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A B S T R A C T

Single atom catalysts (SACs) are constituted by isolated active metal centers, which are heterogenized on inert
supports such as graphene, porous carbon, and amorphous carbon. The thermal stability, electronic properties,
and catalytic activities of the metal center can be controlled via manipulating the neighboring heteroatoms such
as nitrogen, oxygen, and sulfur. Due to the atomical dispersion of the active catalytic centers, the amount of metal
required for catalysis can be decreased. Furthermore, new possibilities are offered to easily control the selectivity
of a given transformation process as well as to improve turnover frequencies and turnover numbers of target
reactions. Among them, Fe–N–C single atom catalysts own special electronic structure, and have been widely used
in many fields of electrocatalysis. This review aims to summarize the synthesis of Fe–N–C based on anchoring
individual iron atoms on carbon/graphene. The spin-related properties of Fe–N–C catalysts are described,
including the relation between spin and electron structure of Fe–Nx as well as the coupling between electronic
structure of Fe–Nx and electronic (orbit) of CO2, N2 and O2. Next, mechanistic investigations conducted to un-
derstand the specific behavior of Fe–N–C catalysts are highlighted, including C, N, O electro-reduction. Finally,
some issues related to the future developments of Fe–N–C are put forward and corresponding feasible solutions
are offered.
1. Introduction

With the rapid development of society, the excessive consumption of
fossil fuels and the dramatically increasing of energy demand have
caused serious environmental pollution and energy crisis. The develop-
ment of renewable energy and energy conversion technologies is
considered to be an effective way to solve these two issues.1–6 Especially,
electrocatalytic conversion devices composed of electrocatalysts, mem-
brane and electrolytes have attracted extensive attention from re-
searchers because of their high efficiency and cleanliness.7 However,
their large-scale application is greatly limited by the slow kinetics of the
cathodic reaction. Therefore, the development of highly active and stable
electrocatalysts is necessary to improve energy conversion efficiency of
ed Studies, Wuhan University, W
yueming@whu.edu.cn (Y. Zhai)

vier on behalf of KeAi

21 June 2022; Accepted 1 July 2

& Information Co., Ltd. Publishin
(http://creativecommons.org/lic
emerging devices and propel their commercialization.
Traditional heterogeneous catalysts (e.g. Pt-based catalysts and

RuO2) usually contain a mixture of metal particles with a wide size dis-
tribution. However, only a small fraction of metal particles with appro-
priate size distribution can be used as catalytically active species, while
others are either inert or probable to trigger undesired side reactions,
which results in low metal utilization efficiency and poor selectivity of
the reaction.8–10 Homogeneous catalysts have well-structured active sites
and tunable ligand environments, which exhibit excellent activity and
high selectivity for the target reaction. However, the catalysts still suffer
from limitations such as poor stability and unsatisfactory recover-
ability.11 Single atom catalysts (SACs) combine the advantages of “iso-
lated sites” from homogeneous catalysts and the structural stability as
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well as convenience of separation from heterogeneous catalysts, which
serve as a bridge between homogeneous and heterogeneous
catalysts.12–14

Since Zhang and coworkers reported single Pt atom on iron oxide for
CO oxidation in 2011,15 single atom catalysts have attracted a lot of
attention in various aspects, such as photocatalysis,16–20 electro-
catalysis21–25 and thermal catalysis26–28 because of their maximal atom
utilization (nearly 100%) and high catalytic activity, stability and
selectivity. The size reduction of nanoparticles to the sub-nanometer
level leads to an increasing in number of low-coordinated metal atoms
that can be used as catalytically active sites, which will be maximized at
the single-atom level when individual metal atoms are accessible and
catalytically active.29 However, these low coordination single atoms
have very high surface energy and tend to aggregate during the synthesis
process.27 Therefore, it is of great importance to select suitable supports
to interact with metal single atoms to prevent their aggregation for the
synthesis of single-atom catalysts.30 Common support materials include
metal oxides,15 metal sulfides,31 metal nitrides,32 metal surfaces,33

MOFs,34 porous carbon materials,35,36 g-C3N4
37,38 and graphene.39,40

Among them, nitrogen-doped porous carbon is considered as an ideal
single-atom support due to its hierarchical pore structure, high me-
chanical strength and special defect effect.14

Metal-nitrogen-carbon catalysts, in which dispersive metal atoms are
coordinated to nitrogen atoms doped in carbon nanomaterials, have been
used as effective catalysts for lots of electrochemical reactions, such as
carbon dioxide reduction reaction (CO2RR),41–44 nitrogen reduction re-
action (NRR),45,46 oxygen reduction reaction (ORR),47–49 oxygen evo-
lution reaction (OER),50 hydrogen oxidation reaction (HOR)51 and
hydrogen evolution reaction (HER).52 Precious metal catalysts show
excellent activity for these reactions, but their high cost and low natural
abundance have forced the search for suitable metal substitutes. In
contrast, iron is well-known to be abundant in nature and inexpensive,
and also exhibits high durability, tunability in both acidic and alkaline
medium, and methanol tolerance, which has led to many iron-based
catalysts being explored for numerous reactions, especially in the
reduction of C, N and O.

In this review, as shown in Fig. 1, we firstly conclude several essential
methods for the synthesis of Fe–N–C. Then, we present the property of
Fig. 1. Schematic illustration of synthetic methods, spin-related properties and
electrocatalytic applications of Fe–N–C.
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Fe–N–C catalysts, including spin-related interaction of electronic struc-
tures as well as the orbital coupling between the electronic structure of
Fe–Nx and the electronic orbital of C, N and O. Furthermore, we sum-
marize the electrocatalytic applications about the chemical conversion of
C, N and O with Fe–N–C. Lastly, we discuss some challenges in structural
characterization, mechanistic investigation and industrial application of
Fe–N–C, and propose some possible solutions.

2. Synthesis

2.1. High temperature pyrolysis method

2.1.1. Pyrolysis derived from metal-organic frameworks (MOFs)-based
precursors

Since 2008, MOFs have been widely recognized as ideal sacrificial
templates for preparing of highly stable and conductive nanostructured
carbon.53 By charring the MOF precursors with the target metals, it was
found that the single atoms (SAs) were firmly embedded into the carbon
carriers through strong metal heteroatom (S/N/O) coordination bonds,
successfully providing single-atom catalysts with excellent catalytic
performance.54 The iron source is first anchored into the networks of the
metal nodes and organic linkages, as well as in the cavities of the entire
MOF crystal to form iron-containing MOF precursors, which are then
converted into Fe SACs in one-step pyrolysis treatment. So far, the most
commonly used MOF precursor in this method is a zinc imidazole skel-
eton doped with a small amount of iron because of its good structural
tailorability, high nitrogen content and the pore confinement effect.
Under solvent or solvent-free conditions, Fe2þ/Fe3þ is spatially separated
by Zn2þ and 2-methylimidazole ligands, which are atomically diluted
throughout the MOF crystals. During pyrolysis at high temperatures, Zn
metal readily evaporates out of the system due to its low boiling point,
leaving the Fe SAs distributed on the MOF-derived porous carbon
framework (Fig. 2a).55 It is worth mentioning that the nitrogen atoms
from the organic linkers will firmly anchor and stabilize these Fe single
atoms, thus effectively avoiding their migration and aggregation.

To improve the activity of Fe–N–C, Zhang et al. replaced ZIF-8 with
MIL-101 to act as a precursor to introduce abundant mesopores
(Fig. 2b).56 However, the iron-containing MIL-101 has high iron content
and insufficient nitrogen content, so amino groups are further introduced
in preparing of the precursor to reduce the formation of Fe nanoparticles
in the catalyst. Firstly, NH2-MIL-101(Al) was pyrolyzed to obtain
nitrogen-doped carbon materials (NC-MIL101-T) at a temperature range
of 800–1100 �C under N2. After acid etching, Fe(phen)32þ and
NC-MIL101-T support were thoroughly mixed. FeSAC-MIL101-T catalysts
were finally obtained after freeze-drying and the second pyrolysis at
800 �C. Later, Yang et al. proposed to replace Zn by Cd as a sacrificial
metal for the synthesis of Fe–N–C, which could reduce the pyrolysis
temperature of the precursor from 1000 �C to 750 �C and thus help to
preserve the individual iron atom active sites. Meanwhile, as a compar-
ison, the ZIF-8/Fe catalyst was prepared by pyrolysis at the same tem-
perature. In contrast to the ZIF-8/Fe catalyst, the Fe–N–C retained a
smaller amount of sacrificial metal and formed a higher density of
single-atom structures.59

In addition, Jiang and co-workers used a hybrid ligand strategy to
prepare high-content (1.76 wt%) single-atom iron-implanted nitrogen-
doped porous carbon (FeSA–N–C) by pyrolysis of porphyrinic MOFs
(Fe–PCN-222). The mixed porphyrin ligands, Fe-TCPP and H2-TCPP
made the Fe(III) ions form a long spatial distance in the MOF skeleton,
which was conducive to the formation of single iron atoms by pyrolysis.60

Later, Jiang et al. developed a similar strategy to obtain FeSA–N–C with
high Fe loading (3.46%) by the pyrolysis of SiO2@MOF composite
(Fig. 2c).57 The pre-synthesized PCN-222(Fe) has a one-dimensional pore
structure of ~3.2 nm, which ensures that tetraethylorthosilicate (TEOS)
can be fully permeable in the internal space. Under hydrochloric acid
vapor treatment, TEOS was hydrolyzed and condensed to silica, forming
the SiO2@MOF composite with well-retained MOF crystallinity. Silica



Fig. 2. Schematic illustration of the formation of (a) FeSA–NC based on ZIF, (b) preparation of Fe SAC-MIL101-T, (c) formation of FeSA–N–C catalyst by pyrolysis of
SiO2@Fe–PCN-222 composite and direct pyrolysis of Fe–PCN-222, (d) formation of FeN4Cl1/NC. Reproduced with permission from (a) Ref. 55, (b) Ref. 56, (c) Ref. 57,
(d) Ref. 58.
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interacts with iron atoms to increase the energy barrier for iron atoms
migration and thus prevent their aggregation. Moreover, the removal of
silica increases the porosity and specific surface area of the material,
which facilitates the exposure of active sites and mass transfer. In
contrast, Fe particles could be detected from the catalyst obtained by the
direct pyrolysis of PCN-222(Fe) without SiO2, which proved that the
presence of SiO2 inhibited the migration of Fe atoms under pyrolysis.

Moreover, heteroatom doping is an important means to increase the
density of active centers and improve the electrocatalytic activity of
catalysts. The doping of heteroatoms can change the coordination envi-
ronment and electronic properties of iron centers as well as change the
density of active centers through long-range or short-range interactions.
Wang et al. designed a Zn/Fe bimetallic mixed-ligand metal-triazolate
(MET) as the precursor and 4,5-dichloroimidazole as the source of Cl to
obtain FeN4Cl/NC (Fig. 2d). The higher electronegativity of chlorine
3

could change the d-band delocalization and electronic structure of Fe
atoms to ensure the presence of FeN4Cl coordination configuration.58

2.1.2. Pyrolysis derived from irregular metal-containing complexes and
polymers

Irregular metal-containing complexes and polymers can replace
MOFs as precursors to prepare atomically dispersed Fe–N–C catalysts
with special structures via pyrolysis. Tang et al. designed atomically
dispersed iron atoms anchored on N-doped carbon nanosheets (Fe–N–C
HNSs) with well-defined FeN4 structures and unique spherical hollow
architecture via SiO2-templated strategy. Histidine (His) served as the
source of N and C due to high content of heteroatoms and natural
abundance. During the process of preparation, the pre-synthesized SiO2
nanospheres could absorb Fe3þ ions through electrostatic attractions
after surface modification with negative charges. Subsequently, the His
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molecules bound with Fe3þ ions to form SiO2@Fe-His nanospheres,
which would be pyrolyzed at high temperature and acid leached. The 3D
hollow spherical structure prevented aggregation of iron atoms, offered
shorten pathway for mass diffusion and exposed more active sites.61 Li
et al. synthesized Fe–N–C catalysts that possess special atomically
dispersed Fe-Nx structure via changing the ratio of acrylic acid (AA) and
maleic acid (MA). AA could be polymerized into PAA and chelated with
Fe3þ to form a cross-linked hydrogel, while MA could be co-polymerized
with AA to increase the carboxylic content of the copolymer (P(AA-MA)).
These polymers and cyanamide were treated at high-temperature to
Fig. 3. Schematic illustration of (a) CVD method, (b) one-pot synthesis process of ato
Fe-atoms anchored on 3D N-doped carbon nanosheets and the corresponding Fe–N4

thesis of Fe–N–PC materials. Reproduced with permission from (a, b) Ref. 63, (c) Re
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obtain PAA–Fe–N and P(AA-MA)–Fe–N. Structural characterization re-
sults showed that the introduce of MA elongate the bond strength of Fe–N
and create the exclusive Fe–N4/C moiety of P(AA-MA)-Fe-N.62

Generally, high temperature pyrolysis is the most mature method for
preparing FeSA–N–C. By adjusting the size, coordination number and
composition of the MOF precursor, a more precise tuning of the catalyst
can be achieved. In addition, pyrolysis of irregular metal-containing
complexes and polymers enable more structurally diverse FeSA–N–C
catalysts with more abundant iron sources, carbon sources and nitrogen
sources. Remarkably, during the process of high temperature pyrolysis,
mically dispersed Fe–N–C catalysts via a CVD method, (c) synthesis of SAMs with
coordination structure, (d) synthesis of FeNC-CVD-750 via FeCl3 CVD, (e) syn-
f. 66, (d) Ref. 67, (e) Ref. 64.
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the introduction of template can further regulate the microstructure and
pore size of the FeSA–N–C catalysts, thus improving their catalytic per-
formance and stability.

2.2. Chemical vapor deposition (CVD) method

Due to low metal loading in high temperature pyrolysis methods, the
chemical vapor deposition (CVD) method was designed to synthesize
Fe–N–C catalysts (Fig. 3a).63–67 One of the most important advantages of
the CVD method is the ability to select different templates and adjust
deposition conditions to precisely control the morphology and pore
structure of the resulting catalysts.68

Wu et al. prepared atomically dispersed Fe–N–C catalyst with
increased Fe loading via CVD method compared to wet-chemistry syn-
thesis. As shown in Fig. 3b, with the presence of argon gas and heating,
gaseous 2-MeImwas deposited onto Fe–ZnO nanosheets and underwent a
gas-solid reaction to form Fe–Zn(MeIm)2 intermediate and its crystalline
structure gradually evolved from zif towards kat phase. The formation of
CVD/Fe-kat increased the number of active sites, which was attributed to
the fact that the formed narrower pores could promote the coordination
of single Fe sites with N and thus slow down the diffusion and agglom-
eration of Fe atoms. Finally, CVD/Fe–N–C-kat was obtained under
1000 �C heating. According to the analysis of in-situ electrochemical
measurements through the nitrite absorption followed by reductive
stripping, the FeN4 active site density of CVD/Fe–N–C-kat is about
26 mmol g�1, which is higher than most Fe–N–C catalysts synthesized by
other methods.63 Similarly, Peng et al. chose ferrocene-doped calcium
oxide as a template and pyridine as carbon and nitrogen sources to
synthesize atomic Fe–N–C catalyst by pyrolysis at 700 �C under an argon
atmosphere via CVD method (Fig. 3c).66 Later, they used iron(III) ace-
tylacetonate dissolved in pyridine as a precursor, magnesium hydroxide
as a substrate for CVD pyrolysis, and finally acid etching to obtain single
iron atoms anchored on porous N-doped carbon (Fe-N-PC) (Fig. 3e).64

Jia and co-workers creatively synthesized Fe–N–C with high active
sites by flowing ferric chloride vapor over Zn–N–C at 750 �C via CVD
method (Fig. 3d). Zn–N–C material was obtained by pyrolysis of ZIF-8
under argon atmosphere at 1050 �C, which contained 2.16% Zn and
abundant microporous structures. In the presence of FeCl3, the Zn was
Fig. 4. Schematic illustration of (a) synthesis of M-SA/NC via ball milling, (b) ball mil
abrasion method. Reproduced with permission from (a) Ref. 69, (b) Ref. 40, (c) Ref
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removed and Fe took the place of Zn under high temperature (>650 �C),
which contributed to the formation of Fe–N4 sites according to the re-
action mechanism: FeCl3(g) þ Zn–N4 þ X → Fe–N4 þ ZnCl2(g) þ XCl (X
refers to H or Cl). The obtained FeNC-CVD-750 catalyst had an activity
site density of 1.92 � 1020 sites per gram with 100% site utilization.67 In
short, although the CVD method can appropriately increase the loading
of iron atoms, its complex synthesis steps and high temperature condition
force a preference for simpler methods to synthesize single-atom
catalysts.

2.3. Ball milling method

Traditional ball milling method involves mixing metal salts, nitrogen-
containing compounds and supports by ball milling and then thermal
reducing the mixture to form single atom catalysts. The purpose of ball
milling is to improvemetal dispersion before pyrolysis. Dai et al. reported
a universal domino reaction strategy to produce M-SA/NC catalysts
including Fe, Co, Ni, Mn, Mo, Pd and arbitrary combinations SA/NC
catalysts (Fig. 4a). Polyaniline (PANI), appropriate metal salt, NaCl and
NaNO3 were mixed and ball-milled with the aim of making PANI chains
doped with metal ions and wrapped around salt particles. NaNO3 was
decomposed and released gases to cause PANI blew up and carbonized
with the formation of porous carbon nanosheets by pyrolysis at 1000 �C.
The role of the gas is to etch the nanosheets for obtaining a microporous
structure and also to anchor the metal atoms to the carbon framework
and prevent them from aggregating into metal particles. In addition, the
structure and pore size of M-SA/NC could be regulated by changing the
content of NaNO3.69

The other means of synthesis is to directly high-energy ball milling
coordination precursors (such as iron phthalocyanine) and carbon sup-
ports to achieve mixing in molecular-level and provide precursors for the
subsequent pyrolysis.70,71 Deng et al. used the ball milling approach to
synthesize a highly dispersed single FeN4 center with coordinatively
unsaturated iron sites confined in a graphene matrix at a large quantity
with iron phthalocyanine (FePc) and graphene nanosheets as precursors
(Fig. 4b).70 During the ball milling process, on one side, the outside
macrocyclic structure of FePc is disrupted to produce a fragmented
structure possessing FeN4. On the other side, graphene produces
ling approach to graphene-supported FeN4, (c) mechanism for forming a SAC via
. 32.
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defective sites and interacts with isolated FeN4 centers.
Under the influence of the above two ball milling methods, Baek et al.

discovered an eco-friendly top-down strategy, namely mechanochemical
abrasion method, which means the direct atomization of bulk metals on
different supports by means of abrasion, without any solvent and the
generation of by-products and waste in the process (Fig. 4c).32 In the
experiment, iron balls, N2 gas and graphite were loaded into a steel
container and the ball-milling was conducted at a constant rotation speed
for 30 h. Iron balls are not only the source of iron single atoms, but also
transfer kinetic energy to drive reactions. N2 gas is dissociated on the
surface of the iron balls and enters the graphite framework to anchor the
iron atoms. The graphite is served as an active matrix to accommodate
the nitrogen and atomized metal. An additional advantage of the abra-
sion method is that the amount of catalyst can be expanded in equal
proportions by increasing the volume of the ball-milling container.

In general, Table 1 lists the advantages and disadvantages of these
three preparation methods for Fe–N–C single atom catalysts. Compared
to other synthesis methods, ball milling method simplifies the synthesis
process and is prone to be applicable for the large-scale preparation of
Fe–N–C. However, during the ball milling process, some of iron atoms
may be encapsulated inside the catalysts, which in turn results in a low
atomic utilization and uneven structures.

3. Property

There are many factors affecting the properties of Fe–N–C electro-
catalysts, such as the electronic structure of the central metal, the metal
coordination environment, and the metal-support interactions. But little
attention has been paid to the role of electron spin of Fe. As the following,
we will discuss spin-related properties in Fe–N–C catalysts.
3.1. Fe–N–C electron structure and spin

In general, FeNx moieties serve as active sites of most Fe–N–C cata-
lysts, while the number of coordination x usually depends on the syn-
thesis conditions. The coordination environment and the valence state of
iron determine the spin state of single Fe atom. Fig. 5 shows the elec-
tronic configuration and spin state of the common FeN4 species. When
oxidation state of Fe isþ1 orþ4, the 3d electron configuration of FeN4 is
dxy2dyz2dxz2dz21 or dxy2dyz1dxz1, respectively, belonging to low spin
states. When oxidation state of Fe is þ2, the 3d electron configuration of
Fe(II)N4 can simply be classified into three forms, including
dxy2dyz2dxz2, dxy2dyz2dxz1dz21 and dxy2dyz1dxz1dz21dx2�y21, corre-
sponding to low spin t2g6eg0, medium spin t2g5eg1 and high spin t2g4eg2,
respectively. When oxidation state of Fe is þ3, the 3d electron configu-
ration of Fe(III)N4 can simply be classified into three forms, including
dxy2dyz2dxz1, dxy2dyz1dxz1dz21 and dxy1dyz1dxz1dz21dx2�y21, corre-
sponding to low spin t2g5eg0, medium spin t2g4eg1 and high spin t2g3eg2,
respectively. Most of the reports demonstrate that the preparation
method and preparation conditions have important effects on the spin of
iron in Fe–N–C catalysts, including the type and content of iron, pyrolysis
Table 1
The advantages and disadvantages of high temperature pyrolysis, chemical vapor
deposition (CVD) and ball milling method.

Method Advantages Disadvantages

High temperature
pyrolysis

A more homogeneous structure;
Abundant sources of carbon and
nitrogen

Low loading amount;
Not suitable for large-
scale preparation

Chemical vapor
deposition (CVD)

High site densities;
Controllable morphology;
Controllable loading amount

Complex preparation
process;
Requires high
temperatures.

Ball milling Simple synthesis steps;
Large-scale preparation; Without
the use of solvents

Uneven Structure;
Low iron atoms
utilization rate
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temperature, pyrolysis duration, atmosphere, etc. Additionally, it must
be mentioned that heteroatom doping and the modulation of supports
could also change the iron electron polarization as well as the electron
spin state and complete mutual transformation of different spin states.

Commonly used detection tools for measuring the spin state of Fe
include electron paramagnetic resonance (EPR), L-edge X-ray absorption
near edge structure (XANES) and M€ossbauer spectroscopy. When there
are unpaired electrons in the outer electron orbitals of iron, under an
applied magnetic field and an applied electromagnetic wave, the elec-
trons at the low spin energy level absorb energy and transfer to the high
spin energy level to produce paramagnetic resonance absorption, which
is the reason why EPR can measure the spin state of iron. However, there
is a serious limitation of EPR that it can only provide information on iron
with half-integer spin multiplicity and cannot measure the valence state
of all iron species. Fe L-edge XANES is employed to analysis the structure
of Fe, because the valence and spin states of 3d tradition metals signifi-
cantly affect the L-edge spectra. The L-edge of 3d tradition metals is
generated by electronic transitions between the 2p level and the mostly
unoccupied 3d electronic states. The L3 edge (706–712 eV) involves
transitions from 2p3/2 to 3d states, while the L2 edge (718–726 eV) comes
from transition 2p1/2 to 3d states. Additionally, it has been found that
there is a relationship between the area ratio of L3/L2 and the spin state.
A higher ratio indicates that high spins dominate, and vice versa.72–74

However, the sensitivity of XANES to the spin state of the fine structure
containing iron is not as good as that of the M€ossbauer spectrum.

The 57Fe M€ossbauer spectroscopy, involving the resonant and recoil-
free emission and absorption of γ-rays by atomic nuclei, is used to study
the valence, spin polarization and coordination environment of iron in
single-atom catalysts based on the values of isomer shift (IS) and quad-
rupole splitting (QS).74–76 Each type of iron with a defined coordination
structure and spin state corresponds to a specific value of IS and QS, and
the shift of values implies the change of iron species. In addition, with the
development of operando spectroscopy, operando M€ossbauer spectros-
copy could be used to characterize the spin state of iron-based materials
during reactions. As a result, the M€ossbauer spectrum has become the
most reliable means to characterize the spin state of iron-based materials.

Recently, non-resonant X-ray emission spectroscopy (XES) was
demonstrated to quantify the average, ex situ spin state of a series of
Fe–N–C catalysts. Herranz et al. used two-component fitting to analyze
the Kβ main lines based on a linear relation between the relative area of
the Kβ’ spectral peak and the spin state of several reference compounds,
and in turn established a potential-induced spin change in the catalysts
prepared by pyrolysis of an Fe-porphyrin.77 Excitingly, this method has
the potential to be extended to measure the spin state of other transition
metal materials. However, it always reflects an average spin state infor-
mation and cannot help us to determine the influence of the spin state on
the reaction mechanism at a deeper level.

3.2. Coupling between electronic structure of Fe–N–C and electronic (orbit)
of C, N, O

Numerous experimental evidences show that the spin of Fe affects the
occurrence of the reaction as well as the rate and selectivity of the re-
action. Next, we will further analyze the effect of spin on the reduction of
C, N and O from the perspective of orbital coupling.

The activation of CO2 plays an important role in the process of
CO2→CO. The HOMO of CO2 localize on the O atom, while the LUMO
localize on the C atom and performed as a C–O σ* orbital. Taking Fe(I)
L.S. as an example, the electron-rich iron center conducts nucleophilic
attacks on the electrophilic C-center of CO2, which means that occupied
dz2 , dyz and dxz orbitals of iron could offer electrons to populate these
empty σ* and π* orbitals, which is beneficial to the activation of CO2
(Fig. 6a, d). When CO2 gets an electron, a new splitting of the CO2 orbitals
occurs, but the coupling tendency with Fe will not change greatly.78

Taking Fe(III) M.S. as an example, the iron centers have empty dx2�y2

orbitals and the half-filled dz2 orbitals (Fig. 6b). Upon the N2 side-on



Fig. 5. 3d electronic structure of FeN4 species with different oxidation states and common spin states of iron and their transformation into each other (L.S., M.S. and
H.S. corresponds to low spin, middle spin and high spin, respectively and S refers to spin angular momentum.).

Fig. 6. Simplified schematic of bonding and coupling between (a, d) Fe(I) L.S. and CO2, (b, e) Fe(III) M.S. and N2 and (c, f) Fe(II) H.S. and O2 to illustrate the
symmetric matching rule and electron transition from the LUMO and HOMO.

J. Huang et al. Materials Reports: Energy 2 (2022) 100141
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adsorption, N2-σ electrons will be transferred to higher-energy empty
spin-down d-orbitals (dx2�y2 ). The empty spin-down orbitals ðdz2 Þ at the
higher energy interact with the antibonding orbitals of N2 to weaken the
N–N triple bond and lower the N2 adsorption energy (Fig. 6e), which can
explain why Fe(III) has excellent NRR performance.79 The low spin Fe(II)
N4 lack of unpaired d electrons and the high spin Fe(II)N4 lack of empty
d orbitals showed poorly activity of N2 reduction reaction. Similarly, the
high spin Fe(III)N4 exhibits worse activity than middle spin Fe(III)N4 and
low spin Fe(III)N4 due to the shortage of empty d orbitals.80

Fig. 6c illustrates the major orbital interactions between O2 and high
spin Fe(II) during the O2 adsorption process. The antibonding orbital (π*)
of O2 could couple with the half-filled dz2 , dyz and dxz orbitals to form
four new low-to-high orbitals, corresponding to dxz�dyz�π*BD, dz2�
π*BD, dxz�dyz�π*BD* and dz2�π*BD*, which increases the d orbital
splitting and form a more stable system (LS Fe(II)-O2). From the elec-
tronic point of view, it can be roughly considered that the d electrons of
dz2 , dyz and dxz orbitals leap to the π* orbital of O2, resulting in electrons
rearrangement that occur to reduce the energy of the system (Fig. 6f). It is
also worth mentioning that the interaction between iron species and O2
should not be too strong. Low spin Fe(III) without eg filling has empty σ*
antibonding orbital of FeN4, and leads to a very strong Fe(III)/O2 inter-
action and a quite stable Fe4þ–O2

2� bond. Thus, it is difficult for the
occurrence of Fe(IV)-O2/Fe(III)-OOH transition.81,82

4. Application

4.1. Reduction of carbon

4.1.1. Carbon dioxide reduction reaction (CO2RR)
Electrocatalytic carbon dioxide reduction reaction is a significant

strategy to solve the problem of energy shortage and environmental
pollution. Carbon dioxide could be reduced to value-added chemical
products powered by electricity generated from renewable energy sour-
ces.83 Many studies have shown that Fe–N–C exhibits remarkable per-
formance concerning the reduction of CO2 to CO and other simple
chemicals (Table 2).

Hu et al. reported Fe–N–C catalyst with atomically dispersed iron
sites, which produced CO at the overpotential of �0.08 V in the CO2-
saturated 0.5 M KHCO3 catholyte. When the cathode potential decreased
to �0.45 V (vs. RHE), particle current density of CO could reach
94 mA cm�2 with FECO higher than 90%. Fe 2p3/2 XPS spectrum and Fe
K-edge XANES spectrum results indicated that the iron oxidation state of
Fe–N–C was þ3. Compared to Fe–N–C, the current density of Zn–N–C
synthesized under the same conditions could be neglected at �0.1 V to
�0.6 V (vs. RHE), indicating that Fe sites was the origin of Fe3þ–N–C
during CO2RR. Operando XANES displayed that the Fe K-edge of
Fe3þ–N–C showed no obvious shift at �0.1 V to �0.4 V (vs. RHE),
indicating the Fe species remained inþ3 oxidation state; while Fe K-edge
shifted to lower energies at �0.4 V to �0.5 V (vs. RHE), the same as the
Table 2
Summary of recently reported representative Fe–N–C-based catalysts for CO2RR.

Catalyst Electrolyte Product Faradaic
efficiency (vs.
RHE)

Current
density (mA
cm�2)

Reference

Fe3þ–N–C 0.5 M
KHCO3

CO >90% @
�0.45 V

94 84

Fe–NC–S 0.5 M
KHCO3

CO 93% @
�0.4 V

4 75

Fe1–NSC 0.5 M
KHCO3

CO 98.6% @
�0.48 V

–
85

Fe–FN–C 0.5 M
KHCO3

CO 90.4% @
�0.5 V

2.68 86

Fe–N/P–C 0.5 M
KHCO3

CO 98% @
�0.45 V

–
87

FeN4Cl/
NC

0.5 M
KHCO3

CO 90.5% @
�0.6 V

9.78 88
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potential of the deactivation of Fe3þ–N–C, indicating the reduction of
Fe3þ to Fe2þ (Fig. 7a). Furthermore, it could be observed that Fe3þ was
reduced to Fe2þ in the as-prepared Fe3þ–N–C at �0.1 V to �0.2 V (vs.
RHE) (Fig. 7b). These phenomena proved that Fe3þ sites were more
active for generating CO. According to the kinetic and mechanistic
analysis (Fig. 7e), CO2 adsorption is the rate-limiting-step for Fe2þ–N–C,
while the protonation of the adsorbed CO2

� to form an adsorbed COOH
intermediate is the rate-limiting-step for Fe3þ–N–C. Additionally, the
CO2RR rate would be also limited by CO desorption for Fe2þ–N–C but not
limited for Fe3þ–N–C. As a result, the superior activity of Fe3þ could be
proven to derive from faster CO2 adsorption and weaker CO adsorption
compared to Fe2þ sites.84 Liu et al. identified low-spin Fe(I)N4 is the
reactive center for the conversion of CO2 to CO. Operando 57Fe
M€ossbauer results showed that three doublets were detected in the
Fe–NC–S at OCV, corresponding to LS Fe(II)N4, MS Fe(II)N4 and HS Fe(II)
N4, respectively. When polarized at �0.3 V (vs. RHE), a new doublet was
observed and was assigned to LS Fe(I)N4. When the potential was grad-
ually decreased to �0.9 V (vs. RHE), the relative content of LS Fe(I)N4
increased accompanied by the decreasing of relative content of LS Fe(II)
N4, which reflected that LS Fe(II)N4 was reduced to LS Fe(I)N4. Addi-
tionally, the new doublet disappeared when removing the potential,
further proving that Fe(I)N4 transited from LS Fe(II)N4 was the real active
center during CO2RR (Fig. 7c). DFT calculations indicated that the CO2
molecule is activated on the Fe(I) site and then forms the *COOH inter-
mediate after the hydrogenation step. During the process, the singly
occupied dz2 orbital of Fe(I) coupled with the singly occupied π1* orbital
of COOH to generate one fully occupied bonding (dz2 � π*1BD) orbital and
one empty antibonding (dz2 � π*1BD*) orbital (Fig. 7d). Next, *CO and
H2O are generated in the presence of electrons and protons. Finally, the
adsorbed CO desorbs from the Fe(I) site to complete the catalytic cycle.75

To further understand the effect of spin state of single-atom FeN4,
Chen et al. conducted a more detailed analysis on the electroreduction of
CO2 to CO/HCOOH. Combined with the Fe2þ radius, energy order and
corresponding HOMO–LUMO gap of calculated Fe(II)N4 in the different
spin states, the order of catalyzing activity is inferred to Fe(II)
N4(MS) > Fe(II)N4(LS) > Fe(II)N4(HS). Moreover, the calculation of CO2
absorption energy indicated the adsorption strength decreases with the
increase of the spin states for Fe(II)N4. Furthermore, it is clear that the
middle spin Fe(II)N4 has the lowest energy barrier for the first-step
reduction of CO2 (0.52 eV) compared to other two spin states. As a
result, the middle spin Fe(II)N4 have the highest selectivity and best
activity from the perspective of mechanism. The same approach proves
that the middle spin Fe(III)N4C favors the conversion process of *CO2 to
*COOH as compared with the other two spin states.89
4.2. Reduction of nitrogen

4.2.1. Nitrogen reduction reaction (NRR)
The industrial production of ammonia is mainly dependent on the

Haber–Bosch process under harsh conditions, which accounts for 1%–2%
of the earth's energy supply.97,98 Moreover, this process can only obtain
relatively low conversions due to the constraints of chemical equilibrium.
Therefore, it is of great significance to develop efficient nitrogen fixation
routes under mild conditions. Inspired by the fact that bacteria can
electrochemically reduce nitrogen in the presence of enzyme nitroge-
nase, electrochemical N2 reduction reaction via N2ðgÞ þ 6Hþ þ 6e� →
2NH3ðgÞ received a lot of attention.99 Unfortunately, hydrogen evolution
reaction (HER) is more likely to occur at similar potentials at most of the
metal active sites due to the yield of a large amount of electrons and
protons. From the kinetic point of view, the activation of N2 is the rate
determining step of nitrogen reduction reaction.100 Fe–N–C is thought to
be ideal electrocatalysts for lowering the free barrier of N2, weakening
hydrogen absorption, and improving ammonia selectivity due to the
dispersion of active sites and the positive charge of the metal
(Table 3).101



Fig. 7. Operando XAS characterization of (a) Fe3þ–N–C and (b) Fe2þ–N–C, excluding Fe k-edge XANES spectra and first derivative of the spectra at different po-
tentials. (c) Operando 57Fe M€ossbauer spectra of 57Fe-enriched Fe–NC–S at open-circuit voltage (OCV), �0.9 V (vs. RHE) and after CRR (AFT) in CO2-saturated 0.5 M
KHCO3 solution. (d) Selected contour plots of molecular orbitals for the *COOH intermediate with the LS Fe(I)N4. (e) Proposed reaction pathways of CO2 electro-
reduction to CO. Reproduced with permission from (a, b) Ref. 84, (c, d) Ref. 75, (e) Ref. 84.

Table 3
Summary of recently reported representative Fe–N–C-based catalysts for NRR and NitRR.

Catalyst Reaction Electrolyte Faradaic efficiency (vs. RHE) Yield rate/μg h�1 mg�1
cat. Reference

Fe–N/N–CNTs NRR 0.1 M KOH 9.28% @ �0.2 V 34.83 90

ISAS–Fe/NC NRR 0.1 M PBS 18.6% @ �0.4 V 62.9 91

FePc/C NRR 0.1 M Na2SO4 10.5% @ �0.3 V 137.95 92

FeSA–NC NRR 0.1 M KOH 56.55% @ 0 V 7.48 46

Fe–N–C NitRR 0.5 M KNO3/0.1 M K2SO4 75% @ �0.66 V ~20000 93

Fe–PPy SACs NitRR 0.1 M KNO3/0.1 M KOH 100% @ �0.7 V 2750 94

Fe–CNS NitRR NaNO3/Na2SO4 78% @ �0.57 V ~26800 95

FeMo–NC NitRR 0.05 M PBS/0.16 M KNO3 94% @ �0.45 V 153 96
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Thanks to high stability and high carrier mobility, graphene is ex-
pected to facilitate charge transfer in catalytic reactions. As early as 2016,
Luo et al. proposed a new catalyst, FeN3-embedded graphene, for acti-
vating N2 and converting it into NH3 at room temperature from first-
principles calculations. From the perspective of chemical coordination,
the FeN3 center is strongly spin-polarized with a localized magnetic
moment, which greatly facilitates the adsorption of N2 and activates the
inert N–––N bond. The synergistic interaction between graphene and FeN3
gives the system novel properties to catalyze the conversion of activated
N2 to NH3 via a six-proton and six-electron process at room temperature
following three possible reaction paths.102 On this basis, Zheng et al.
designed and synthesized Fe–N/N–CNTs with built-in Fe–N3 sites by
pyrolysis of Fe-doped ZIF–CNTs templates. The NRR performance indi-
cated that Fe–N/N–CNTs possessed the highest NH3 average yield of
34.83 μg h�1 mg�1

cat., and corresponding FE of 9.28% at �0.2 V (vs.
RHE).90

Later, more and more studies have found Fe–N4 structure possess
higher intrinsic activity and obvious ability to inhibit hydrogen evolu-
tion. Liu et al. reported a Fe single-atom catalyst with well-defined Fe–N4
active sites and in neutral media, achieving high Faradaic efficiency
(18.6 � 0.8%) and NH3 yield rate (62.9 � 2.7 μg h�1 mg�1

cat.) at �0.4 V
9

(vs. RHE) at room temperature.91 Hu et al. developed a method to pre-
pare iron-nitrogen-carbon materials for electrocatalysis N2 reduction
reaction by loading iron phthalocyanine (FePc) on nano/microporous
carbon at a molecular level. It delivered a high selectivity and activity
with a NH3 yield rate of 137.95 μg h�1 mg�1

FePc at the potential of�0.3 V
(vs. RHE) in 0.1 M Na2SO4 aqueous solution. On the basis of systematic
electrochemical analyses, poisoning experiments and theoretical calcu-
lations, it suggested that Fe center in FeN4 was the most active site for
NRR rather than N or C sites.92 Yan et al. demonstrated a single atomic
iron catalyst on nitrogen-doped carbon (FeSA–N–C), which promoted
NRR process with a Faradaic efficiency of 56.55% at an onset potential of
0.193 V and a desirable ammonia yield rate of 7.48 μg h�1 mg�1 at 0 V in
alkaline solution. Molecular dynamics simulation unveiled that N2 mol-
ecules tended to accumulate at approximately 0.45 nm from the Fe site,
leading to high local concentrations, which would promote the following
adsorption (Fig. 8a). DFT calculations proved that the energy barrier of
N2 absorption is much lower than that of water dissociation (Fig. 8b) and
the alternating pathway was prone to achieve NRR (Fig. 8c). These re-
sults illustrated that FeSA–N–C was more favorable for nitrogen adsorp-
tion than hydrogen adsorption with a small energy barrier.46

In order to understand the relationship between the electronic state of



Fig. 8. (a) Potential of the mean force for N2 adsorption on the FeSA–N–C in 0.1 M KOH, inset: molecular dynamics simulation snapshots at 0.45 and 1.5 nm. (b)
Calculated energy barriers of the adsorption of hydrogen and nitrogen. (c) Free energy diagram for the NRR on the FeSA–N–C catalyst at U ¼ 0 V.46 Reproduced with
permission from Ref. 46.
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FeN4 and NRR, Zhang et al. fabricated Fe and Mo co-coordinated poly-
phthalocyanine electrocatalyst (FeMoPPc) by a low-temperature melt
polyphthalocyanine. The zero-field cooling temperature-dependent
magnetic susceptibility measurements and 57Fe M€ossbauer spectra
revealed that Fe(II) changed from high spin to middle spin after adding
Mo, which weakened the N–––N bond and promoted the first hydroge-
nation of N2.80 In addition, Feng et al. found that F surface modification
could induce Fe(III) in the high spin state, which facilitated π-back-
donation process, promoted the activation of N2 and reduced the limiting
potential of NRR.103

4.2.2. Nitrate reduction reaction (NitRR)
The misuse of nitrogen fertilizers and the consumption of fossil fuels

have made nitrate ions one of the most spread water contaminants,
posing a serious threat to the ecology and human health.104,105 Nitrate
reduction reaction converts NO3

� to N2 or NH3 under a wild temperature
and pressure, playing a vital role in promoting the earth's nitrogen cycle
and solving water pollution problems. In recent years, a series of metal
catalysts have been used to convert nitrate to nitrogen, including Ru, Rh,
Ir and Cu.106,107 However, there have been few studies on the reduction
of nitrate wastes to value-added ammonia. As a vital competition, NO3

�

reduction to N2 involves an N–N coupling step, which needs two neigh-
boring active sites. Therefore, selecting suitable single atom catalyst can
improve the selectivity towards ammonia. So far, Fe–N–Cwas reported to
perform excellent activity of NitRR, which could help us understand the
complex pathways and mechanism of the 8 protons and 8 electrons
transfer process (Table 3).93–95

Wang et al. synthesized a single atomic Fe–N–C catalyst by a TM-
assisted carbonization method with highly mesoporous structures. At a
potential of �0.66 V (vs. RHE), Faradaic efficiency of the ammonia
10
increased to a maximal of ~75%. A large NH3 partial current density of
~100 mA cm�2 and a yield rate of ~20,000 μg h�1 mg cat�1

(0.46 mmol h�1 cm�2) were obtained at the potential of �0.85 V (vs.
RHE). The catalyst still exhibited excellent stability with a high NH3 yield
rate and FE after 20 consecutive electrolysis cycles under the best NH3
selectivity reaction condition. DFT calculations reveal the minimum en-
ergy pathway for NO3

� reduction to NH3 on Fe single atom site (Fig. 9a).
Furthermore, Fig. 9b exhibited NO* is a key intermediate and a limiting
potential of U ¼ �0.30 V is needed to make all steps downhill in free
energy. These results proved the high NH3 yield rate and activity of Fe
SAC contributed to intrinsic high-efficiency active Fe–N4 centers that
exhibiting lower thermodynamic barriers and optimized electrocatalytic
conditions.93

Later, Yu et al. demonstrated a polymer-hydrogel strategy for pre-
paring single atom Fe catalysts anchored on N-doped porous carbon (Fe-
PPy SACs). When the cathode potential varied from�0.3 V to�0.7 V (vs.
RHE), The catalyst displayed a maximum ammonia yield rate of 2.75
mgNH3 h�1 cm�2 with nearly 100% Faradaic efficiency. Besides, The
Fe–PPy SACs delivered a twelve times higher turnover frequency than Fe
nanoparticles. The NitRR mechanism illustrated that the single active Fe-
Nx site experienced a nitrate-preoccupied transition center and efficiently
eliminated the competing water adsorption.94 Later, Liu et al. found that
doping of S could significantly enhance the activity of NitRR.95 The
catalyst (Fe–CNS) has many folds and defects according to the electro-
chemical active surface areas and pore size distributions, which sug-
gested that S-doping could create more defect sites and shift the
previously balanced electrons, leading to well electrical conductivity.
Comparedwith Fe–CN, Fe–CNS showed higher NH4

þ
–FE at all potentials.

Moreover, the potential of maximum NH4
þ
–FE (78%) with Fe–CNS was

�0.57 V, higher than that of Fe–CN (�0.67 V). DFT calculations reflected



Fig. 9. (a) Minimum energy pathway that results in NH3 as the main product. (b) Free energy diagram showing the minimum energy pathway at U ¼ 0.0 V (vs. RHE)
and at the calculated limiting potential of �0.30 V (vs. RHE).93 Reproduced with permission from Ref. 93.

Table 4
Summary of recently reported representative Fe–N–C-based catalysts for ORR.

Catalyst Electrolyte Half-wave
potential/V (vs.
RHE)

Onset
potential/V
(vs. RHE)

Reference

Fe–NC–S 0.1 M KOH 0.88 –
74

Fe1–NS1.3C 0.1 M KOH 0.86 0.97 115

Fe1Se1–NC 0.1 M KOH 0.88 1.0 116

FePc/Ti3C2Tx 0.1 M KOH 0.86 –
117

Fe–N–C/
N–OMC

0.1 M KOH 0.93 1.08 118

FeN4–O–NCR 0.1 M KOH 0.942 1.05 119

FeSAC–MOF–5 0.5 M H2SO4 0.83 –
120

Fe–N–C/MA 0.5 M H2SO4 0.83 –
121

Fe,Mn/N–C 0.1 M KOH 0.928 –
122

0.1 M HClO4 0.804 –
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that the energy of the basic reaction (NO3
� → NO*

2) changed from 2.02
eV to 2.37 eV after the doping of sulfur, which was consistent with the
better catalytic performance of nitrate removal of Fe–CNS. And the en-
ergy changes for the basic reactions from N* to N2* and from N* to NH*
on Fe–CNS are �0.14 eV and 2.78 eV, respectively, which indicates that
the ammonia path is thermodynamically favored. Unfortunately, no
study has yet shown that the spin state of the iron center can affect the
activity of nitrate reduction.

4.3. Reduction of oxygen

4.3.1. Oxygen reduction reaction(O2→H2O/OH�)
Proton exchange membrane fuel cells have broad application pros-

pects due to their high efficiency and zero emission.108 However, the
slow cathodic reaction kinetics severely limits their development. Cur-
rent electrocatalysts for this reaction are usually expensive, low storage
capacity commercial Pt-based catalysts.109 Therefore, it has become a top
priority to search for efficient and stable ORR catalysts that could replace
Pt. So far, among many single-atom transition metal catalysts, Fe–N–C
with atomically dispersed iron sites has shown the best ORR catalytic
performance (Table 4).110,111 Oxygen reduction reactions are normally
divided into a two-electron transfer process and a four-electron transfer
process. The two-electron process reduces O2 to hydrogen peroxide
(H2O2), and the four-electron process directly reduces O2 to H2O under
acidic conditions or hydroxide (OH�) under alkaline conditions.112,113

Hydrogen peroxide can react with iron sites in the Fenton reaction to
11
produce reactive oxygen species, which in turn continuously leads to
catalyst deactivation and degradation, and damage to the proton ex-
change membrane.114 Therefore, we hope to further find Fe–N–C cata-
lysts with high selectivity towards H2O and well-defined mechanism.

Xu et al. proposed a defined explain about the influence of local Fe(II)
spin configuration on ORR. The higher spin state of iron in FeN4 with
bond contraction can create a wider spin-related channel in FeN4, pro-
moting the charge transport during ORR. Moreover, the oxygen molecule
can be more easily captured by FeN4 with Fe–N bond contraction because
of higher bond order resulted from the spin–orbital interactions between
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iron and O2, which should be the intrinsic factor dominating the DFT
calculated trend of O2 adsorption.117 Liu et al. firstly developed Oper-
ando 57Fe M€ossbauer to identify the exact structures and spin state of
active atomically dispersed iron moieties during ORR. When polarized at
0.9 V (vs. RHE), it indicated that O2 adsorbed on the HS Fe(II)N4 sites
along with the generation of O2–Fe(II)N5 intermediate and the spin state
of Fe2þ transited from HS to LS with the central Fe2þ moving to the
N4-plane. When polarized at 0.7 V (vs. RHE), O2 adsorbed on the LS Fe(II)
N4 sites along with the generation of O2–Fe(II)N4 intermediate and the
spin state of Fe2þ transited from LS to HS with Fe2þ moving out of the
N4-plane (Fig. 10a and b). As shown in Fig. 10c, the spin crossover of Fe2þ

significantly reduces the energy barrier for the dynamic cycle. Quantum
chemical studies provide the structural and dynamic evolutions of Fe(II)
N4 and spin-crossover-involved mechanism for ORR (Fig. 10d). Due to
the exchange stabilization, the interaction between O2 and HS Fe2þ in-
creases the d-orbital splitting, resulting in the conversion of the spin state
of iron (Fig. 10e and f).74

Later, Zhai and co-workers reported that the incorporation of S in the
second sphere of Fe–NC could enhance catalytic activity of oxygen
Fig. 10. (a) Operando 57Fe M€ossbauer spectra for 57Fe enriched Fe-NC-S recorded at
O2-saturated 1 M KOH at room temperature. (b) Content of different Fe moieties and
measurements. (c) Potential energy profiles of the N–FeN4C10 moiety during ORR i
moiety in ORR with optimized geometries. (e) Orbital interactions between O2 and
teractions between O2 and the N–FeN4C10 moiety. Reproduced with permission from
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electroreduction reaction via inducing the transition of spin polarization
configuration. M€ossbauer spectroscopy showed that there are three
different doublets (D1�D3) existing in three FeNSC catalysts, corre-
sponding to low spin (LS) Fe3þ (D1: X–Fe3þN–Y), high spin (HS) Fe2þ

(D2: Fe2þN4) and high spin (HS) Fe2þ (D3: X–Fe2þN–Y), respectively (X
and Y refer to S and C). Among them, Fe1-NS1.3C possessed more D1
moiety which had been proven to be active for ORR (Fig. 11b). In order to
clarify the active sites of Fe1–NS1.3C for ORR, in-situ M€ossbauer spec-
troscopy was performed in O2-saturated 0.1 M KOH at room temperature
(Fig. 11a). As shown in Fig. 11c, the D1 content decreased as the D3
content increased at the potential of 0.85 V (vs. RHE), indicating con-
version of spin state from LS Fe3þ to HS Fe2þ. At the potential of 0.65 V
(vs. RHE), the D1 content decreased as the D2 content increased, indi-
cating conversion of spin state from LS Fe3þ to HS Fe2þ. While at the
potential of 0.45 V (vs. RHE), both the D1 and D3 content decreased as
the D2 content increased, implying LS Fe3þ and HS Fe2þ both acted as
active sites. Combined with the results that the LS Fe3þ still converted
into HS Fe2þ at the same potential without the existence of O2, it is
proved that D1 active site is sensitive to O2 molecules and the LS Fe3þ of
an open-circuit voltage (OCV), 0.9, 0.7, 0.5 V (vs RHE), and after ORR (AFT) in
reactive intermediates at various biases obtained from operando 57Fe M€ossbauer
n alkaline medium at U ¼ 0.401 V. (d) Structural and dynamics of N–FeN4C10

the N–FeN4C10 moiety. (f) Natural localized molecular orbitals graph of the in-
Ref. 74.



Fig. 11. (a) Operando 57Fe M€ossbauer spectra for Fe1-NS1.3C at open-circuit voltage (OCV), 0.85, 0.65, 0.45 V (vs. RHE), and after ORR (AFT) in O2-saturated 0.1 M
KOH at room temperature. (b) Content of different Fe moieties of the three catalysts. (c) In situ 57Fe M€ossbauer spectra at various biases of different Fe moieties and
reactive intermediates; M€ossbauer spectra at 0.45 V (vs. RHE) without the flux of O2 (inset). (d) Projected density of states of the Fe center in pristine Fe1–N4C,
Fe1–N4SC-2 and Fe1–N4S2C-5. (e) Proposed ORR mechanism for the Fe1–N4SC. (f) Reciprocal transition of spin states during ORR for the Fe1–N4SC. Reproduced with
permission from Ref. 115.
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C–FeN4–S moiety could be the active site for Fe1-NS1.3C catalyst in
alkaline ORR. DFT indicated that the doping of S impacted the spin po-
larization and adjusted the spin state of Fe center, resulting in the
decrease of the adsorption free energy of *OH, which is further enhanced
the activity of ORR (Fig. 11d–f).115

Additionally, Zhang et al. designed dual-metal atomically dispersed
Fe,Mn/N–C catalyst and revealed that the reduction of oxygen occurred
preferentially on Fe(III) in the intermediate spin state.122 The analysis of
M€ossbauer spectroscopy and DFT calculation proved that the implant of
Mn–N moieties led to Fe(III) 3d electron delocalization and caused the
spin state of Fe(III) transition from low spin (t2g5eg0) to intermediate
spin (t2g4eg1), which easily penetrated the antibonding π-orbitals of
oxygen. Similarly, Zhai et al. found that the introduce of Se could also
tune charge redistribution and the spin-state of Fe active sites to improve
the electrochemical performance for ORR.116 Guo et al. introduced
Ti3C2Tx as the support of iron phthalocyanine (FePc) and achieved a
significant enhancement of ORR activity. Temperature-dependent mag-
netic susceptibility measurement results unveiled that the introduction of
13
Ti3C2Txweakened the paramagnetic state of FeN4 moieties and increased
the number of unpaired d electron of Fe(II) ions, such that more occupied
3d electrons were easily transferred to antibonding π-orbital of oxygen.
Compared to the pristine FePc, an additional D1 doublet appeared in the
M€ossbauer spectrum of the Ti3C2Tx-supported FePc, belonging to high
spin Fe(II). These evidence suggested that van Der Waals forces or
hydrogen bonding between FeN4 moieties and Ti3C2Tx induced electron
density redistribution and spin-state transition and electron configura-
tion transition from dxy2dyz1dxz1dz21dx2�y21 to dxy2dyz2dxz1dz21 was
thought to be responsible for the enhanced ORR activity through yielding
an easier dioxygen adsorption and reduction.117

4.3.2. Oxygen reduction reaction (O2→H2O2)
Hydrogen peroxide is a versatile chemical, however, its industrial

synthesis involves an energy intensive and tedious anthraquinone pro-
cess.123 Therefore, the synthesis of hydrogen peroxide by ORR offers a
simpler and more sustainable approach to tackle this challenge. The
production of H2O2 via 2e� ORR involves two proton-coupled electron
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transfer steps:

* þ O2 þ Hþ þ e� → *OOH (1)

*OOHþHþ þ e� → H2O2 þ * (2)

Liu et al. proved that Fe–N–C adsorbed OOH* so strongly that the
selectivity of H2O2 is low.124 Although the Fe–N–C has poor selectivity
for hydrogen peroxide, the selectivity can be improved after doping and
other treatments due to the modification of metal center. Xue et al.
prepared a cheap sodium ferric EDTA-derived material (EDTAFe-
Na-KB-HT1), an iron and nitrogen co-doped Fe–N–C catalyst with
micro-mesoporous structure and large surface area via one-step pyrolysis.
The catalyst exhibited high selectivity (80%–100%) towards H2O2 with a
large current density.125 Choi et al. used H2O2 to introduce oxygen
functional groups to the carbon surface of Fe–N–C, which changed the
reaction path of ORR and led to a 30% increase towards H2O2.126 Yagi
et al. synthesized Cu-, Fe-, and N-doped carbon nanotubes, (Cu, Fe)–
N-CNT as an ORR catalyst. It showed a high selectivity of 99% towards
H2O2. Kinetic analysis revealed that the rate constant for the reduction of
O2 to H2O2 is two orders of magnitude higher than that for the reduction
of O2 to H2O.127 Besides, H2O2 could be trapped in the micropores of
powders and further reduced to H2O. Therefore, constructing a free-
standing SACs electrode could prevent the further reduction of H2O2 and
improve the selectivity.

5. Summary, challenges and outlook

In summary, we concluded common methods for the preparation of
Fe–N–C single-atom catalysts, including high-temperature pyrolysis,
chemical vapor decomposition (CVD) and ball milling. Then, the rela-
tionship between the electronic structure of Fe single atoms and spin
configurations is outlined, and based on this, the common methods of
spin regulation are briefly mentioned, and the electronic structure of Fe
and the orbital coupling of C, N and O are summarized. Finally, the
application of Fe–N–C in electrocatalytic C, N and O conversion is
introduced, including CO2RR, NRR, NitRR and ORR. Here, we would like
to present the challenges and outlook of Fe–N–C, which may provide
some opportunities for the future development of SACs.

(1) The loadings of catalysts synthesized with the existing methods
are still not high, so it becomes an important task to find more
reasonable and effective means to synthesize catalysts with high
site densities. It should not be overlooked that the increase in
loading can cause inferior mass transfer, thus the structural design
of the catalyst is particularly important.

(2) A reasonable Fe–N bond length can effectively prevent the ag-
gregation of iron atoms and increase the stability of the active
sites. However, there is a lack of study in such topic. More efforts
shall be devoted to exploring the relationship between catalyst
structure and reaction performance from a smaller scale.

(3) The structures of SACs do not maintain unchanged during the
reactions. Therefore, it is important to develop new techniques to
achieve in situ characterization of catalysts to disclose the un-
derlying mechanism and discover better catalysts.

(4) The spin regulation of Fe–N–C by external experimental condi-
tions is seldom studied at present. For example, the modification
of catalytic properties by applying a magnetic field in the elec-
trocatalytic process has not received enough attention.

(5) The spin regulation of Fe–N–C by changing prepared conditions
remains to be further developed. Although many reports
expounded temperature, heteroatom doping, and other factors
can change the spin state of the iron center, the mechanism is not
clearly explained. In addition, it is unknown whether some con-
ditions such as the applied magnetic field will exert an effect on
the spin state.
14
(6) DFT calculations were reasonably used to predict the spin electron
transfer trends on different reactions of Fe–N–C prepared under
different conditions. Proper utilization of the DFT calculations can
lead to suitable thermodynamic data,128,129 such as adsorption
energy, dissociation energy and splitting energy, which may
provide new possibilities for the design of Fe–N–C catalysts and
mechanistic explanations.
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