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Abstract: Atomically dispersed metal-nitrogen sites show great
prospect for the oxygen reduction reaction (ORR), whereas the
unsatisfactory adsorption-desorption behaviors of oxygenated
intermediates on the metal centers impede improvement of the
ORR performance. We propose a new conceptual strategy of
introducing sacrificial bonds to remold the local coordination
of FeNx sites, via controlling the dynamic transformation of
the FeS bonds in the FeNC single-atom catalyst. Spectroscopic and theoretical results reveal that the selective cleavage
of the sacrificial FeS bonds induces the incorporation of the
electron-withdrawing oxidized sulfur on the Fe centers. The
newly functionalized moieties endow the catalyst with superior
ORR activity and remarkable stability, owing to the reduced
electron localization around the Fe centers facilitating the
desorption of ORR intermediates. These findings provide
a unique perspective for precisely controlling the coordination
structure of single-atom materials to optimize their activity.

Cathodic ORR catalysis governs the performance in practical advanced energy systems including fuel cells and metalair batteries.[1] Commercialization of these techniques
requires scalable cost-effective materials with high performance to replace noble metal catalysts.[2] Single-atom Fe
catalysts offer flexible tunability to modulate the electronic
properties and to maximize the accessibility of active sites.[3]
The well-established FeN4 moieties with symmetric electron
distribution, however, are not beneficial to optimize the
oxygen adsorption/activation and further improve the ORR
activity.[4] Current strategies to increase the ORR activity of
the FeNC have been achieved by virtue of the edgesites,[3d, 5] axial ligands,[4] and binuclear centers,[6] or by
engineering dense FeN4 sites[2b] and regulating the Fe-spin
[*] Dr. L. Yu, Y. Li
Key Laboratory for Water Quality and Conservation of the Pearl River
Delta, Ministry of Education, Institute of Environmental Research at
Greater Bay, Guangzhou University
Guangzhou 510006 (China)
E-mail: yuli@gzhu.edu.cn
Dr. L. Yu
State Key Joint Laboratory of Environment Simulation and Pollution
Control, Research Center for Eco-Environmental Sciences, Chinese
Academy of Sciences
Beijing 100085 (China)
Dr. Y. Ruan
Department of Chemistry, City University of Hong Kong
Kowloon, Hong Kong SAR (China)
E-mail: yruan8@cityu.edu.hk
Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.202111761.

25296

state.[2e] As metal centers usually act as the binding sites for
ORR intermediates, the direct control of the local coordination of metal single atoms can be effective to fine-tune the
electronic states and the binding strength.[7] Nevertheless, the
strong covalent metal-support interaction makes it challenging on the highly rigid single-atom structures without
disrupting the atomically dispersed states.[8] The lack of
scalable strategies to precisely control the metal-ligand
coordination further limits the fundamental understanding
on the inherent nature of structure-determined activity for
rational catalyst design.[9]
In a number of biological (e.g., nacre or bone) and
biomimetic (e.g., hydrogel) polymeric materials, metal-ligand
coordinative cross-links act as sacrificial bonds which determine their mechanical performances and behavior.[10] During
deformation, sacrificial bonds preferentially rupture to
unravel hidden lengths and dissipate large amounts of
energy, allowing the preservation of primary covalent bonds
and structural integrity in macromolecular backbones.[11]
Although the sacrificial bonding systems are mainly utilized
in organic materials to enhance the strength and toughness,
this concept offers the potential for directionally regulating
the coordination environment of metal centers while maintaining the single-atom states. We herein rationalize the
possibility of engineering sacrificial FeS bonds in FeNC
catalysts to boost the ORR activity. The deliberate construction and subsequent selective cleavage of FeS bonds enable
fine-tuning of the local coordination environment and the
energy level of the Fe center. The simultaneous formed
oxidized-S worked in synergy with the well-maintained active
FeNx and optimized the binding strength of ORR intermediates, contributing to the superior activity and stability of the
FeNC catalyst.
We developed an inorganic sulfur-involved copolymerization strategy to first obtain the precursor of FeNC catalyst.
Amphiphilic Trion X-100 was used as the emulsified core in
preparation to accommodate the oxidative polymerization of
aniline and pyrrole by ammonium persulfate (APS). The
microemulsion polymerization of the monomers rendered the
formation of hollow structure based on their different hydrophilicity/hydrophobicity (See Supplementary Notes). Similar
to the industrial sulfide production at high temperature
(Na2SO4 + 2 C ! Na2S + 2 CO2), the following carbothermic
reduction of the sulfate (reaction products of APS) enabled
the self-incorporation of S2 into the carbon skeleton.[12] After
an acid wash to remove any inactive metallic aggregates or
unstable phases, the obtained single-atom FeS1N3 was soaked
in H2SO4 again at 90 8C and converted to the FeN3OS catalyst.
Both FeS1N3 and FeN3OS were characterized by well-defined
hollow nanospheres and uniform elemental distribution of C,
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Figure 1. Morphological characterization and phase corroboration.
a) Representative scanning electron microscopy (SEM) images of the
carbon substrate (left) and FeN3OS (right). b) TEM and energydispersive X-ray spectroscopy mapping of FeN3OS showing the elemental distribution of C, N, S, and Fe. c) Aberration-corrected HAADFSTEM analysis of FeN3OS with atomically dispersed Fe sites marked
by the brighter spots. d) Corresponding X-ray diffractometry patterns.

N, S and Fe, without any self-aggregated particles or other
phases except for the carbon (Figures 1, S1 and S2). The
aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) analysis
revealed the atomically dispersed Fe sites anchoring on the
defect-rich and porous graphite structure.
Comparative investigations on the synchrotron-radiation
based soft X-ray absorption near edge structure (XANES)
showed insignificant change of C speciation, with three
characteristic peaks arising from the dipole transition of 1s
! p*C=C, p*C-N/C-S, and s*CC states (Figure 2 a). The preservation of the main features excluded the existence of FeC,
and the stabilization of single-atom Fe relied upon the N/S
ligands inside the carbon framework. Despite the similar line
shapes, the structural incorporation of Fe slightly changed the
intensity of the peaks C1 and C2. The central Fe acted as an
exotic electron source and induced charge transfer to the p*C=
C unfilled state, as indicated by an intensity decrease of the
peak C1 compared to that of the Fe-free catalyst (SNC).[13]
Considering the incorporation of more electronegative atoms
(e.g., O) into FeN3OS, it is expected that FeN3OS showed
a stronger intensity of this peak than FeS1N3. The peak C2 was
associated with additional chemical interactions stemming
from the FeN/O/SC bonds.[13] These characteristic variations confirmed the different geometric configuration of
central Fe between FeS1N3 and FeN3OS, which further
influenced the extents of the p-electron de-localization in
Angew. Chem. Int. Ed. 2021, 60, 25296 –25301
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their carbon basal planes. The states of the p-electron system
involving 1s!p* transitions can be described by the peak
position and full-width at half maxima (FWHM) of the C 1s
X-ray photoelectron spectra (XPS). A well-ordered p-electron system with therefore high electron-donating capability
normally gives a narrow FWHM of C 1s spectrum.[14]
Compared to FeS1N3, FeN3OS showed a broader FWHM
(1.11 eV versus 1.0 eV, Figure S3) of C 1s peak. A perturbation of the p-electron system in FeN3OS was caused by the
oxidized sulfur reducing the electron-donating capability of
the carbon plane.
In addition, quite different chemical compositions in N
species were discernible between FeNC and the carbon
substrate. Specifically, the doping of Fe to SNC increased the
content of pyridinic N while restricted the formation of
graphitic N (Figure 2 b). In the N K-edge spectra (Figures 2 a
and S4), the absorption features showed different line shape
and peak position as in the spectra of reference Fe-phthalocyanine, indicating the presence of N species other than
pyrrolic-N and azomethine-N.[15] Two well-defined absorption
peaks were attributed to the pyridinic (N1) and graphitic
nitrogen (N2) 1s ! p* resonance. In particular, the negligible
absorption features between these two regions reconfirmed
the absence of pyrrolic N or other N species. The peak N3
represented general transitions from the N 1s core level to CN s* states, not the characteristic of any specific N species.[16]
An exclusive coordination mode of Fe with pyridinic N was
explicit in FeS1N3 and FeN3OS, and the latter showed
a relatively positive shift of the Fe L-edge position (Figure 2 a). The high-concentration acid-wash step herein provided a latent higher oxidation state of central Fe in FeN3OS
by intensifying the electron-withdrawing properties of the
adjacent coordination groups.
The Fourier-transformed extended X-ray absorption fine
structure (EXAFS) was investigated to extract the structural
information on the local coordination geometry of Fe. The
spectra show an intensity maximum at ca. 1.52 , ascribed to
the predominant FeN/O scattering path in FeS1N3 and
FeN3OS (Figure 2 c). No characteristic peaks from FeFe
metallic path manifested the atomically dispersed state of Fe
without crystalline phases, in agreement with the STEM
observation. An additional feature found only in FeS1N3 was
the arising of a shoulder peak at a radial distance (1.88 )
longer than the FeN, corresponding to the FeS scattering
path. Further quantitative least-squares curve-fitting gave the
coordination numbers of 3.1 and 0.9 for FeN and FeS first
shells, respectively (Figure 2 d and Table S1). This indicates
the FeS bonds underwent dynamic fracture and reconstruction to form the final FeN/O configuration, during the
treatment of high-concentration H2SO4. To reveal the chemical conversion of FeS bonds, high-resolution XPS profiles of
S 2p were collected (Figure 2 b). An intense and sharp peak at
164.0 eV was ascribed to CSC species, while a discernible
hump at 161.7 eV stemmed from the FeS bonds in FeS1N3.
The signal of FeS bonds disappeared in FeN3OS, accompanied by an occurrence of a broad feature at 167.9 eV typical
for CSOx species.
We now come to an understanding on their coordination
states as described by the geometry-optimized models (Fig-
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Figure 2. Spectroscopic analyses showing the dynamic conversion of sacrificial FeS bonds. a) Synchrotron-radiation based soft XANES spectra of
the Fe L-edge, C K-edge, and N K-edge. b) High resolution N 1s and S 2p XPS profiles. c) Fourier transform (FT) k3-weighted c(k)-function of the
Fe K-edge EXAFS spectra. d) Quantitative least-squares curve-fitting of the EXAFS spectra in R and q (inset) spaces. e) Experimental and
calculated Fe K-edge XANES spectra combined with LCF analysis of the theoretical data. f) ToF-SIMS analyses in the characteristic fragment yields
of the FeS+ and FeSCH2+. g) Mçssbauer spectra of FeN3OS fitted with paramagnetic doublets.

ure 2 e). Since the S atom is much larger than C and N atoms,
two adjacent C and N atoms were substituted by S to obtain
a stable structure.[17] Theoretical XANES spectra of these
structural models with and without oxide species (OHads) in
specific adsorbed modes were simulated and compared to
experimental spectral signatures in terms of the line shape
and energy position (Figure S5). To theoretically reproduce
the experimental pre-edge features, the FeN4 coordination
was included in the spectral linear combination fitting (LCF)
for both the FeS1N3 and FeN3OS catalysts. The theoretical
spectrum of the FeN3OS model well mimicked the main
experimental features, indicating the oxidized sulfur moiety
inscribed on the Fe center in addition to a fraction of the Fe
N4 and FeN3S1 sites. In comparison, the FeS1N3 catalyst was
characterized by dominant FeN3S1 with coexistence of Fe
N4 and *OH-adsorbed FeN3S1 in an end-on mode. The
proposed structural motifs were then proved by the molecular
fragments during ion bombardment in time-of-flight secondary ion mass spectrometry (ToF-SIMS) tests (Figure S6),
which were sensitive to atom local coordination. Prominent
secondary ions of m/z 69.94 were detected in FeS1N3 and
FeN3OS corresponding to the compositions of FeN (Figure S7). Only a small change of their intensities in FeS1N3 and
FeN3OS indicated the relative stability of FeN during acid
treatments. However, a significant variation was evident in
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the fragment yields of m/z 87.91 and 101.92 associated with
the chemically bonded FeS+ and FeSCH2+, respectively
(Figure 2 f). Much weaker intensities of these peaks on
FeN3OS confirmed the fission of FeS. The FeN featured
a shorter bond distance and higher bond strength, in contrast
to the relatively low stable FeS prone to a bond fracture and
reconstruction.
A detailed analysis on the Mçssbauer spectra provided
further insights into Fe speciation present in the catalysts.
Multicomponent fit to the experimental spectra gave four
doublets (D1–D4) in the deconvolutions (Figures 2 g and S8).
All the three FeNC catalysts contained mononuclear FeNxlike species featuring a low (D1) or intermediate (D2) spin
state of the Fe center. The Mçssbauer parameters extracted
from the doublet D4 appeared to be a signature for high-spin
Fe centers with a side-on peroxo-complex.[18] The intensity
pattern of the doublet D4 was absent for FeN3OS, indicating
its relatively weak adsorption of oxygen compared to FeS1N3
and FeN4. Instead, the D3-related center accounted for about
26.2 % of the total resonance area in the spectrum of FeN3OS.
Its Mçssbauer parameters in fact resembled those of
a reported highly active species with a protonated pyridinic
nitrogen coordination in the vicinity of the FeNx.[19] Considering their slight differences in the isomer shift and quadrupole splitting, we attributed this structure to the XY-FeNx
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moieties (X, Y denoted two ligands such as O, N, or S around
the absorbing Fe-nucleus). Such a structural assignment was
consistent with the above-proposed geometry models. In
addition to these experimental and simulated evidence,
a detailed reaction path analysis rationalized again the
mechanism underlying the structural transformation from
FeS1N3 to FeN3OS on a theoretical basis (See Supplementary
Notes).
The well-tailored and high-accessible active centers made
the developed FeN3OS promising in electrochemical ORR
catalysis. Compared to other reference catalysts including
commercial Pt/C and FeS1N3, noticeable anodic shift of the
onset potential (Eonset, 1.01 V) and half-wave potential (E1/2,
0.874 V) were registered for FeN3OS in alkaline media with
a limiting current density (JL) approaching  6.0 mA cm2
(Figure 3 a). The greater activity enhancement than SNC
revealed the central role of Fe in the active site coordination.
In comparison, the S-free catalyst (FeN4) was synthesized
using hydrogen peroxide instead of APS as the initiator of the
polymerization. The S-functionalization on the Fe centers
boosted the ORR process in view of the relatively lower
activity of FeN4. A collection of the applied potentials and
corresponding kinetic current densities provided an authentic
profile for the pure activation-controlled catalysis process.
Following this analysis, FeN3OS showed a much lower Tafel
slope (55 mV/decade of current density), another metric
supporting the proof of its high kinetic activity (Figure 3 b).

Figure 3. Comparative analyses on ORR catalysis highlighting the
superior activity of FeN3OS. a) Linear sweep ORR voltammograms
recorded at 1600 rpm and a scan rate of 10 mVs1 in oxygen-saturated
alkaline electrolytes. b) Electrochemical Tafel curves (applied E versus
log Jk). c) Comparison of Jk (0.85 V) and Jm (0.85 V). d) ORR performance comparison of FeN3OS with the ever-reported representative
electrocatalysts. e) H2O2 yield and electron transfer number plotted
against disk potential.
Angew. Chem. Int. Ed. 2021, 60, 25296 –25301
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Specifically, a significantly large kinetic current density (Jk,
17.0 mA cm2) was recorded at 0.85 V for FeN3OS (Figure 3 c). FeN3OS meanwhile exhibited more than 4-fold
increment of the specific mass activity (Jm, 42.5 mA mg1)
than FeN4 and FeS1N3. This superior catalytic activity further
exceeded those of the state-of-the-art catalyst counterparts
(Figure 3 d, Supplementary References S1–S19).
According to the data from rotating ring-disk electrode
(RRDE) voltammetry, we calculated the electron-transfer
numbers (close to 4.0) and the H2O2 yields (below 4 %) in an
applied potential range from 0.2 to 0.7 V (Figure 3 e). The
nearly complete catalytic conversion of dissolved O2 to H2O
prevented the formation of H2O2 and the possible Fenton
reaction-induced catalyst inactivation. When the same experiment was performed in acidic media (0.1 M HClO4), FeN3OS
presented an improvement in E1/2 (0.785 V) compared to
FeS1N3 and FeN4, although not surpassing the benchmark
activity of the Pt/C (Figure S9). The results herein provide an
efficient platform with flexible tunability to modulate the
energy level of metal centers for ORR catalysis optimization,
by taking advantage of the sacrificial FeS bonds. To exploit
the full potential of this conceptual approach in proton
exchange membrane fuel cells, the FeNC catalysts were
further mixed with the Fe- and/or sulfate-precursors followed
by successive post-annealing and acid treatments. The therefore obtained FeN3OS (1.3 wt % Fe-loading) exhibited
a more positive E1/2 (Figure S10). In a H2/O2 fuel cell, it
delivered a peak power output of 0.74 W cm2 at 0.47 V (or
a current density of 1.56 A cm2) and a satisfactory durability,
although certain activity decline occurred under long-term
and harsh test conditions (Figure S11).
To elucidate the effects of the electronic nature of metal
sites in determining the ORR activity, we calculated the free
energies of each elementary step that proceeded through the
evolution of *OH, *O, and *OOH (Figure 4 a). The ORR
catalysis started with the protonation of adsorbed O2 to
*OOH, followed by the formation of *O and *OH and the
final desorption of *OH to refresh the surface. All elementary
electron-transfer steps were characterized by exergonic
processes (DG < 0) and the ORR proceeded spontaneously
at an output potential of 0 V versus RHE (URHE = 0 V).
Compared to FeN3OS, both FeS1N3 and FeN4 showed more
energetically favorable adsorption of these oxygenated species. As the FeNx sites located at the left branch of the
volcano plot, the strong adsorption in turn caused a difficult
desorption of intermediates from the catalyst surface and
therefore a lower ORR activity.[20] The desorption of *OH
became the rate-determining step (RDS) in the FeS1N3catalyzed ORR, with an endothermic reaction energy of
0.58 eV when the URHE increased to the equilibrium potential
(1.23 V). For FeN3OS, this reaction was facilitated in a lower
energy barrier of 0.26 eV for the desorption of *OH, owing to
the weakened adsorption by the local structure modulation.
Consequently, the RDS turned to be the first electron-transfer
step, i.e., the formation of *OOH from the adsorbed O2,
having a small endothermic reaction energy of 0.36 eV. Both
the acid (pH 1)- and alkali (pH 13)-corrected free energy
diagrams showed the same RDS of ORR as that of the pHuncorrected model (Figure S12). A less overpotential (h) for
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mined by the electronic structure of metal centers, which in
turn effectively tuned the final ORR activity.
This work proposed a potential strategy to restructure and
precisely control the local coordination of the metal centers in
FeNC with the aid of the sacrificial FeS bonds. We
followed a combined experimental-computational approach
showing the selective cleavage of the FeS bonds was
accompanied by the formation of the new bridging-oxygen
moieties. The oxidized-S functionalization synergistically
modulated the energy level of the Fe center, contributing to
the optimal adsorption-desorption strength of the ORR
intermediates. Superior intrinsic activity and stability were
achieved on the resultant catalyst. This concept provides
unique perspective and strategy to regulate the local structure
of single-atom catalysts toward high electrochemical performance.
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Figure 4. Theoretical corroboration of the superior activity of FeN3OS.
a) Calculated free energy evolution of each elementary step in ORR
catalysis at 0 V (left) and 1.23 V (right). The corresponding RDS is
highlighted. b) Atom-projected density of states (PDOS) analyses and
the marked d-band centers. The average energy of the d-band, known
as the d-band center, was calculated by the first moment of the Fe-d
PDOS referenced to the Fermi level. c) Schematic comparison of the
energy level and d-band centers. d) Relationship between the ORR
overpotential and partial charges of Fe, as calculated by the difference
between the valence electron number of neutral Fe and the corresponding Fe Bader charges. The yellow and cyan regions represent
electron accumulation and depletion, respectively.
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ORR than FeS1N3 was therefore achieved on FeN3OS via the
compromise of the reaction barriers for the intermediate
adsorption and desorption.
On the basis of the projected density of states (PDOS)
analyses (Figure 4 b) and d-band theory, a downshift of the dband center for FeN3OS (3.09 eV) indicated a lowered
energy level and elevated occupancy of the antibonding states
(Figure 4 c). The change in the electronic states helped tune
the metal-adsorbate interaction which was too strong in
FeS1N3. The adsorbed *O on the Fe center could form s bonds
derived from the interaction of O p with the Fe dz2 orbital,
while the orbital overlap between the O p and Fe dyz, dxz and
dx2 y2 states was responsible for the presented p bonds
(Figures S13–S15). After the *O adsorption on FeN3OS, the
bonding interaction especially for the O p with Fe dz2 orbitals
was much weakened. On the other hand, the additional p
bonds from the O p-Fe dx2 y2 hybridization on FeS1N3 further
explained the undesirably strong adsorption of ORR intermediates. Consistent with the bond formation analysis, more
electrons were withdrawn from the Fe centers across the Fe
OS interface in addition to the FeN interaction (Figure 4 d). Such a dual incorporation of the electronegative
atoms optimized the adsorption-desorption strength of oxygenated intermediates to facilitate ORR catalysis on FeN3OS.
The potential dependency on the partial charge of Fe centers
demonstrated again the adsorption characters were deter-
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