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H2O2 is an important green oxidant, and activation of H2O2 is the key process determining its efficiency in

removing environmental pollutants. However, due to complex catalytic sites and diverse active free radical

products, the micro-mechanism of H2O2 activation and the selective regulation strategy are still ambiguous.

Herein, single-atom catalysts (SACs) are selected as the model catalysts to investigate this fundamental

mechanism. With a single active site, it is more beneficial to explain the mechanism. In this work, the

differences in active free radical products (OH, ·OOH, 1O2) of H2O2 over three SACs (Fe, Co, Cu) and intrinsic

selective regulation strategies are elucidated based on electron paramagnetic resonance (EPR) and density

functional theory (DFT) calculation. EPR testing suggests that Co-SAC has the highest production of ·OH

radicals, while Cu-SAC surpasses the other two catalysts in generating both ·OOH and 1O2 radicals. DFT

calculations indicate that among the SACs, the lowest barrier of ·OH radical formation is Co-SAC (0.54 eV),

while Cu-SAC demonstrates a notably lower energy barrier for ·OOH formation (0.26 eV) and 1O2 generation

(0.51 eV), which is consistent with the EPR experimental results. More importantly, our work reveals that

there is a linear relationship between charge transfer and the energy barrier of free radical generation. When

the charge transfer amount is greater than 1.02, it is more inclined to promote the generation of ·OOH, and

it will generate 1O2 free radicals when the charge transfer amount is smaller than 1.02. This work provides a

predictive mechanism for SACs to selectively regulate the active free radical products, which is of great

significance for developing green environmental protection technologies based on H2O2.

1 Introduction

Advanced oxidation processes (AOPs), as novel and
comprehensive multi-pollutant elimination technologies,
have demonstrated significant potential for development.1–4

H2O2 is a green oxidant with strong oxidizing capacity, which
is an ideal source of reactive oxygen species (ROS).5,6

Through catalytic activation, H2O2 generates various active
radicals, including superoxide radicals (·O2

−), hydroxyl
radicals (·OH), and singlet oxygen (1O2), facilitating the
efficient removal of various pollutants and playing a pivotal
role in effectively mitigating organic contaminants.7,8

However, due to the uncontrolled free radical species
generated by H2O2 decomposition and the high self-
decomposition rate, the economic feasibility of the current
application in pollutant removal is not ideal.9,10 Therefore,
improving and regulating the selectivity of H2O2 in catalytic
activation processes is crucial for enhancing its economic
feasibility and effectiveness in pollutant elimination.

Currently, nearly all chemical production processes rely
heavily on catalysis.11 A number of strategies have been
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reported to stimulate H2O2 activation.
12 The catalysis of H2O2

is plagued by two primary issues: inadequate production of
free radicals and low selectivity in their generation.13,14 To
address these challenges, researchers have devised and
fabricated an array of catalysts, employing strategies such as
surface etching, coordination structure modification, carrier
change, and manipulation of active centers.15–19 For instance,
Xu20 reported a Bi@Bi2MoO6 catalyst with a 001 crystal
surface boosting 1O2 production by 3.9 times compared to its
counterpart with a 010 crystal surface. Luo21 designed FeOF
with Fe–F coordination enhancing ·OH generation.
Furthermore, Liu22 optimized electro-Fenton catalysts by
anchoring Fe on TiO2, exploring metal effects on catalytic
efficacy. In advanced oxidation processes (AOPs), ·OH radicals
play a dominant role,23,24 and enhancing the selectivity of
H2O2 activation is crucial for the efficient removal of
contaminants. Although high selectivity can be achieved by
regulatory catalysts, the intrinsic microscopic mechanism of
catalyst activation of H2O2 is still unclear due to the complex
and diverse structures and reaction sites of these catalysts.
The preparation methods of catalysts are diverse; thus, it is
particularly important to design and prepare high-
performance catalysts reasonably.25 Therefore, there is an
urgent need to identify a single-site catalyst that can elucidate
these mechanisms, providing theoretical support for
improving the selectivity of target products in future research.

Single-atom catalysts (SACs), which integrate metal ions with
organic ligands through coordination bonds, form a carbon-
based architecture centered around individual metal atoms.26–29

It possesses a high specific surface area and a large number of
active sites.30,31 Compared to traditional particulate catalysts,
atomically dispersed catalysts demonstrate superior
physicochemical properties due to their atomic-level
controllability.32 Furthermore, the structural design of single-
atom catalysts is simpler, offering greater flexibility and
convenience in terms of modulation. SACs have shown promise
in environmental governance,33 with iron-doped MoS2 achieving
high pollutant removal rates34 and Cu-anchored g-C3N4

increasing active site exposure.35 As a model catalyst, single
atom catalysts not only demonstrate there potential in
improving catalytic efficiency, but also provide an ideal platform
for studying the complex interactions between reactants,
intermediates, and products in catalytic reactions.36 Theoretical
work by Yang et al. analyzed H2O2 adsorption and activation on
SACs containing transition metals, highlighting the advantages
of Fe SACs in catalytic oxidation.37–39 Zhang et al. studied H2O2

activation on Cu–FeS catalysts, revealing changes in energy
barriers.40 However, current strategies for regulating single atom
catalysts mainly focused on their high atomic utilization. They
overlooked the selective advantage of single active sites, which is
crucial for reducing by-products. Therefore, understanding and
revealing the intrinsic mechanism of H2O2 activation selectivity
on SACs, along with predicting and optimizing their
coordination structures, proved crucial for advancing H2O2

catalytic efficiency and single atom catalyst precision control
strategies.

Herein, three types of single-atom catalysts (SACs) with Fe,
Co, and Cu as active centers were synthesized. Electron
paramagnetic resonance (EPR) spectroscopy was used to
probe the types and quantities of active free radicals
generated through H2O2 activation. Co-SAC produced the
highest amount of ·OH, whereas Cu-SAC generated more
·OOH and 1O2 compared to the other two catalysts. Then,
combined with density functional theory (DFT) calculation,
the whole process of H2O2 activation was studied in detail.
The rate determining step energy barrier for the generation
of ·OH by Co-SAC was the lowest, while Cu-SAC had the
lowest energy barrier for the generation of ·OOH and 1O2.
This finding was consistent with the experimental results.
Furthermore, there is a clear linear relationship between
charge transfer and the energy barrier of free radical
formation. When charge transfer exceeds 1.02, ·OOH free
radical energy barrier is lower and easier to generate. On the
other hand, if the charge transfer is lower than 1.02, 1O2

radicals are more easily formed. This finding provides a
theoretical basis for the strategy of precise regulation of free
radical generation.

2 Methods
2.1 Experimental methods

2.1.1 Chemicals. The experimental chemicals in this
research include zinc nitrate hexahydrate (Zn(NO3)2·6H2O,
Kermel, 99%), copper(II) nitrate trihydrate (Cu(NO3)2·3H2O,
Kermel, 99%), cobalt nitrate hexahydrate (Co(NO3)2·6H2O,
Kermel, 99%), iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O,
Macklin, 99.9%), 2-methylimidazole (C4H6N2, Macklin, 98%),
methanol (MeOH, Kermel, 99%), p-phthalic acid (TPA,
Macklin, 99%), p-benzoquinone (pBQ, Macklin, 97%), and
isopropyl alcohol (IPA, Kermel, 99%). All aqueous solutions
were prepared using deionized water with a resistivity of
18.2 MΩ cm−1.

2.1.2 Synthesis of SACs. SACs were synthesized by
pyrolysis at high temperature using a zeolite imidazole
skeleton (ZIF-8) as a precursor.41–44 The synthesis diagram is
shown in Fig. S1.† We show the preparation procedure of Fe-
SAC as an example. Zn(NO3)2·6H2O (3.39 g), Fe(NO3)3·9H2O
(100 mg) and 2-methylimidazole (3.93 g) were mixed and
dissolved in methanol to prepare a solution, which was
heated in an oil bath at 60 °C and stirred magnetically for 24
h to obtain the Fe-ZIF-8 precursor containing the doped
metal. Then, the precipitate was collected and centrifuged
with methanol solution 3 times, and dried for 12 h. The dried
solid was ground into powder and pyrolyzed for 2 h in a
900 °C nitrogen atmosphere to obtain carbon-based
monatomic catalyst Fe-SAC. Except for replacing
Fe(NO3)3·9H2O (100 mg) with Co(NO3)2·6H2O (130 mg) or
Cu(NO3)2·3H2O (120 mg), the synthesis procedures of Co-
SAC and Cu-SAC are the same as that of Fe-SAC.

2.1.3 Characterization of SACs. The structure and
morphology of the catalysts were analyzed by the following
techniques. The size, morphology and microstructure of the
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catalysts were studied by scanning electron microscopy
(ZEISS SIGMA50) and transmission electron microscopy
(Talos F200S G2). The crystal structure of the catalysts was
characterized by X-ray diffraction (XRD) (Smartlab-SE). Fe-
SAC and Co-SAC used cobalt with a wavelength of 1.7889 Å as
the radiation source, and Cu-SAC used copper with a
wavelength of 1.5406 Å as the radiation source. X-ray
absorption fine structure (XAFS) techniques, including X-ray
absorption near-side structure (XANES) and extended X-ray
absorption fine structure (EXAFS), were performed at the
Institute of Physics of the Chinese Academy of Sciences for
the analysis of Fe K edge, Co K edge and Cu K edge. Iron foil,
Fe3O4, cobalt foil, Co3O4, copper foil, and CuO served as
references. The obtained EXAFS data are extracted and
processed in accordance with standard procedures using
IFEFFIT software and Athena module. The metal content of the
catalysts was determined using an inductively coupled plasma
optical emission spectrometer (ICP) (Saimofei, ICAP RQ). The
Brunauer–Emmett–Teller surface area, Barrett–Joyner–Halenda
(BJH) porosity, pore volume and other surface properties of the
materials were determined by nitrogen adsorption–desorption
at 77 K with a 3H-2000PM2 instrument.

2.1.4 EPR experiment. Three SACs (Fe, Co and Cu) were
each dissolved in 1 mL deionized water with 5 mg each, and
mixed with ultrasonication for 30 s. At 25 °C, 120 μL of 3 mol
L−1 H2O2 solution was added to the catalyst mixture. DMPO
solution (100 mM) was added at 5, 10, and 15 minutes,
shaken well, and loaded into a capillary tube to test the ·OH
radical signal peak intensity.

In addition, the radical signal peak strength of ·OOH free
radicals was tested by mixing methanol and DMPO solution.
The radical signal peak strength of 1O2 free radicals was
tested with deionized water and TEMP solution.

2.2 Calculation methods

All DFT calculations were based on the Vienna ab initio
simulation package (VASP),45,46 using the projector
augmented wave (PAW)47 method and Perdew–Burke–
Ernzerhof (PBE)48 functional. The generalized gradient
approximation (GGA)47 method was utilized to calculate the
correlation interactions. The DFT-D3 framework was used to
correct the van der Waals interaction. A 5 × 5 graphene with
a vacuum layer of 15 Å was used to simulate the vicinity of
the active center of SACs.49 A 2 × 2 × 1 centered k-point and a
450 eV energy cutoff were used to perform geometric
optimization. For each atom, the constriction force was set to
0.02 eV Å−1. Using a 4 × 4 × 1 k-point grid and an electronic
self-consistent calculation threshold of 10−5 eV, reliable
information about the electronic configuration and ground-
state energy was obtained.50 In this study, the influence of
the three catalysts on the activation process of H2O2 was
studied under the condition that ISPIN was set to 2 in the
VASP INCAR file during calculation. The information on
k-point and energy tests is shown in Fig. S2.† Using the Bader
charge analytical approach, the analysis of the charges was

carried out.51 The basic steps of the transition state were
obtained jointly by the climbing image nudged elastic band
(CI-NEB) method and the improved dimer method (IDM).52,53

A 0.05 eV Å−1 adjustment was made to the necessary force
convergence criteria. The minimum value of displacement
constraint of ±0.02 Å and the transition state structure were
verified by vibration frequency analysis. The calculation
equations of adsorption energy, energy barrier, and charge
density difference are provided in the ESI.†

3 Results and discussion
3.1 Characterization of the catalysts

Through pyrolysis of metal–organic framework (MOF)
material ZIF-8, three carbon-based single atom catalysts, Fe-
SAC, Co-SAC, and Cu-SAC, are synthesized. Based on ICP
results, the loadings of Fe in Fe-SAC, Co in Co-SAC and Cu in
Cu-SAC are 1.33%, 1.07%, and 0.98% respectively (Table S1†).
The BET results demonstrated that the specific surface areas
of Fe-SAC, Co-SAC, and Cu-SAC were 432.62 m2 g−1, 537.93
m2 g−1, and 349.02 m2 g−1 respectively (Table S2†), and the
pore size of the catalyst is mainly distributed within the
mesoporous range (Fig. S3, Table S1†). The abundant pore
structure and large specific surface area are conducive to the
uniform dispersion of metal atoms on the carbon base.

Scanning electron microscopy (SEM) images of the three
catalysts show that the surface morphology of the three
catalysts is a regular dodecahedral cubic structure (Fig.
S4a–c†), indicating that no significant morphological
changes occurred after the addition of metals.
Transmission electron microscopy (TEM) images indicate
that all the three catalysts present a hexagonal shape, and
no distinct metal particles are observable (Fig. 1a–c).
Furthermore, imaging of the three catalysts through
aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) reveals
bright spots in the images that unequivocally demonstrate
the atomic-scale dispersion of metal atoms (Fig. 1d–f).
These observations provide compelling evidence for the
successful construction of catalysts rich in single-atom
active sites on the ZIF-8 support. X-ray diffraction (XRD)
curves reveal that there exist two characteristic peaks of
graphitic carbon, namely (002) and (101), at the range of
20–30° and 40–45° for both ZIF-8 and the three SACs (Fe,
Co and Cu) after carbonization (Fig. S5†).

In addition, the electronic structure and coordination
environment of the active metals were measured by X-ray
absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS). In the Fe K edge, the
absorption edge of Fe-SAC moves in a high-energy direction
compared to the iron foil (Fig. S6a†), indicating that the valence
of Fe species in Fe-SAC is higher than that of Fe foil, and the
EXAFS profile of Fe-SAC shows a peak at ≈1.47 Å, which differs
from the Fe–Fe bond (≈2.2 Å) and is attributed to the Fe–N bond
(Fig. 2a). In the Co K edge, compared with Co foil, the
absorption edge of Co-SAC moves in a high-energy direction
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(Fig. S6b†), and the EXAFS spectrum of Co-SAC has a main peak
at ≈1.40 Å, corresponding to the Co–N scattering path without a
Co–Co bond (≈2.20 Å) (Fig. 2b). In the Cu K edge, the
absorption edge of Cu-SAC is higher than that of Cu foil,
indicating that Cu has a high oxidation valence state in Cu-SAC
(Fig. S6c†), and the EXAFS spectrum of Cu-SAC has a significant
peak at ≈1.48 Å, which is different from the Cu–Cu bond (≈2.23
Å), and is attributed to the Cu–N bond (Fig. 2c). No metal–metal
bond is found in the EXAFS spectra of the three catalysts, which

suggests that the active metals are atomically dispersed on the
supports. These results are also confirmed by wavelet transforms
(WT). The maximum intensity values of the three single-atom
catalysts significantly deviate from those of their corresponding
metallic elements, ruling out the possibility of metal
agglomeration in the samples (Fig. S7†). Through the fitting of
EXAFS spectra, a precise coordination environment of the metal
with N atoms is obtained (Fig. 2d–f, Table S3†), revealing a
coordination with four N atoms.

Fig. 1 TEM images of (a) Fe-SAC, (b) Co-SAC, and (c) Cu-SAC. HAADF-STEM images of (d) Fe-SAC, (e) Co-SAC, and (f) Cu-SAC.

Fig. 2 EXAFS spectra of (a) Fe-SAC, (b) Co-SAC, and (c) Cu-SAC. EXAFS fitting of (d) Fe-SAC, (e) Co-SAC, and (f) Cu-SAC (inset: structural model;
Fe red, Co purple, Cu cyan, N blue, C white).
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3.2 H2O2 activation experiment

Electron paramagnetic resonance (EPR) technology can
directly detect unpaired electrons in a sample, to obtain the
types of free radicals contained in the sample.54 Quantitative
EPR measurements can provide the number of unpaired
electron spins in a sample, allowing for the determination of
the free radical content.55 To study the catalytic performance
of the single-atom catalysts prepared in this paper,
experimental studies were conducted on the catalytic
activation of H2O2 by all three catalysts. Based on
quantitative EPR experiments, DMPO was used as the
trapping agent of ·OH and ·OOH/·O2

−, and TEMP was used as
the trapping agent of 1O2 to detect the types of free radicals
in the activation products of H2O2. The content of each
product was compared through quantitative calculation of
the spin-intensity peak of the free radical signals and related
parameters. The concentration of H2O2 is 3 mol L−1 and the
temperature is room temperature.

The results show that the detection results of H2O2

activation products catalyzed by the three carbon-based
single-atom catalysts all contain the spectra of three kinds of
products (Fig. 3). The spectrum diagram in Fig. 3a has 4
peaks, and the ratio of peaks is 1 : 2 : 2 : 1 in sequence, which
is the characteristic peak of ·OH, indicating that ·OH is
present in the activation product. In the spectra in Fig. 3b,
the 3 peaks of equal height, with a ratio of 1 : 1 : 1, are
characteristic peaks of 1O2, indicating that the activation
product contains 1O2. There are four major and two minor
peaks with a total of 6 peaks, which are the characteristic
peaks of ·OOH/·O2

−, indicating that the activation product
contains ·OOH/·O2

− (Fig. 3c).
In addition, the contents of ·OH, 1O2 and ·OOH/·O2

−

produced by the activation of H2O2 over the three catalysts
were analyzed. For the convenience of problem analysis, the
vertical axis represents the relative value of the free radical
content produced by the catalyst, compared to the free radical
content produced by the ZIF-8 precursor. This comparison

Fig. 3 EPR spectra of H2O2 activation to (a) ·OH, (b) 1O2, and (c) ·OOH/·O2
− by three kinds of SACs (Fe, Co and Cu; time: 10 min). The free radical

content on the SACs of (d) ·OH, (e) 1O2, and (f) ·OOH/·O2
−. The NO oxidation experiments with H2O2 were carried out on (g) Fe-SAC, (h) Co-SAC

and (i) Cu-SAC.
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helps to reduce experimental error. Among them, the Co-SAC
catalyst has the highest ·OH content (Fig. 3d), suggesting that
Co-SAC exhibits the best catalytic activity in catalyzing H2O2

to generate ·OH. Regarding the formation content of ·OOH/
·O2

−, the Cu-SAC catalyst is greater than the other catalysts
(Fig. 3e), indicating that Cu-SAC has the best activity in
catalyzing H2O2 activation for the formation of ·OOH/·O2

−.
Similarly, the Cu-SAC catalyst has a higher 1O2 content
compared to the other catalysts (Fig. 3f), demonstrating its
superior catalytic activity for activating H2O2 to produce 1O2.

This paper further adopts radical quenching experiments
to investigate the specific contributions of radicals during
the experimental process. The experiments primarily focus
on the process of H2O2 oxidizing NO, using the removal
efficiency for NO as the metric to deeply analyze the roles
played by different radicals. Specifically, the experiments
select IPA as the quencher for ·OH radicals, pBQ as the
quencher for ·OOH radicals, and TPA as the quencher for 1O2

radicals. For the experimental conditions, the concentration
of H2O2 is set to 3 mol L−1, and the experimental temperature
is maintained at 140 °C.

Observing the results of the radical quenching
experiments with Fe-SAC, we find that when ·OH radicals are
quenched, the decrease in NO content is significantly
reduced, and its reduction rate also slows down notably
(Fig. 3g). This phenomenon strongly demonstrates that ·OH
radicals play a dominant role during the experimental
process. Similarly, in the experimental results of Co-SAC and
Cu-SAC, we can also intuitively see that ·OOH radicals occupy
a dominant position during the experimental process
(Fig. 3h and i). Combining the results of EPR experiments
and radical quenching experiments, whether from the
comparison of the generation amounts of individual radicals
under the action of different catalysts or from the effects of
activating H2O2 to generate different radicals under the
action of the same catalyst, it can be clearly revealed that

during the activation process of H2O2, due to the role of the
catalyst, there exists a significant selectivity towards radicals.

3.3 DFT calculation

3.3.1 Adsorption properties of H2O2 on TM1–N4–C. The
adsorption energy (Eads) and configuration of H2O2 on the three
types of SAC surfaces have been calculated using DFT theory,
considering both aqueous and anhydrous conditions (Fig. 4).
In no water molecules, H2O2 dissociates into O atoms (*O) and
H2O on Fe-SAC, and the adsorption configuration on Co-SAC
and Cu-SAC is free H2O2 molecules. After the introduction of
H2O clusters, the adsorption energy of H2O2 on the surface of
the catalyst decreases, and the adsorption capacity of H2O2 is
weakened. These results indicate that the hydrogen bonds of
H2O clusters have a certain effect on the adsorption of H2O2.
The Bader charge transfer (Δq) of metal atoms (Fe, Co, Cu)
during the adsorption of H2O2 on Fe-SAC, Co-SAC, and Cu-SAC
has been calculated (Fig. 4). In the adsorption system of SACs
and H2O2, the metal atom loses electrons and the O atom gains
electrons. In addition, some H2O molecules in the H2O cluster
are also involved in the charge transfer. Therefore, the
activation of H2O2 gas will be affected by the water atmosphere,
and the activation of H2O2 gas in the water environment is
considered in the following calculations.

3.3.2 Reaction mechanism of H2O2 activation catalyzed by
Fe-SAC. Based on the experimental results of H2O2 activation,
the mechanism of Fe-SAC catalyzing the H2O2 activation path
was analyzed by DFT theory (Fig. 5).

*H2O2 serves as the initial state (IS1) for the activation
reaction. The reaction path step-1 has two sub-paths (Fig. 5a).
One path involves the dissociation of H2O2 to produce *O
and H2O. The reaction energy barrier for this process is 1.24
eV. The reaction is exothermic, releasing 1.52 eV of heat (Fig.
S8a†). The other sub-pathway involves the dissociation of
H2O2 into two adsorbed *OH states, with an energy barrier of

Fig. 4 Adsorption energy and electron density difference diagram and configuration of H2O2 on the three kinds of SACs (in the presence and
absence of water, respectively; the blue areas are lost electrons, and the red areas are gained electrons). The brown, red, white, pink, yellow, dark
blue, and blue spheres represent C, O, N, H, Fe, Co, and Cu, respectively.

Environmental Science: NanoPaper



Environ. Sci.: Nano, 2025, 12, 1249–1261 | 1255This journal is © The Royal Society of Chemistry 2025

0.68 eV. It is an exothermic reaction, and the exothermic
reaction is 0.98 eV (Fig. S8b†). In the two sub-paths of step-1,
the reaction energy barrier of H2O2 dissociation into two
adsorbed *OH state paths is 0.68 eV, which is much lower
than the 1.24 eV of H2O2 dissociation to *O and H2O.
Consequently, the formation of 2*OH is the main reaction of
step-1. *OH is an intermediate in step-2 of the subsequent
activation reaction.

Step-2 can be divided into two paths (Fig. 5a). In one path,
H2O2 reacts with *OH to produce *OOH and H2O. The
reaction energy barrier for this process is 1.53 eV, and it is an
exothermic reaction with a heat release of 0.90 eV (Fig. S8c†).
The other path introduces two *OH reactions to generate *O
and H2O with a reaction energy barrier of 0.82 eV and an
exothermic reaction of 0.54 eV (Fig. S8d†). The energy
barriers of these two pathways are 0.82 eV and 1.53 eV,
respectively. The energy barriers for the activation of H2O2

into *O and H2O are lower, so *O (IM 6) serves as an
intermediate for subsequent activation steps. In step-3, H2O2

is introduced to react with *O to produce *OOH and *OH

(Fig. 5b), and the reaction energy barrier is 0.79 eV. This
reaction is endothermic, with an energy requirement of 0.65
eV for the endothermic process (Fig. S8e†). Then, *OH and
*OOH continue to react under the action of Fe-SAC to
produce H2O and 1O2 with a reaction energy barrier of 0.70
eV. The reaction is exothermic with a heat release of 0.94 eV
(Fig. S8f†).

The catalytic process for H2O2 activation facilitated by Co-
SAC is fundamentally similar to that of Fe-SAC (Fig. S9 and
S10†). The energy barriers of ·OH, ·OOH and 1O2 free radical
formation are 0.54 eV, 0.26 eV and 0.58 eV, respectively.

3.3.3 Reaction mechanism of H2O2 activation catalyzed by
Cu-SAC. Based on the experimental results of H2O2

activation, the mechanism of Cu-SAC catalyzing the H2O2

activation path was analyzed by DFT theory (Fig. 6).
The initial stage of the step-1 reaction is very similar to

the initial catalytic mechanism employed by the first two
catalysts (Fig. 6a). Here, we compare the reaction energy
barriers of the two different pathways: the potential barrier
for the formation of *O + H2O is 1.10 eV, and the potential

Fig. 5 Activation reaction network of H2O2 on Fe-SAC. (a) Step-1 and step-2. (b) Step-3. The brown, red, white, pink, and yellow spheres represent
C, O, N, H, and Fe, respectively.
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barrier for the formation of *OH + *OH is lower at 0.85 eV.
This indicates that the reaction of OH formation is more
likely to occur. Therefore, in the step-1 reaction, it is mainly
the dissociation of H2O2 into two *OH radicals. Subsequently,
*OH acts as a key intermediate that facilitates the activation
reaction in the subsequent step-2.

Path step-2 is also discussed in two cases (Fig. 6a). First,
H2O2 is introduced to react with *OH to generate *OOH and
H2O, the reaction energy barrier is 0.10 eV, and the heat
release is 0.49 eV (Fig. S11c†). In the other path, two *OH
react to form *O and H2O, with a reaction energy barrier of
1.53 eV and a heat release of 0.90 eV (Fig. S11d†). The energy
barrier for the reaction of two ·OH radicals to produce *O
and H2O is greater than the energy barrier for the reaction of
H2O2 with ·OH to produce *OOH and H2O. Therefore, the
main reaction in path step-2 is the reaction of H2O2 with ·OH
to produce *OOH and H2O. This step is different from the
reaction of the previous two catalysts. In step-3, *OOH reacts
with the free *OH on the surface of Cu–N4–C to produce H2O
and 1O2, with a reaction energy barrier of 0.51 eV and a heat
release of 1.19 eV (Fig. 6b and S11e†).

3.3.4 Analysis of the three kinds of SACs and catalytic
activity of H2O2. We found that the first step of H2O2

activation on the three kinds of SAC surfaces is to break the
O–O bond and generate two hydroxyl radicals ·OH. Studies by
other scholars have also shown that the decomposition of
H2O2 on the surface of various catalysts is more inclined to
break the O–O bond.56,57 Through our exploration of the
H2O2 activation mechanisms on three distinct catalysts, we
have determined the crucial energy barriers associated with
free radicals during catalyst activation (Fig. 7a). The energy
barriers for the activation of H2O2 to ·OH, catalyzed by Fe-
SAC, Co-SAC, and Cu-SAC, are 0.68 eV, 0.54 eV, and 0.85 eV,
respectively. Similarly, for the generation of ·OOH, the energy
barriers are 0.79 eV, 0.26 eV, and 0.10 eV when catalyzed by
Fe-SAC, Co-SAC, and Cu-SAC, respectively. Lastly, for the
activation of 1O2, the corresponding energy barriers are 0.70
eV, 0.58 eV, and 0.51 eV for Fe-SAC, Co-SAC, and Cu-SAC,
respectively. Co-SAC catalyzes H2O2 activation to produce ·OH
with the lowest reaction energy barrier, while Cu-SAC
catalyzes H2O2 activation to produce ·OOH and 1O2 with the
lowest reaction energy barrier. The results of theoretical
calculation reveal the reaction mechanism of the
macroscopic activation experiment at the microscopic level.

The adsorption energies and charge transfer of three
different types of radicals adsorbed on various catalysts have

Fig. 6 Activation reaction network of H2O2 on Cu-SAC. (a) Step-1 and step-2. (b) Step-3. The brown, red, white, pink, and blue spheres represent
C, O, N, H, and Cu, respectively.
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been calculated (Tables S4–S6†). The relationship between the
adsorption energy and the formation energy barrier of three
distinct types of free radicals on various catalysts is also
examined. As illustrated in Fig. 7b, there is a positive correlation
between the adsorption energy of these free radicals and their
respective formation energy barriers. And the formation energy

barrier decreases with the increase of adsorption energy.
Furthermore, given the pivotal role of electron transfer in
unraveling reaction mechanisms,58,59 we delved into the
interplay between charge transfer and radical adsorption
energies. Electron acquisition is denoted by red markers,
whereas electron loss is represented by blue markers (Fig. 7c–e).

Fig. 7 (a) Three kinds of SACs (Fe, Co and Cu) catalyze the activation of H2O2 to generate the reaction energy barrier of each product. (b) Linear
correlations of Eads vs. Eb. (c) Linear correlations of Eads (OH) vs. Bader charge. (d) Linear correlations of Eads (OOH) vs. Bader charge. (e) Linear
correlations of Eads (

1O2) vs. Bader charge. (f) Linear correlations of electric charge vs. Eb. The blue areas are lost electrons, and the red areas are
gained electrons. The brown, red, white, pink, yellow, dark blue, and blue spheres represent C, O, N, H, Fe, Co, and Cu, respectively.
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Subsequently, we delved into the correlation between
charge transfer and adsorption energy. A discernible linear
correlation emerges between charge transfer and adsorption
energy. Notably, Co-SAC demonstrated the highest levels of
both charge transfer and adsorption energy during the
formation of ·OH radicals. Conversely, Cu-SAC exhibited
the highest charge transfer and adsorption energy during
the formation of ·OOH and 1O2 radicals. Intriguingly, we
find a linear relationship between adsorption energy and
the energy barrier, and furthermore, charge transfer is also
linked to adsorption energy. These findings suggest that
the magnitude of charge transfer can serve as an indicator
for assessing the ease of radical generation. To further
explore this, we systematically examined the relationship
between the charge magnitude and the energy barrier
dimensions. Our results revealed a pronounced positive
correlation between these two factors. By analyzing the
charge quantity, we gain insights into the influence of
diverse catalysts on the production of free radicals
(Fig. 7f). Specifically, when the charge falls below −1.02e,
the ·OOH radical exhibits the lowest energy barrier,
facilitating its generation as the most prevalent among the
three considered free radicals. Conversely, when the charge
exceeds −1.02e, the 1O2 radical becomes the preferred
species due to its minimized energy barrier of the rate-
determining step, rendering it readily formable. This
assessment of charge quantity enables predictive
capabilities in determining the free radical generation
profile during H2O2 activation catalyzed by various
catalysts. It thereby facilitating targeted modulation and
efficient remediation strategies for pollutants.

4 Conclusions

In summary, the micro-mechanism of H2O2 activation and
the selective regulation strategy over single-atom catalysts
were systematically studied from both experimental and
theoretical investigations. First, three kinds of SACs (Fe, Co,
and Cu) were synthesized and characterized through X-ray
absorption fine structure. The EPR experiment showed that
the catalysts that catalyzed the activation of H2O2 mainly
produced three free radicals ·OH, ·OOH and 1O2, among
which Co-SAC produced the most ·OH radicals. The Cu-SAC
catalyst produced more ·OOH and 1O2 than the other two
catalysts, indicating that H2O2 activation had different
selectivity on different catalysts. Based on DFT calculation,
the reaction mechanism of H2O2 activation catalyzed by the
three catalysts was discussed. The energy barrier of the
activation of H2O2 on the three catalysts to produce three
different kinds of free radicals were calculated. Co-SAC
exhibited the lowest energy barrier (0.68 eV) for generating
·OH radicals compared to the other two catalysts, whereas
Cu-SAC demonstrated the lowest energy barriers for
producing ·OOH (0.1 eV) and 1O2 (0.51 eV) among the three
catalysts. The calculated results are in good agreement with
the experimental results. Subsequent analysis delved into the

correlation between the electronic structure of the catalysts
and the energy barriers for free radical formation, revealing a
linear relationship between the electronic configuration and
the formation energies of the free radicals. This finding
enables the prediction of free radical formation based on the
catalyst's electronic structure, offering a theoretical
framework for future catalyst optimization. This study not
only experimentally validates the selectivity of the catalysts
towards H2O2 activation but also delves into the underlying
activation mechanisms through DFT calculations, while
proposing strategies for catalyst regulation. These findings
pave the way for the efficient utilization of H2O2 in pollutant
remediation, presenting a novel perspective for
environmental remediation.
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