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reaction. These uncertainties stem from the lack of efficient
methods to identify their atomic structures under operating
conditions. A recent study on carbon-supported Fe SAC for
OER, using in situ X-ray absorption spectroscopy (XAS)
identified the active species for OER as an Fe4+ active
site.[22] However these changes may arise from structural
reconstruction and not form part of the active site. Currently,
most SACs for OER catalysis are described as single stable
active sites.[23,24] A prevailing assumption in research on SACs
is that catalytic reactions occur exclusively at isolated metal
sites, and the local structure of the metal centers remains
the same during OER. However, a few recent studies have
started to reveal that the single atoms situated on carbon
supports undergo structural reconstruction during catalytic
reactions.[25–28] For example, in the reduction of nitrate to
ammonia, carbon supported Cu SAC was found to be reduced
into Cu clusters, which serves as the active species.[28] This
suggests a critical need to reevaluate the actual active species
of this type of catalyst and understand the associated reaction
mechanisms under more realistic catalytic conditions.

In this study, a straightforward and scalable coordina-
tion confinement strategy is presented using a bottom-up
approach based on cost-effective graphitic carbon nitride
(g-C3N4), biomass-derived tannic acid (TA) with multiple
coordination sites, and metal salts as precursors. A series of
N-doped carbon-based SACs, in the form of single element
(Tan-CN-Fe/Co/Ni) and dual elements (Tan-CN-CoFe/NiFe),
are constructed after a high temperature carbonization
process. The atomic features of the as-prepared catalysts
are characterized by XAS and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
studies. Among the synthesized SACs, the catalysts featuring
dual metal elements (CoFe and NiFe) exhibit superior OER
activity compared to those with only a single metal element.
In situ XAS, combined with subsequent HAADF-STEM
and electron paramagnetic resonance (EPR) measurements,
illustrates that the newly formed amorphous (oxy)hydroxides
with typically oxygen-bridging two metal atoms (M─O─M
for single metal SACs or M─O─M/M’ for dual metal SACs,
M/M’ = Fe, Co, Ni) represent the important active sites for the
OER. This study introduces a universal and convenient coor-
dination strategy for constructing carbon-supported SACs,
offering greater practical viability for potential applications
compared to the existing top-down strategies. Mechanistic
insights into structural evolution shed light on the gen-
uine active sites of carbon-supported SACs during catalytic
reactions.

Results and Discussion

Synthesis and Structural Characterizations

The carbon-supported SACs were synthesized using a
bottom-up coordination confinement strategy, employing g-
C3N4 and TA-coordinated metal complexes as precursors
(Figure 1a,b). The atomic nature of the metal species
was initially examined using conventional scanning electron
microscopy (SEM), transmission electron microscopy (TEM)

images, and powder X-ray diffraction (PXRD), where no
metallic particles were detected (Figures 1c,d and S1–S7).
HAADF-STEM was further conducted to directly observe
the atomic dispersion of the metal atoms on the carbon
substrate (Figures 1e–i and S8–S12). In these images, due
to the power-law dependence of HAADF-STEM intensity
on atomic number, heavier atomic species appear brighter.
Atomically dispersed transition metals, such as Fe, Co, and
Ni, are visualized as distinct bright dots on the carbon
substrate. The composition and dispersion of the metals
were further confirmed through energy-dispersive X-ray
spectroscopy (EDS) measurements (Figure S13). Tan-CN-
CoFe and Tan-CN-NiFe, which contain two different metal
elements, exhibit similar results to single-element samples, as
seen in Figures 1 h,i, S14, and S15. The metal content for all
catalysts, ranging from 1.0 to 5.0 wt.%, is determined by EDS
and XRF and is presented in Table S1. The detailed synthetic
procedure is provided in the Supporting Information.

The local structure of the SACs was further elucidated
through XAS measurements. A comparison of the Fe, Co, and
Ni K-edge X-ray absorption near edge structure (XANES)
spectra of the SACs with their respective references reveals
distinct differences in both the pre-edge and rising edge
regions (Figure 2a–f). Notably, all the SACs exhibit pro-
nounced pre-edge features due to the 1s to 3d transition,
suggesting the nonmetallic valence states of the transition
metal species. However, at both the Fe K-edge and Co K-
edge of the Tan-CN-Fe/Co/CoFe catalysts, the rising edges are
relatively featureless, unlike the corresponding phthalocya-
nine and (oxy)hydroxides references, suggesting that Co and
Fe centers neither possess a symmetrical square planar nor
octahedral configuration (Figure 2d,e).[29] This is inconsistent
with the widely reported square-planar M-N4 configuration in
the literature. However, based on XAS analysis, determining
the precise coordination geometry is not feasible. It is
also worth noting that XAS results represent a statistical
ensemble. During high-temperature pyrolysis, obtaining a
uniform coordination structure similar to molecular catalysts
is also unrealistic. In contrast, the Ni K-edge XANES of Tan-
CN-Ni and Tan-CN-NiFe display a noticeable shoulder peak
on the rising edge at approximately 8340.3 eV due to the
1s to 4pz transition, and both the pre-edge and rising edge
features have resemblance with those of NiPc (Figure 2f).
The coordination number (C.N.) from the FT-EXAFS fitting
results are 3.8 ± 0.4 (Tan-CN-Ni) and 3.7 ± 0.4 (Tan-
CN-NiFe), which may suggest a (distorted) square planar
geometry for Ni. However, Fe species in Tan-CN-CoFe and
Tan-CN-NiFe are slightly more reduced as their rising edges
are shifted by 0.71 eV to lower energies compared to that
of Tan-CN-Fe (Figure 2a), indicating slight reduction of Fe
species in Tan-CN-CoFe and Tan-CN-NiFe. The oxidation
states of the metal atoms were further characterized by X-
ray photoelectron spectroscopy (XPS), metal L-edge XAS,
and electron paramagnetic resonance (EPR) measurements
(Figures S16–S18 and 4). The XPS signals indicate that Ni is
predominantly in the Ni2+ state. EPR shows, all Fe-containing
samples have high-spin (HS), Fe3+ (S = 5/2) contributions,
which increase significantly during OER. The metal L-edge
XAS show Co is present as HS Co2+.

Angew. Chem. Int. Ed. 2025, 64, e202424629 (2 of 12) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

 1
5

2
1

3
7

7
3

, 2
0

2
5

, 2
5

, D
o

w
n

lo
ad

ed
 fro

m
 h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/d
o

i/1
0

.1
0

0
2

/an
ie.2

0
2

4
2

4
6

2
9

, W
iley

 O
n

lin
e L

ib
rary

 o
n
 [1

0
/0

7
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o
m

m
o

n
s L

icen
se



Research Article

Figure 1. Scheme of the synthetic strategy of SACs. a) Molecular structures of tannic acid and g-C3N4. b) Fe
3+/Co2+/Ni2+ ions are coordinated with

TA molecules. Morphological characterizations of the Tan-CN-Ni using c) scanning electron microscopy (SEM) and d) transmission electron

microscopy (TEM) with the scale bar of 3 and 500 nm, respectively. HAADF-STEM images of e) Tan-CN-Fe, f) Tan-CN-Co, g) Tan-CN-Ni, h)

Tan-CN-CoFe, and i) Tan-CN-NiFe with the scale bar of 2 nm.
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Figure 2. a–c) Experimental K-edge XANES spectra of Tan-CN-M series along with their references and d–f) their corresponding pre-edge and rising

edge spectra. g–i) Fourier transform of the experimental K-edge EXAFS signals of Tan-CN-M series.

The coordination environment of the single metal sites
was investigated using FT-EXAFS analysis. Across the R-
space EXAFS spectra (without phase correction) for all
samples, a consistent structural pattern was observed, showing
primary coordination features at around 1.40–1.50 Å and
additional features as shoulder peaks between 2.0 and
3.0 Å (Figure 2g–i). The fitting results suggest that the first
coordination shell is the single scattering between metal
centers and light ligand atoms (C/N/O), and not metal–metal
bonds, which would be at longer distances (Figures S19–S25
and Table S2). The analysis of N 1s and O 1s XPS spectra
of Tan-CN-M samples, compared to the nonmetal sample

(Tan-CN), suggests that the first coordination shell is most
likely comprised of M─N/O bond. This is inferred from
the notable decrease in the pyrrolic nitrogen signals and
alterations in oxygen signals, with minimal changes observed
in carbon signals after metal integration (Figure S26). It is
worth noting that due to the close atomic number of N and
O, XAS is not able to distinguish M─N and M─O bonds.
The shoulder peak in the range of 2.0–3.0 Å could arise from
either M─M or M─N/O/C paths. To gain further insights,
wavelet transform (WT) EXAFS spectra for all the samples
and their respective references were analyzed (Figures S27
and S28). WT-EXAFS spectra of the reference compounds
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(metal oxides and metal phthalocyanines) typically show
nonmetal M─N and M─O coordination features at around
k = 4 Å−1, whereas M─M paths in metal and metal oxides
are observed at approximately k = 7–8 Å−1 (Figure S27).
In our Tan-CN-M SACs, only a single intensity maximum
was observed at about 4 Å−1 in the second coordination
shell, leading to the conclusion that the metal atoms in the
catalysts are primarily coordinated with nonmetal N/O/C
atoms in the second coordination shells (up to 3 Å). This
finding is consistent with the fitting results (Figures S19–S25),
where the first coordination shell was effectively fitted
with the M─N/O path, and the shoulder peaks in the
second coordination shell were attributed to M─C paths
(Table S2).

Electrocatalytic OER Characterization

The OER performance of the catalysts was recorded in
1 M KOH on both glassy carbon (GC) and carbon cloth
(CC) electrodes. All the linear sweep voltammetry (LSV)
curves were acquired after 10 cyclic voltammetry (CV)
cycles to activate the samples (Figures S29 and S30). The
dual-metal Tan-CN-CoFe and Tan-CN-NiFe SACs show
significantly improved OER performance, compared to the
single metal Fe/Co/Ni SACs, with overpotentials of 370 and
320 mV versus RHE, respectively, at the current density
of 10 mA cm−2 (Figure 3a). The mass activity of Tan-CN-
NiFe shows that only 1.6 V versus RHE is required to
achieve 500 mA mg−1(Figure 3b). Furthermore, the turnover
frequency (TOF) is as high as 5.2 s−1 (Figure 3c,d), which
outperforms recently reported SACs for OER (Table S4).[30]

The corresponding Tafel slopes are only 87 and 58 mV
dec−1, respectively, significantly smaller than those of single-
metal Fe/Co/Ni SACs (Figure 3e). The enhanced kinetics of
NiFe SACs are further evidenced from the electrochemical
impedance spectroscopy (EIS) measurements at OCP and
1.5 V versus RHE (Figures 3f and S31), where the charge-
transfer resistances are dramatically reduced (Figure 3f). The
stabilities of CoFe and NiFe SACs were further assessed on
CC through chronopotentiometry measurements, in which
only 6.7% drop in voltage was observed for Tan-CN-CoFe
over 50 h at a current density of 10 mA cm−2, and the change
of Tan-CN-NiFe is negligible (Figure 3g). It is worth noting
that the sharp increase in overpotential at the beginning may
relate to the carbon corrosion process.[31]

The performances of the catalysts were also tested in
purified KOH.[32,33] (Figures S32 and S33). Interestingly, we
observed that the performance of monometallic Co/Ni cata-
lysts gradually declined during CV testing in purified KOH,
whereas their performance remained relatively stable in
nonpurified commercial electrolyte. In contrast, the bimetallic
CoFe and NiFe catalysts maintained relatively stable per-
formance, regardless of whether the KOH electrolyte was
purified or not. These results highlight the significant role
that trace Fe impurities in the electrolyte play in affecting
the activity and stability of non-Fe-based catalysts. Due
to the limited amount of Fe impurities in the commercial
electrolyte, the OER performance of monometallic Co/Ni

catalysts remains lower than that of the bimetallic CoFe and
NiFe catalysts.

The OER performances of physical mixtures of Tan-CN-
Fe with Tan-CN-Co and Tan-CN-Ni were also investigated.
However, significant enhancements in OER performances
were not observed (Figure S32d,e). The enhanced OER
performance of bimetallic SACs indicate a positive synergistic
effect between Fe and Ni or Co species in OER. However,
if all metal centers remain atomically dispersed during OER,
such synergistic effect should not be expected. It is reasonable
to believe that Fe and Ni/Co may form new species during
the OER process. The combination of Fe and Co/Ni to
enhance the OER performance has been widely investigated
in Fe/Co/Ni-based oxide and hydroxide;[34,35] however, its
application in the realm of SACs has not been as widely
recognized. In traditional oxide and hydroxide catalysts,
the active phases typically consist of Fe-O-Ni and Fe-O-Co
moieties, typically bridged by two oxygen atoms with the two
metal atoms spaced approximately 2.80–3.20 Å.[34] However,
our XAS analysis of the material before catalysis revealed
only the presence of M─N/O coordination sphere with no
evidence for the M–M interactions that would be expected if
such bimetallic active sites were formed. This indicates that
the local structures of metal atoms may undergo structure
rearrangements to form new active species during OER,
which may account for the enhanced performance in CoFe
and NiFe SACs.

Identification of Actual Active Species for OER

To validate our hypothesis and investigate the actual active
sites of the as-prepared SACs, EPR spectroscopy was
employed to gain information on the changes of the catalysts
before and after OER in oxidation/spin states and coordi-
nation structures (Figures 4 and S34). EPR spectra of the
precursors Tan-CN-Fe-P, Tan-CN-Co-P, and Tan-CN-Ni-P are
shown in Figure S35. The EPR of Tan-CN-Fe-P is dominated
by an intense broad EPR peak, with a zero-crossing point
at g = 4.3, a shoulder at g = 9.6, and a narrow signal at
g = 2.0. The broad signal is assigned to HS Fe3+ (S = 5/2)
with rhombic zero field splitting (ZFS). The spectral shape
is in accordance with a Fe3+ site coordinated by 6 oxygen
atoms.[36] The narrow signal at g = 2.0 most likely originates
from defects in the carbon matrix like, e.g., carbon dangling
bonds. The EPR spectrum of Tan-CN-Ni-P precursor exhibits
a similar spectral shape as the Fe precursor, though with a
very much reduced Fe3+ component, which may result from
Fe impurities in the Ni samples (it is worth noting that EPR
is very sensitive to rhombic HS Fe3+). The EPR spectrum
of the Tan-CN-Co-P precursor shows a broad signal with a
peak at g ∼ 5.0, which corresponds to the typical signature of
HS Co2+(S = 3/2). EPR spectra of the as-prepared catalysts,
each before and after OER, are depicted in Figure 4. Before
OER, the EPR spectra of the iron containing samples (Tan-
CN-Fe, Tan-CN-CoFe, and Tan-CN-NiFe) exhibit a weak
contribution of HS Fe3+ at g = 4.3. This signal is more
pronounced in Tan-CN-Fe as compared to Tan-CN-CoFe and
Tan-CN-NiFe. The line is characteristic for HS ferric iron,
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Figure 3. a) LSV curves with a scan rate of 10 mV s−1, b) corresponding mass activities, and c) TOF curves of the as-prepared catalysts.

d) Overpotentials and TOFs at the current density of 10 mA cm−1. e) Tafel slopes. f) EIS curves at 1.5 V versus RHE. g) Chronopotentiometry

measurements of CoFe and NiFe SACs at 10 mA cm−2 on carbon cloth.

with rhombic ZFS. It is not in accordance with a ferric FeN4

site, for which an axial ZFS with a maximum of the EPR
absorption at g = 6 would be expected.[37,38] EPR spectra
of the Co containing catalysts (Tan-CN-Co, Tan-CN-CoFe)
before OER, show weak EPR signals extending over the
whole magnetic field range (Figure S36). These signals are
assigned to high-spin (S = 3/2) Co2+. The oxidation state
of Co2+ has been confirmed by both XPS and metal L-
edge XAS (Figure S18). Possible reasons for the weak Co2+

EPR are either a very pronounced EPR line broadening
due to fast relaxation of the Co2+ electron spins or a large
negative ZFS, which can render ground-state spin transitions
at liquid helium temperatures EPR-forbidden and thus make
the detectable EPR spectra weak.[39] After OER, the Fe3+

high-spin EPR signal is significantly enhanced in Tan-CN-Fe
(Figure 4a), Tan-CN-CoFe, and Tan-CN-NiFe and even the
EPR spectra of Tan-CN-Co and Tan-CN-Ni show small Fe3+

impurities (probably from KOH). In Tan-CN-Co after OER,
an additional broad component appears between g = 9.0

and 5.0 (see orange trace of Figure 4b), which is assigned to
high spin (S = 3/2) Co2+. In addition, pronounced changes
are observed in the region around g = 2.0, where a very
intense narrow signal (width ∼ 0.4 mT FWHM) from defects
in the carbon matrix is observed. The strong increase of
defects indicates degradation of the carbon matrix during
OER. In Tan-CN-Fe, Tan-CN-CoFe, and Tan-CN-NiFe, an
additional broad signal (width ∼50–100 mT) is observed
around g = 2.0. The observed EPR line shape of a well
resolved contribution between g = 9.6 and g = 4.3 and
a broad signal centered at g = 2.0 is characteristic for
HS Fe3+ in oxygenic coordination environments, such as
layered double hydroxides,[40] iron containing glasses,[41–44]

and zeolites.[45,46] The observed changes in the EPR line shape
and intensity suggest the postulated formation of transition
metal (oxy)hydroxides during OER.

To further substantiate this hypothesis, operando XAS
experiments were conducted under electrocatalytic con-
ditions. The details of the experiment are provided in
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Figure 4. CW X-band EPR spectra of a) Tan-CN-Fe, b) Tan-CN-Co, c) Tan-CN-Ni, d) nonmetal containing Tan-CN, e) Tan-CN-CoFe, and f) Tan-CN-NiFe

before and after OER (spectra in (b)–(f) are multiplied by a factor of four relative to Tan-CN- Fe (a)). To highlight the spectral contributions of Fe and

Co, the narrow signal at g = 2 is clipped. Full spectra are shown in Figure S34. Measurement parameters: T = 10 K, MW frequency: 9.64 GHz, MW

power: 2 mW, modulation amplitude: 0.7 mT.

Supporting Information (Figure S37). Prior to measurements,
all electrodes were subjected to 10 CV cycles for activation.
The measurements were initiated from the open circuit
potential (OCP) and then progressively increased to 1.7 V
versus RHE. All XANES spectra displayed distinct isos-
bestic points, indicating structural rearrangements during the
OER (Figures 5a,c and S38–S41).[47] However, the observed
changes in the samples containing different metals differed
subtly among the samples containing different metals. In the
Fe K-edge XANES spectra of Tan-CN-CoFe, an increase
in the pre-edge at around 7114 eV suggests distortion of
the coordination geometry in the first coordination shell or
formation of completely new species (Figure 5b).[48,49] The
enhancement of the pre-edge feature and the white line
(indicated by the dotted arrow) in Tan-CN-CoFe signifies the
alteration of the electronic configuration of the Fe 3d orbitals,
as well as the evolution of the geometric structure and
coordination environment. This could possibly be attributed
to the adsorption of *OH/H2O at the Fe centers during the
OER.[29] Changes are also observed in the pre-edge and
white line of the Co K-edge XANES, indicating comparable
structural modifications at the Co sites (Figure 5b,d). Notably,
the rising edge in both the Fe and Co K-edge XANES
at 1.7 V during OER are shifted about 0.9 eV to higher
energy compared to the XANES collected at OCP (inset of
Figure 5a,c), implying the increased average valence states for
both Fe and Co during the OER.

In the R-space FT-EXAFS spectra of Tan-CN-CoFe, a
notable trend was observed at both Fe K-edge and Co K-edge,
showing increased peak intensity within the first coordination

and second coordination shell as the applied potential was
increased (Figure 5e,f). Such structural modifications are
more notably displayed in the corresponding WT-EXAFS
spectra (Figure S42) The fitting results of the EXAFS spectra
at 1.6 V align closely with the structure of FeOOH and
CoOOH (Tables S3 and S6), which are stable species in
1 M KOH solution. For the Fe K-edge FT-EXAFS spectra
(Figure 5e), the C.N. of the first shell (Fe-N/O) stayed
around 4.0 for all applied potentials. However, the increase
of intensity together with decrease of the Debye–Waller from
0.0104 to 0.0087 indicates the local structure became more
ordered. Giving that these changes are within fitting error,
they may be attributed to disorder around metal atoms. There
was a significant increase in the C.N. of Fe─Fe/Co path from
0.9 ± 0.4 to 2.3 ± 0.9, indicating the migration and aggregation
of the Fe and Co species during the OER to form more
Fe─Fe/Co moieties (dimer, trimer, and clusters). The distance
of Fe─Fe/Co is about 2.98 Å, which is shorter than the Fe─Fe
distance (3.03 Å) in Tan-CN-Fe at 1.6 V, but longer than
the distance of Co─Co in Tan-CN-Co (2.84 Å) at 1.6 V.
This further suggests the formation of Fe─O─Co moieties
in Tan-CN-CoFe. The Co K-edge shows similar changes with
increased C.N. for Co─Co/Fe path, rising from 1.0 ± 0.3 to
2.3 ± 0.4 (Figure 5f). The distance of Co─Co/Fe in Tan-
CN-CoFe does not change significantly compared to that in
Tan-CN-Co, likely due to the high Co content (1.63 wt.%),
which is approximately twice as much as Fe (0.91 wt.%) in
the catalyst (Tables S1 and S3). Therefore, the formation
of Fe─O─Co moieties is not sufficient to cause significant
changes in bond lengths. The in situ XAS of Tan-CN-Fe
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Figure 5. Experimental Co and Fe K-edge a) and c) XANES spectra, b) and d) pre-edge spectra, and e) and f) Fourier transform EXAFS signals of

Tan-CN-CoFe. g) and h) HAADF-STEM images of Tan-CN-CoFe after in situ XAS measurements.

and Tan-CN-Co show very similar changes (Figures S39 and
S40). Overall, the XANES, pre-edge and EXAFS analyses
suggest that Co and Fe atoms form similar structures to their
oxyhydroxides (CoOOH and FeOOH), and the formation
of Co-O-Fe moiety is the key active species for OER. In
addition, the increase of oxidation state of both Co and Fe
atoms observed in XANES suggest that both metals may
participate in the OER.

For Tan-CN-NiFe, the Fe K-edge XANES spectra display
similar changes to those of Tan-CN-CoFe. Positive shifts in
the rising edges and the increase of the white line intensities
indicate an increase of oxidation state and formation of new
phases (Figure S38a). However, distinct changes are observed
in the Ni K-edge XANES of Tan-CN-NiFe (Figure S38c).
Weak pre-edges, attributed to the 1s to 3d transition, are
observed in all spectra. In addition, a shoulder in the rising
edge attributed to the 1s to 4p transition are also observed,
which serves as a fingerprint for a square-planar metal-N4

moiety, suggesting the persistence of a similar unsaturated

coordination structure to the NiPc reference during the
OER.[50] Significant changes in the Ni K-edge FT-EXAFS
spectra of Tan-CN-NiFe are seen (Figure S38e). The CN
of the first coordination shell increases from 5.0 to 5.8
as the potential increases, which suggests the formation
of the mixture of single Ni site and (oxy)hydroxides after
activation (20 CVs), and further conversion of single Ni
sites to (oxy)hydrixides at 1.6 V (Table S3). Furthermore,
two Ni─O─Ni/Fe bonds with the bond lengths of 2.75 and
3.07 Å are observed when the applied potential is up to
1.4 V versus RHE. These two Ni─O─Ni bonds also appears
in Tan-CN-Ni at 1.5 V, which implies that two new species
were formed during the OER. The fitting results demonstrate
the coexistence of NiOOH and Ni(OH)2 (Figure S38e and
Table S6). In the Fe K-edge FT-EXAFS spectra of Tan-CN-
NiFe, the increase in the intensities in both coordination shells
may result from structural orders under applied potentials.
However, the signal at 2.50 Å (corresponding to the actual
Fe─Fe/Co distance of 2.98 Å) in Tan-CN-CoFe is shorter
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than Fe─Fe/Ni distance at 2.75 Å (corresponds to the actual
length of 3.09 Å) in Tan-CN-NiFe. This suggests that Fe atoms
prefer to bond with Ni atoms to form a longer Fe─O─Ni
bond (Table S6). This preference is likely, given that the bond
length of Fe─O─Fe in FeOOH is similar to the bond length
of Ni─O─Ni in Ni(OH)2 (Figure S38d and Table S6).[51] The
structural evolution is also evident from the WT-EXAFS
spectra (Figure S43). It is worth noting that the C.N. of M─M
bonds in the SACs is generally small, between 2.0 and 3.0
(Table S3), suggesting that most the clusters are small and
consist of only a few atoms.

The energy shifts of the K-edge XANES for single
Fe/Co/Ni metal catalysts are similar to those of the dual metal
catalysts, indicating the metal atoms underwent similar oxida-
tion changes (Figures S39–S41). The coordination numbers of
the first shell in all single Fe/Co/Ni catalysts show negligible
changes, which closely resembles the behaviors of their
corresponding hybrid catalysts. Most changes in the K-edge
FT-EXAFS spectra for single Fe/Co/Ni are also very similar
to these of Tan-CN-CoFe and Tan-CN-NiFe. However, the Fe
species in Tan-CN-CoFe appears to undergo reconstruction
more readily with its coordination number changed from 0.9
to 2.3, compared to the changes from 0.9 to 1.6 in Tan-
CN-Fe and from 1.6 to 1.5 in Tan-CN-NiFe, respectively.
Two Ni species that are similar to the Ni(OH)2 and NiOOH
clusters are observed in Tan-CN-Ni. In contrast, only the
CoOOH cluster is present in Tan-CN-Co, as determined by
fitting (Figure S40 and Table S3). The reconstruction process
is also interpreted through WT-EXAFS spectra of Tan-CN-
Fe/Co/Ni at different operation potentials (Figure S44). All
fitting results and reference compounds are present in Tables
S3 and S6 and Figures S45–S83.

The migration and aggregation of the metal species on
the carbon support after the OER are also evidenced from
the HAADF-STEM images (Figures 5g–h and S84–S87).
It is worth mentioning that the newly formed M─O─M
(M = Fe, Co and Ni) moieties may not be the only active
sites for OER as a considerable amount of isolated metal
sites remain on the carbon support based on the HAADF-
STEM results. Raman spectra of the electrodes after the in
situ XAS measurements show no substantial hydroxide or
oxyhydroxide phases. Only catalysts containing Co elements
exhibit minimal Co─O signals, which potentially originate
from the CoOOH-like phase (Figure S88).[52] The absence
of Fe and Ni (oxy)hydroxide signals may be related to the
small size and heterogeneity of newly formed clusters. In situ
XAS shows that Co tends to form CoOOH more easily, even
at lower voltages. Additionally, the coordination numbers
indicate that the M─O─M bonds are limited in all SACs,
with cluster sizes consisting of only a few atoms. This may
also contribute to the difficulty in detecting distinct hydroxide
signals. It is also plausible that the M─O─M moieties may
be embedded into the carbon matrix. Regardless of the exact
nature of these metal moieties, it is clear that at least some of
the single Fe/Co/Ni sites in the carbon structure transformed
into M─O─M structures during the OER. When comparing
the metal species in all the catalysts (Table 1), we observe
that while all catalysts contain single metal sites and M─O─M

Table 1: Summary of the metal sites identified in different SACs.

Tan-CN-Fe Atomic Fe Fe-O-Fe

Tan-CN-Co Atomic Co Co-O-Co

Tan-CN-Ni Atomic Ni Ni-O-Ni

Tan-CN-CoFe Atomic Fe Atomic Co Co-O-Co Fe-O-Fe Co-O-Fe

Tan-CN-NIFe Atomic Fe Atomic Ni Ni-O-Ni Fe-O-Fe Ni-O-Fe

sites, only Tan-CN-CoFe and Tan-CN-NiFe, which contain
Fe─O─Co and Fe─O─Ni sites, demonstrate decent OER
performance. Therefore, it is reasonable to deduce that the
enhanced OER performance in dual metal SACs is attributed
to these Fe─O─Co/Ni moieties in the newly formed clusters.
In single metal SACs, Fe atoms prefer to form FeOOH
clusters with the Fe─O─Fe bond length of about above
3.0 Å. Co is more inclined to form the CoOOH clusters with
the Co─O─Co bond length of about 2.84 Å. The situation
with Ni is more complex as two species that are similar to
both NiOOH and Ni(OH)2 are present. In the dual metal
SACs, in addition to the previously mentioned single-metal
dual active sites, Fe─O─Ni and Fe─O─Co bonds were also
formed, with bond lengths of 3.09 and 2.98 Å, respectively.
The newly formed M─O─M sites in the SACs are summarized
in Figure 6 and Table S2. It is worth noting that, although dual
sites are formed during OER, a significant number of single
sites, as well as dimer and trimer clusters, are still observable
under STEM.

The formation of clusters can be attributed to the carbon
corrosion during OER as evidenced by the brown coloration
of the electrolyte after prolonged measurement (Figure S89).
The obtained carbon catalysts comprise a significant mix of
Fe/Co/Ni/N/O atoms, leading to amorphous and defective
structures in the carbon substrate, which is less stable than
a perfect carbon lattice. Carbon corrosion during OER is
further supported by the EPR measurements after OER
(Figure 5), where the narrow signal at g = 2.0 indicates a
strongly increased number of defects in the carbon network
resulted from corrosion. This phenomenon of carbon cor-
rosion has been reported in our previous studies.[31,53] The
breaking of C─C/N bonds as a result of carbon corrosion at
the areas of edge or defect allows metal atoms to leach out
and subsequently react with OH− in the electrolyte to form
(oxy)hydroxide clusters. However, the inductively coupled
plasma mass spectrometry (ICP-MS) measurements of the
electrolyte before and after OER demonstrate no significant
difference in the concentration of metal ions. This could be
attributed to the extremely low metal content in catalysts,
with only a small fraction being leached, as observed in post-
STEM measurements. Moreover, the leached metal ions near
the electrode are likely to rapidly redeposit onto the electrode
surface forming (oxy)hydroxides under oxidative potential
and high concentration of OH−, rather than diffusing into
the electrolyte. Nevertheless, the similar corrosion of carbon
supported SACs was also reported very recently.[54] On the
other hand, the surface migration pathway cannot be ruled
out. We performed the OER tests of the catalysts in the
presence of EDTA, which is a well-known strong chelating
agent for Fe, Co, and Ni ions in highly alkaline solution
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Figure 6. Newly formed dual metal active sites with different distances in the SACs.

(Figure S90).[55] Our results indicate that the bimetallic CoFe
and NiFe single-atom catalysts still exhibit superior OER
performance compared to their monometallic Fe, Co, and Ni
counterparts in the presence of 0.3 M EDTA. Moreover, the
catalysts after the electrochemical tests were conducted the
STEM measurements (Figure S91). Clearly clusters were still
observed although the overall densities of the clusters are
lower than the samples without using EDTA. This suggests
that even when the leaching–redeposition mechanism is
entirely suppressed, metal site migration must still occur
on the catalyst surface. Therefore, the surface migration
mechanism cannot be entirely ruled out. Based on the above
discussion, we infer that leaching–redeposition and surface
migration pathways are coexisted during OER.

Identifying the true active sites in a single-atom system
remains a considerable challenge. To shed light on this topic,
CV tests were applied to all samples in 1 M purified KOH
and compared the results with these obtained in non-purified
KOH (Figure S32). Monometallic Fe, Co, and Ni catalysts
exhibited a significant decline in performance after 10 CV
cycles in purified KOH. However, their CV performance
remained relatively stable in nonpurified KOH, suggesting
that Fe impurities in the electrolyte play a crucial role in
enhancing the activity and stability of these monometallic
catalysts. In contrast, the bimetallic NiFe and CoFe catalysts
demonstrated exceptional stability and high performance in
both purified and nonpurified KOH. This indicates that the
superior activity of bimetallic catalysts primarily originates
from the formation of Fe─O─Ni/Co clusters, whereas the
formation of monometallic Fe, Co, and Ni clusters appears
to suppress OER activity in monometallic Fe, Co, and Ni
catalysts. Therefore, it is reasonable to infer that isolated
single-metal sites in the monometallic catalysts play a decisive
role in OER, whereas the formation of Fe-O-Ni/Co clusters in
the bimetallic catalysts serves as the primary active sites. The
above discussions demonstrate that the as-prepared SACs

served as the “precatalysts” rather than the actual catalysts,
with the true active species synchronously generated during
catalytic OER. Therefore, the assignment of the real active
sites in this class of catalyst requires careful consideration.
The corrosion of the carbon support as a result of structural
reconstruction of the metal centers should be considered
when investigating active site-related reaction mechanisms in
such catalysts.

Conclusion

In this study, we introduced a coordination confinement
strategy for the successful construction of atomic metal sites
on carbon support using tannic acid and carbon nitride as
the precursors. The atomically dispersed nature of the metal
active sites was confirmed through direct observation and
structural identification by STEM and XAS studies, respec-
tively. The as-prepared catalysts exhibit impressive OER
performance. Notably, the presence of Co─Fe and Ni─Fe
pairs on the same carbon support significantly enhances the
catalytic OER performances compared to their single metal
counterparts, achieving remarkable OER performance with
overpotentials of 320 and 370 mV versus RHE, respectively.
Most importantly, the postcatalytic EPR and in situ XAS
studies of the catalysts containing Fe, Co, and Ni metals
demonstrate that the single metal sites undergo structural
reconstruction during the OER, leading to the formation
of (oxy)hydroxides clusters with M─O─M/M’ (M/M’ = Fe,
Co and Ni) bonds, which likely serves as the true active
species for OER. The formation of clusters has been further
confirmed by STEM measurements before and after OER.
Therefore, careful consideration is needed when assigning
real active sites in this class of catalysts, and the degradation
of the carbon support as a result of structural reconstruction
of the metal centers as well as the stability should be
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taken into account when investigating active site-related
reaction mechanisms. In summary, we provide an economical
and convenient strategy for synthesizing a diverse range
of carbon-supported single-site catalysts. The success in
monitoring the dynamic structural reconstruction of the metal
sites during working conditions provides mechanistic insight
into the understanding the active centers of carbon-supported
single-atom catalysts, which is essential and impactful for
future research in determining true active sites in this class
of materials.
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2231–2259.

[14] L. Peng, L. Shang, T. Zhang, G. I. Waterhouse, Adv. Energy

Mater. 2020, 10, 2003018.
[15] Y. Zeng, M. Zhao, Z. Huang, W. Zhu, J. Zheng, Q. Jiang, Z.

Wang, H. Liang, Adv. Energy Mater. 2022, 12, 2201713.
[16] L. Magnier, G. Cossard, V. Martin, C. Pascal, V. Roche, E. Sibert,

I. Shchedrina, R. Bousquet, V. Parry, M. Chatenet, Nat. Mater.

2024, 23, 1–10.
[17] S. Zhao, Y. Yang, Z. Tang, Angew. Chem. Int. Ed. 2022, 61,

e202110186.
[18] Y. Zhao, N. Dongfang, C. A. Triana, C. Huang, R. Erni, W. Wan,

J. Li, D. Stoian, L. Pan, P. Zhang, Energy Environ. Sci. 2022, 15,
727–739.

[19] L. Han, H. Cheng, W. Liu, H. Li, P. Ou, R. Lin, H.-T. Wang,
C.-W. Pao, A. R. Head, C.-H. Wang, X. Tong, C.-J. Sun, W.-F.
Pong, J. Luo, J.-C. Zheng, H. L. Xin, Nat. Mater. 2022, 21, 681–
688.

[20] X. Lei, Q. Tang, Y. Zheng, P. Kidkhunthod, X. Zhou, B. Ji, Y.
Tang, Nat. Sustain. 2023, 6, 816–826.

[21] C. Rong, X. Shen, Y. Wang, L. Thomsen, T. Zhao, Y. Li, X. Lu,
R. Amal, C. Zhao, Adv. Mater. 2022, 34, 2110103.

[22] Z. Zhang, C. Feng, X. Li, C. Liu, D. Wang, R. Si, J. Yang, S. Zhou,
J. Zeng, Nano Lett. 2021, 21, 4795–4801.

[23] K. Jiang, H. Wang, Chem 2018, 4, 194–195.
[24] M. Tavakkoli, E. Flahaut, P. Peljo, J. Sainio, F. Davodi, E. V.

Lobiak, K. Mustonen, E. I. Kauppinen, ACS Catal. 2020, 10,
4647–4658.

[25] D. Karapinar, N. T. Huan, N. Ranjbar Sahraie, J. Li, D. Wakerley,
N. Touati, S. Zanna, D. Taverna, L. H. Galvão Tizei, A. Zitolo, F.
Jaouen, V. Mougel, M. Fontecave, Angew. Chem. Int. Ed. 2019,
58, 15098–15103.

[26] J. Li, M. T. Sougrati, A. Zitolo, J. M. Ablett, I. C. Oğuz, T.
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