atom coordinated with three nitrogen atoms) dominates
the catalytic activity of the noble metal-free catalyst, as shown in
Fig. 7i and j. This study is an important step in the development
of bimetallic materials by developing dual-metal doping for the
ORR in terms of revealing new structural congurations and
their correlation with catalytic activity.183

(ii) FeN–Co–Nx DACs. Another metal, Co, is widely investi-
gated as an active SAC for electrochemical reactions. Recently, it
has been reported that the corrosion of the highly active FeNx

species towards the ORR can be effectively prevented by the
This journal is © The Royal Society of Chemistry 2021
neighboring Co species,184,185 which provides a good future for
Fe–Co DACs with promising electrochemical activities. For
example, metalloporphyrinic MOFs, PCN-224-FeCox, with an
adjustable molar ratio of FeII/CoII alternatively residing inside
the porphyrin center, were employed by Fang et al. as precursors
to prepare FeCo-N-doped porous carbon (denoted as FeCo-NPC)
aer pyrolysis. Upon pyrolysis and acid etching, PCN-224-FeCox
was converted to N-doped porous nanotubes with a hollow
structure, consisting of highly dispersed FeNx and CoNx species.
For oxygen reduction, the electron transfer number based on
this Fe–Co–N-900 catalyst was calculated to be 3.9 via the Kou-
tecky–Levich equation, indicating the ideal 4 e� ORR process.
Also, the Tafel slope was calculated to be �78 mV dec�1, which
is much lower than that of �86 mV dec�1 for commercial Pt/C,
indicating favorable kinetic behavior.186 Meanwhile, Deng and
co-workers developed a bimetal nitride of (Co, Fe)3N_R as an
electrocatalyst for the ORR and further as an electrode for Zn–
air batteries. A bimetal-layered double hydroxide was rstly
prepared via a cation-carving strategy with FeII as an etching
agent to attack the Co-based nanocuboid precursor, which
resulted in a series of ligand release and re-coordination to
obtain a secondary hollow structure with a tunable Co/Fe ratio
controlled by the stoichiometric factor of the FeII source. XANES
was used to reveal the electronic structure of (Co, Fe)3N_R,
which presented a slightly weakened pre-edge hump as the
nitride feature and an enlarged white-line crest, suggesting
higher electron occupancies at the Co 3d orbits and lower
electron allocation at the 4p orbits. This observation was
ascribed to the weaker 4p–3d hybridization at the Co sites and
the altered net charge distribution. (Co, Fe)3N_R was utilized in
a Zn–air battery for the ORR/OER, and the assembled Zn–air
battery delivered a comparable performance to precious
benchmarks in its initial stage, and also demonstrated a matu-
ration process, which led to a maximum power density of 234
mW cm�2 and a discharge–charge voltage gap of 0.85 V at 30mA
cm�2.187

(iii) FeN–Pt–Nx DACs. The high activity of bimetallic
composite single-atom electrocatalysts, which is enhanced by
the synergistic effect, is desirable for the ORR and zinc-air
batteries. Cao et al. initially fabricated Fe/Pt composite single-
atom bifunctional electrocatalysts (Fe1Pt1/NC) via the pyrolysis
of porphyra and adsorbed urea, where a unique electronic
structure and coordination environment were created in the
presence of Pt–N4 and Fe–N4 structures, leading to a favorable
kinetic current density nearly ve times that of Pt/C.188 Mean-
while, Zhong et al. proposed a new method of embedding Pt
species in an Fe-doped imidazole zeolite framework to increase
the density of active metal atoms and increase the activity
through simple pyrolysis, where both isolated Pt and Fe single
atoms were anchored on the nitrogen-doped carbon. The
synergist effect of the Pt–N4 and Fe–N4 structure is facile to
break the O2 molecule and form OOH*, resulting in high ORR
activity and excellent performance in zinc–air batteries.189

(iv) FeN–Pd–C DACs. Pd is highly active towards many
catalytic reactions, including C–C coupling, selective hydroge-
nation, and some oxidation reactions.2 In a recent study, Zhao
et al. reported a biomimetic Pd1@Fe1 yolk–shell featuring two
J. Mater. Chem. A, 2021, 9, 19489–19507 | 19501
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compatible single-atom systems with atomically dispersed Fe1
sites in the N-doped carbon shell and Pd1 sites in the yolk
derived from ametal–organic framework. By coating PdCl2/UiO-
66-NH2 with stable PdCl2/NH2 coordination conguration
(denoted as PdCl2/UiO-66-NH2), the surface of PdCl2/UiO-66-
NH2 was coated with an SiO2 layer, resulting in the formation of
core–shell PdCl2/UiO-66-NH2@SiO2. Fe-Tipp (5,10,15,20-tetra(4-
(imidazole-1-yl)phenyl)porphyria) was subsequently polymer-
ized on the surface of PdCl2/Na to generate PdCl2/SiO2@Fe-Tipp
via a quaternary mechanism. The resulting PdCl2/UiO-66-
NH2@SiO2@Fe-Tipp was pyrolyzed at 700 �C directly (N2, 3 h) to
reduce the entry of Pd and Fe cations in the Pd1 and Fe1 sites,
respectively. Finally, the SiO2 template was removed with
sodium hydroxide to obtain the yolk shell Pd1@Fe1. The
synthesized biomimetic composite featuring two compatible
single-atom systems with Fe1 sites in an N-doped carbon shell
and Pd1 sites in an MOF-derived yolk could simultaneously
catalyze the hydrogenation of nitroaromatics and alkene epox-
idation reactions, leading to the cascade synthesis of amino
alcohols.190

3. Summary and perspective

Recent years have witnessed great progress in exploiting SACs
and DACs with regard to their synthesis, characterization,
electronic structures and exceptional performances. This review
article outlined the research progress on Fe-based SACs and
DACs with different coordination environments. On one hand,
we reviewed the inuence of different heteroatoms (N, B, P, and
S) in substrate on the intrinsic activity of the Fe active sites, as
well as the catalytic performance of Fe-based SACs. Due to their
different electronegativity and atomic radii, heteroatoms can
affect the charge density distribution around the carbon atom
and change the adsorption state of oxygen molecules. The
coordination between Fe atoms and heteroatoms leads to
a large number of new active sites and improved catalytic
activity. However, a single atomic site for one reaction results in
its low selectivity for other reactions. For some complex elec-
trocatalytic reactions, they not only require a multi-step elec-
trocatalytic process, but also the intermediate products are
complex, and the simple single atomic site cannot maintain
high efficiency and selectivity for each reaction step. Therefore,
based on the synergistic effect between different single metal
atoms, it is very important to develop new diverse SACs to
achieve high selectivity for complex reactions. On the other
hand, based the aspects of material synthesis and property
enhancement, synergistic Fe-metal dual active sites such as Fe–
Ni, Fe–Co and Fe–Rh for the ORR were also discussed in this
review. The formation of Fe–metal dual sites not only enhances
the loading capacity of the active materials on the carbon
substrate,174,191,192 but also signicantly boosts their electro-
catalytic performance towards energy utilization devices by
virtue of inventing more efficient catalytic routes compared to
single-site Fe–N–C.193

Although tremendous achievements have been made in the
development of Fe-based SACs and DACs towards the ORR in
recent years, there are still several issues that should be
19502 | J. Mater. Chem. A, 2021, 9, 19489–19507
carefully considered for the future design of more effective Fe-
based electrocatalysts. For example, how to improve the
loading capacity without losing the characteristic molecular
structure of SACs and DACs and high activity of catalysts, and
how to scale up their synthesis also needs to be considered.
Having a deep understanding of these characteristics also plays
an important role in the rational design of Fe-based catalysts for
commercial application. In this section, the associated chal-
lenges are summarized and perspectives regarding the future
development of Fe-based SACs and DACs are also proposed.

(i) The unfortunate shortcoming of Fe-based SACs and DACs
is their chemical instability. The carbon substrate always
undergoes detrimental corrosion and shape changes, leading to
a decrease in metal active sites and reduced charge and mass
transfer rates, which will drastically change their overall
performance.194 Amorphous carbon is more susceptible to
corrosion; however, carbon with increased long-range order
may result in fewer defects and decreased capability to anchor
metals and/or heteroatoms (such as S, P, and B atoms), thus
reducing the catalytic activity. Therefore, it is necessary to
balance the catalytic activity and stability of catalysts. Besides,
the morphology, structure and atomic coordination state of Fe-
based SAC/DAC catalysts should be accurately regulated to
improve their stability.

(ii) Although the structure and intrinsic atomic and elec-
tronic structures of Fe-based SACs/DACs have been successfully
characterized using modern characterization methods such as
HAADF-STEM and SANES together with theoretical modeling,
a quantitative understanding of the evolution of the catalyst
structure and electrode material is still lacking for the operation
process in the cell device. Deep understanding of the micro-
structure evolution of the catalyst performance and the reaction
mechanisms at the atomic level with the assistance of in situ
technology will be benecial for theoretical guidance for the
rational design and application of fuel cell catalysts in the
future.

(iii) Most of the current materials show excellent catalytic
activity on the laboratory scale. However, as reported by some
theoretical calculation results, the dissociation energy barrier
value of the O–O bond on the surface of carbon is usually high,
which is not conducive to the 4e� dissociation pathway.195

Therefore, for almost all carbon materials, the electron transfer
number measured by experiment much less than four, indi-
cating the generation of H2O2 in the ORR reaction.196 For Fe-
based SACs/DACs, Fe2+ resulting from the dissolution of Fe in
the electrolyte can react with H2O2 through Fenton reactions
and generate free radicals, which will attack the PEMFC
membrane, resulting in a serious degradation in battery
performance. In addition, monatomic catalysts are prone to
aggregate during the reaction process due to their high free
energy and complex working environment.23 Thus, it is neces-
sary to design and evaluate their catalytic activities considering
their commercialization in energy applications in the future.

(iv) Essentially, most SACs/DACs are prepared using complex
methods involving the deposition of a salt precursor on
a support, followed by pyrolysis, and then reduction at an
elevated temperature under a suitable gaseous environment.
This journal is © The Royal Society of Chemistry 2021
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The synthesis of SACs/DACs with a generally low loading
capacity on the support using this method is complex, which
makes it difficult to realize their large-scale commercial appli-
cation. Thus, to successfully use Fe-based SACs/DACs in future
renewable energy systems, it is necessary to develop techno-
economic and convenient technology for preparing catalysts,
while increasing their loading capability.
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W. Zhan and D. Sun, Inorg. Chem., 2020, 59, 5456–5462.

11 P. Ball, Natl. Sci. Rev., 2018, 5, 690–693.
12 L. Zhang, L. T. Roling, X. Wang, M. Vara, M. Chi, J. Liu,

S.-I. Choi, J. Park, J. A. Herron, Z. Xie, M. Mavrikakis and
Y. Xia, Science, 2015, 349, 412.
This journal is © The Royal Society of Chemistry 2021
13 H. Cheng, Z. Cao, Z. Chen, M. Zhao, M. Xie, Z. Lyu, Z. Zhu,
M. Chi and Y. Xia, Nano Lett., 2019, 19, 4997–5002.

14 X. Wei, S. Song, N. Wu, X. Luo, L. Zheng, L. Jiao, H. Wang,
Q. Fang, L. Hu, W. Gu, W. Song and C. Zhu, Nano Energy,
2021, 84, 105840.

15 J. Zhang, Y. Zhao, X. Guo, C. Chen, C.-L. Dong, R.-S. Liu,
C.-P. Han, Y. Li, Y. Gogotsi and G. Wang, Nat. Catal.,
2018, 1, 985–992.

16 T. Sun, L. Xu, D. Wang and Y. Li, Nano Res., 2019, 12, 2067–
2080.

17 Z. Zhang, C. Feng, C. Liu, M. Zuo, L. Qin, X. Yan, Y. Xing,
H. Li, R. Si, S. Zhou and J. Zeng, Nat. Commun., 2020, 11,
1215.

18 L. Wang, W. Zhang, S. Wang, Z. Gao, Z. Luo, X. Wang,
R. Zeng, A. Li, H. Li, M. Wang, X. Zheng, J. Zhu,
W. Zhang, C. Ma, R. Si and J. Zeng, Nat. Commun., 2016,
7, 14036.

19 H. Li, M. Wang, L. Luo and J. Zeng, Adv. Sci., 2019, 6,
1801471.

20 X. Luo, X. Wei, H. Wang, W. Gu, T. Kaneko, Y. Yoshida,
X. Zhao and C. Zhu, Nano-Micro Lett., 2020, 12, 163.

21 X. Luo, X. Wei, H. Zhong, H. Wang, Y. Wu, Q. Wang, W. Gu,
M. Gu, S. P. Beckman and C. Zhu, ACS Appl. Mater.
Interfaces, 2020, 12, 3539–3546.

22 X. Zhao, P. Gao, Y. Yan, X. Li, Y. Xing, H. Li, Z. Peng, J. Yang
and J. Zeng, J. Mater. Chem. A, 2017, 5, 20202–20207.

23 Y. Chen, S. Ji, Y. Wang, J. Dong, W. Chen, Z. Li, R. Shen,
L. Zheng, Z. Zhuang, D. Wang and Y. Li, Angew. Chem.,
Int. Ed., 2017, 56, 6937–6941.

24 Z. Geng, Y. Liu, X. Kong, P. Li, K. Li, Z. Liu, J. Du, M. Shu,
R. Si and J. Zeng, Adv. Mater., 2018, 30, 1803498.

25 Y. Peng, Z. Geng, S. Zhao, L. Wang, H. Li, X. Wang,
X. Zheng, J. Zhu, Z. Li, R. Si and J. Zeng, Nano Lett., 2018,
18, 3785–3791.

26 Y. Pan, Y. Chen, K. Wu, Z. Chen, S. Liu, X. Cao,
W.-C. Cheong, T. Meng, J. Luo, L. Zheng, C. Liu, D. Wang,
Q. Peng, J. Li and C. Chen, Nat. Commun., 2019, 10, 4290.

27 Y. Han, Y. Wang, R. Xu, W. Chen, L. Zheng, A. Han, Y. Zhu,
J. Zhang, H. Zhang, J. Luo, C. Chen, Q. Peng, D. Wang and
Y. Li, Energy Environ. Sci., 2018, 11, 2348–2352.

28 L. Luo, J. Luo, H. Li, F. Ren, Y. Zhang, A. Liu, W.-X. Li and
J. Zeng, Nat. Commun., 2021, 12, 1218.

29 F. Wu, C. Pan, C.-T. He, Y. Han, W. Ma, H. Wei, W. Ji,
W. Chen, J. Mao, P. Yu, D. Wang, L. Mao and Y. Li, J. Am.
Chem. Soc., 2020, 142, 16861–16867.

30 L. Li, Y. Li, Y. Xiao, R. Zeng, X. Tang, W. Yang, J. Huang,
K. Yuan and Y. Chen, Chem. Commun., 2019, 55, 7538–7541.

31 L. Wang, H. Li, W. Zhang, X. Zhao, J. Qiu, A. Li, X. Zheng,
Z. Hu, R. Si and J. Zeng, Angew. Chem., Int. Ed., 2017, 56,
4712–4718.

32 Y. Zhong, X. Kong, Z. Geng, J. Zeng, X. Luo and L. Zhang,
ChemPhysChem, 2020, 21, 2051–2055.

33 H. Chen, X. Guo, X. Kong, Y. Xing, Y. Liu, B. Yu, Q.-X. Li,
Z. Geng, R. Si and J. Zeng, Green Chem., 2020, 22, 7529–
7536.

34 X. Yang, Y. Chen, L. Qin, X. Wu, Y. Wu, T. Yan, Z. Geng and
J. Zeng, ChemSusChem, 2020, 13, 6307–6311.
J. Mater. Chem. A, 2021, 9, 19489–19507 | 19503

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ta02769g


Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 1
2:

45
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
35 Z. Zhang, C. Liu, C. Feng, P. Gao, Y. Liu, F. Ren, Y. Zhu,
C. Cao, W. Yan, R. Si, S. Zhou and J. Zeng, Nano Lett.,
2019, 19, 8774–8779.

36 T. Zheng, K. Jiang, N. Ta, Y. Hu, J. Zeng, J. Liu and H. Wang,
Joule, 2019, 3, 265–278.

37 Q. Li, W. Chen, H. Xiao, Y. Gong, Z. Li, L. Zheng, X. Zheng,
W. Yan, W.-C. Cheong, R. Shen, N. Fu, L. Gu, Z. Zhuang,
C. Chen, D. Wang, Q. Peng, J. Li and Y. Li, Adv. Mater.,
2018, 30, 1800588.

38 Y. Chen, S. Ji, C. Chen, Q. Peng, D. Wang and Y. Li, Joule,
2018, 2, 1242–1264.

39 S. Tian, M. Hu, Q. Xu, W. Gong, W. Chen, J. Yang, Y. Zhu,
C. Chen, J. He, Q. Liu, H. Zhao, D. Wang and Y. Li, Sci.
China Mater., 2021, 64, 642–650.

40 E. Zhang, T. Wang, K. Yu, J. Liu, W. Chen, A. Li, H. Rong,
R. Lin, S. Ji, X. Zheng, Y. Wang, L. Zheng, C. Chen,
D. Wang, J. Zhang and Y. Li, J. Am. Chem. Soc., 2019, 141,
16569–16573.

41 D. Zhao, Z. Chen, W. Yang, S. Liu, X. Zhang, Y. Yu,
W.-C. Cheong, L. Zheng, F. Ren, G. Ying, X. Cao,
D. Wang, Q. Peng, G. Wang and C. Chen, J. Am. Chem.
Soc., 2019, 141, 4086–4093.

42 P.-H. Li, M. Yang, Y.-X. Li, Z.-Y. Song, J.-H. Liu, C.-H. Lin,
J. Zeng and X.-J. Huang, Anal. Chem., 2020, 92, 6128–6135.

43 D. W. Su, J. Ran, Z. W. Zhuang, C. Chen, S. Z. Qiao, Y. D. Li
and G. X. Wang, Sci. Adv., 2020, 6, eaaz8447.

44 X. Wei, X. Luo, H. Wang, W. Gu, W. Cai, Y. Lin and C. Zhu,
Appl. Catal., B, 2020, 263, 118347.

45 X. X. Wang, M. T. Swihart and G. Wu, Nat. Catal., 2019, 2,
578–589.

46 T. Shari, E. Gracia-Espino, A. Chen, G. Hu and T. Wågberg,
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