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Heterogeneous catalytic ozonation (HCO) triggered by single-atom catalysts
(SACs) is a promising technology for advanced wastewater purification.
However, high symmetry of conventional metal-N, structures limits catalytic
performance. Herein, we construct an asymmetrically coordinated Fe-NsP;
moiety in Fe-NPC catalyst, where the short-range coordination effect of P
significantly enhances HCO. The Fe-NPC/O3 achieves 100% removal of model
pollutant p-hydroxybenzoic acid, with a kinetic constant of 0.123 min’, and
also demonstrates excellent advanced treatment for coal chemical waste-
water. The degradation of contaminants is attributed to ozone and nonradical
singlet oxygen. Theoretical calculations reveal that the central Fe atom in Fe-
N3P, is the main site for HCO, and the introduction of P primarily modulates
the electronic structure of Fe atom by altering its coordination environment.

This work provides a short-range coordination strategy for regulating the
electronic properties of isolated metal centers and sheds light on the HCO
pathways with asymmetrically coordinated SACs.

The imbalance between the rising demand for clean water and the
scarcity of freshwater resources underscores the importance and
urgency of wastewater reclamation and reuse’. Refractory and
hazardous organic pollutants in wastewater pose a serious threat to
both human health and the environment, which are often resistant to
traditional biological treatment. The advanced purification of these
harmful contaminants in wastewater is not only essential for protect-
ing ecosystems but also critical for ensuring the safety of reclaimed
water>*. Therefore, there is a growing need for sustainable and
advanced treatment technologies capable of effectively addressing
this issue.

Advanced oxidation processes (AOPs) offer appealing options to
degrade the organics by generating highly oxidizing reactive oxygen
species (ROS)*”. As an offshoot of AOPs, heterogeneous catalytic
ozonation (HCO) is a highly efficient and promising technique for the
advanced wastewater treatment, where ozone is decomposed on the

catalyst surface and converted into radical or nonradical ROS, thereby
eliminating the recalcitrant organics from wastewater.®™° Generally,
the catalytic activity, stability and selectivity in HCO are mainly
dependent on the characteristics of the heterogeneous ozone
catalysts . Carbon skeletons are preferred ozone catalyst carriers
due to their high specific surface areas, tunable chemical structures
and environmental friendliness'®”. Transition metals with abundant
3d empty orbitals commonly possess superior catalytic ozonation
performance, which are effective active components'>'®". Therefore,
the rational design of transition metal forms on the surface of carbon
carriers is of great significance for the development of HCO in waste-
water purification.

In single-atom catalysts (SACs), the metal species exist as atom-
ically dispersed forms on the surface of the carrier’®. SACs integrate
the maximum utilization of metal atoms, well-defined active sites and
precisely tailorable coordination environments, and have raised great
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interest in the field of catalytic oxidation for water treatment® %, In
particular, carbon-supported transition-metal-based SACs are con-
sidered the preferred option for facilitating catalytic ozonation to
generate radical and nonradical ROS for the degradation of recalci-
trant organic contaminants, and these catalysts typically feature
atomically dispersed metals coordinated by N atoms, with the optimal
active sites being planar and symmetric M-N, configurations* 2,
However, the high symmetry of M-N, results in a fixed d-orbital energy
level splitting pattern for the transition metal center, making it difficult
to flexibly adjust the electronic structure, which restricts further
improvement in catalytic ozonation performance.

Heteroatoms not only provide anchoring sites for single-atom
metals but also effectively regulate the charge distribution and spin
state of the isolated metal species*”?. Introducing a second heteroa-
tom to break the symmetry of the single-atom M-N, structure could
optimize the local coordination environment and electronic structure
of the atomically dispersed metal atoms® ', Based on the short-range
coordination effect’*, the substitution of the N atom with other
atoms that have less electronegativity and larger atomic radii (such as
P, S) to design asymmetrically coordinated single-atom sites might be a
promising approach to enhance the catalytic ozonation of SACs.
However, in HCO, the structure-activity relationship between the
symmetry of coordination structure of single atoms and the catalytic
ozonation performance is rarely reported owing to the challenge of
precise control of the coordination environment. Moreover, the cata-
lytic mechanisms triggered by the asymmetrically coordinated single-
atom sites have not been thoroughly investigated.

In this work, the heteroatom P was incorporated to modulate the
geometric and electronic structures of single-atom iron sites via a
short-range coordination engineering strategy, and nitrogen-
phosphorus coordinated single-atom iron catalysts (Fe-NPC) with a
precisely controlled atomic structure of Fe-Ns;P; were designed for
catalytic ozonation and wastewater purification. Fe-N3P; sites exhib-
ited superior catalytic ozonation performance compared to symme-
trical Fe-N, structures, excelling in both model pollutant degradation
and advanced treatment of coal chemical wastewater. In the Fe-NPC/
03 system, ozone and nonradical singlet oxygen (*0,) were identified
as the dominant active species for the degradation of organics. In-situ
surface-enhanced Raman spectroscopy (SERS) was employed to
identify key surface-adsorbed intermediates (*O, *O,), while density
functional theory (DFT) calculations and molecular dynamics (MD)
simulations provided atomic-level insights into the detailed mechan-
isms of ozone dissociation and nonradical ROS generation. These
findings highlight the potential of short-range coordination engi-
neering in SACs, enabling precise tuning of the local microenviron-
ment to boost catalytic ozonation for wastewater purification and
reclamation.

Results
Synthesis and structural properties of Fe-NPC catalysts
The synthesis strategy of Fe-NPC was illustrated in Fig. 1a. Zinc-based
zeolite-like imidazolium framework (ZIF-8) was used as the host
nanocage. Iron(lll) acetylacetonate (Fe(acac);) and triphenylpho-
sphine (PPhs) with the molecular diameters of about 9.9 A and 8.9 A,
respectively (Supplementary Fig. 1), were employed as the guest
molecules. Through the simple host-guest method*, ZIF-8 precursors
simultaneously encapsulating both Fe(acac); and PPh; (marked as
FeP@ZIF-8) were prepared at normal pressure and temperature,
exhibiting a well-defined rhombic dodecahedral morphology (Sup-
plementary Figs. 2, 3). Subsequently, Fe-NPC catalysts were success-
fully fabricated by the pyrolysis of FeP@ZIF-8 precursors, effectively
incorporating Fe and P into the catalyst framework and paving the way
for enhanced catalytic ozonation performance.

The iron species in Fe-NPC catalysts exhibited an atomically dis-
persed state. The SEM and TEM images (Fig. 1b, ¢ and Supplementary

Fig. 4) demonstrated that Fe-NPC catalysts still maintained the dodeca-
hedral shape. Supplementary Fig. 5 showed that the introduction of Fe
source effectively promoted the catalyst dispersion and improved the
degree of graphitization of the carbon substrate. Supplementary Fig. 6
and Supplementary Table 1 depicted that the presence of Fe and P species
exerted little influence on the pore structure and specific surface area. The
EDS mappings (Fig. 1d) showed that C, N, P, and Fe were uniformly dis-
persed and highly overlapped. The HAADF-STEM image (Fig. 1e) showed
that highly dispersed bright spots (highlighted by yellow circles) were
observed on the carbon skeleton, and the three-dimensional Gaussian
function fitted mapping of the red square region (Fig. 1f) presented only
one distinct peak. The XRD pattern of Fe-NPC (Fig. 2a) also exhibited only
two broad diffraction peaks corresponding to graphitized carbon, with no
detectable metal peaks. These results indicated that the iron species in Fe-
NPC catalysts existed as single atoms.

Heteroatom P modulated the local geometric and electronic
structure of single-atom iron in Fe-NPC catalysts through the short-
range coordination effect. The iron content loaded on Fe-NPC was
measured to be 0.62wt.% by ICP-OES. As displayed in Fig. 2b, in
addition to pyridinic-N, pyrrolic-N and graphitic-N, the Fe-N peak was
also detected in the high-resolution N 1s XPS spectrum of Fe-NPC,
suggesting that N species, especially pyridinic-N with the highest
percentage, provided anchoring sites for single-atom iron. The P 2p
spectrum of Fe-NPC (Fig. 2c) was deconvolved into three peaks at
128.7, 132.0, and 133.6 eV, which can be assigned P-Fe, P-C, and P-N,
respectively’®*. Figure 2d showed that the Fe K-edge XANES spectrum
of Fe-NPC lay between those of Fe foil and Fe,03, demonstrating that
single-atom iron in Fe-NPC was positively charged. A linear relationship
was established between the valence state and the position of Fe
K-edge of the control samples (Fig. 2e), and the valence state of iron of
Fe-NPC was calculated to be approximately +2.56.

Furthermore, the precise coordination environment of single-
atom iron in Fe-NPC was acquired from the EXAFS. Both Fourier-
transform EXAFS spectrum and wavelet transform EXAFS contour map
of Fe-NPC (Fig. 2f, g and Supplementary Fig. 7) exhibited one promi-
nent peak, which was attributed to the Fe-N coordination structure.
Since Fe-N and Fe-P were detected in Fe-NPC, these two backscattering
pathways were used to fit the EXAFS curve. The fitting results (Fig. 2h, i
and Supplementary Table 2) displayed that the first-shell coordination
environment of single-atom iron in Fe-NPC was three N atoms and one
P atom. The formation energy of Fe-N3P; configuration calculated by
DFT was about -13.93 eV (Supplementary Fig. 8), indicating sponta-
neous generation during calcination. The electrochemical character-
izations (Supplementary Fig. 9) displayed that Fe-NPC catalysts
possessed the highest current density and the lowest Tafel slope,
indicating the best reactivity and the fastest electron transfer cap-
ability of Fe-NPC catalysts. On the whole, the local coordination con-
figuration of single-atom iron in Fe-NPC catalysts was atomically
dispersed Fe-N;P; structure, which might present the excellent reac-
tivity in HCO.

Catalytic ozonation performance by Fe-NPC catalysts

Asymmetrically coordinated single-atom iron (Fe-NPC) exhibited
superior catalytic ozonation for the degradation of refractory
organics in wastewater (Fig. 3). A typical phenolic compound,
p-hydroxybenzoic acid (pHBA), was used as the model contaminant.
The adsorption of pHBA by different catalysts (Fig. 3a) demonstrated
that the simultaneous introduction of Fe and P effectively promoted
the adsorption, which was conducive to the diffusion and catalytic
oxidation of the model contaminant. Supplementary Fig. 10 dis-
played that the ozonation and catalytic ozonation profiles of pHBA
were well-fitted to the pseudo-first-order kinetics model. As shown in
Fig. 3b, electron-rich pHBA could be attacked by ozone molecules
with the rate constant of 0.057 min™. Compared with ozonation,
the catalytic ozonation based on NC and NPC showed limited
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Fig. 1| Synthetic illustration and structural characterizations of Fe-NPC cata-
lysts. a Synthesis scheme of Fe-NPC catalyst; b SEM image, ¢ TEM image and d EDS
mappings of Fe-NPC; e HAADF-STEM image of Fe-NPC (yellow circles indicate single

Fe atoms); f three-dimensional Gaussian-function-fitting mapping for the red
square region in e.

enhancement for pHBA removal. However, the catalytic ozonation
was dramatically enhanced after the introduction of Fe species,
and the degradation kinetic constant in Fe-NC/O; system was
0.088 min™’. Furthermore, Fe-NPC presented the best catalytic ozo-
nation activity, achieving complete removal of pHBA with the
degradation rate constant of 0.123 min™. Supplementary Figs. 11, 12
showed that as for the pHBA removal kinetic constant normalized by
the specific surface area or Fe-loaded amount, Fe-NPC/O5 still
exhibited the superior removal performance. A Fe-NPC-loaded
polyvinylidene fluoride (PVDF) catalytic membrane reactor was
continuously operated for 48 h. As shown in Supplementary Fig. 13,
the water fluxes of the PVDF membrane and the Fe-NPC-PVDF
membrane were approximately 245 and 230 LMH, respectively,
indicating that the catalyst loading had negligible impact on filtration
performance. In the PVDF/O; system, the removal of pHBA remained
around 10%, while in the Fe-NPC-PVDF/O5 system, nearly complete
and stable removal of pHBA was achieved. The results demonstrated

the excellent catalytic ozonation performance of the Fe-NPC-PVDF
membrane and highlighted its potential for application in
continuous-flow reactors.

In addition, Fe-NPC/O; system also demonstrated excellent
removal of oxalic acid (OA) with the rate constant of 0.057 min™
(Fig. 3¢). The catalytic activity of Fe-NPC was evaluated against existing
catalysts by determining the mass activity for OA degradation. Fig-
ure 3d and Supplementary Table 3 showed that Fe-NPC outperformed
numerous state-of-the-art ozone catalysts in terms of mass activity for
OA degradation, and Fe-NPC-based catalytic ozonation was a promis-
ing and advanced technology. A saturated ozone water with a con-
centration of about 4.0mgL™ was prepared to carry out ozone
decomposition tests (Supplementary Fig. 14). Fe-NPC also exhibited
outstanding capability to decompose ozone, and the dissolved ozone
was completely removed in 5min. The results indicated that single-
atom iron in Fe-NPC possessed superior catalytic ozonation, and the
presence of P further intensified the reactivity of single-atom iron.
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XPS spectra, and (c) P 2p XPS spectra of different catalysts. d XANES spectra of Fe-
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valence; f FT-EXAFS spectra; g WT-EXAFS contour plot of Fe-NPC; EXAFS spectra
and fitting curves at (h) k space and (i) R space.

Thus, Fe-NPC catalysts containing asymmetric coordinated single-
atom Fe-N3P; active sites presented excellent catalytic ozonation for
wastewater decontamination.

The factors influencing pHBA removal in Fe-NPC/O3 system were
examined. Increasing the dosage of Fe-NPC catalysts and the ozone
concentration at the gas inlet both showed a positive correlation with
the rate constant for pHBA removal (Supplementary Figs. 15, 16). With
the increase of P doping amount, the rate constant for pHBA removal
initially increased and then tended to level off (Supplementary Fig. 17).
Moreover, the degradation of pHBA was also accelerated by raising the
solution pH (Supplementary Fig. 18). The effects of different con-
centration gradients of CI" and SO,> were investigated (Fig. 3e, f).
Slight promotion was observed with the presence of NaCl and Na,SO,
concentrations of 0.1 and 1.0gL™. It was found that increasing the
concentration of NaCl and Na,SO, to 10.0 g L™, the removal of pHBA
was dramatically enhanced, with the kinetic constants of 0.145 and
0.309 min™, respectively. Supplementary Figs. 19-22 indicated that
the accelerated pHBA degradation kinetics in the Fe-NPC/O; system
with increasing salt concentration can be attributed to the reduced
bubble size and enhanced gas-liquid mass transfer (See Supplemen-
tary Discussion 1 for detailed discussion).

Advanced treatment of coal chemical wastewater

The catalytic ozonation based on asymmetrically coordinated single-
atom iron (Fe-NPC) was also more advantageous in real wastewater
treatment. The COD of the biotreated coal chemical wastewater used
in this work was about 95 mgL™. As shown in Fig. 3g, after advanced
treatment with O3 alone, NC/O3;, NPC/O5, Fe-NC/O3, and Fe-NPC/O;
systems, the effluent COD values were about 78 +1,73+2,71+1,56 + 3,
and 48+2mgL™, respectively. Among them, Fe-NPC catalysts pos-
sessed the best catalytic ozonation for the degradation of refractory
organics in coal chemical wastewater, with the COD and TOC removals
of 48% and 47%, respectively (Fig. 3h). In the reusability tests (Fig. 3i
and Supplementary Fig. 23), the effluent CODs were all lower than
50 mg L™ and there was almost no iron ion leaching during the treat-
ment, indicating the excellent catalytic stability of Fe-NPC catalysts.
The characterization results of XRD and TEM-EDS (Supplementary
Figs. 24, 25) demonstrated that the iron species remained uniformly
dispersed on the carbon framework, indicating the well structural
stability of single-atom Fe. The water quality analysis results (Supple-
mentary Figs. 26-30) showed that in the biotreated coal chemical
wastewater, the contents of simple aromatic proteins, fulvic acid-like
substances, and aliphatic compounds were relatively higher, and after
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Fig. 3 | Catalytic ozonation performance by Fe-NPC catalysts. a pHBA degra-
dation in different systems and (b) corresponding removal rate constants; ¢ OA
degradation in Fe-NPC/O5 system; d Comparison of mass activity for catalytic

ozonation in terms of OA degradation; Effects of (e) NaCl concentration (insert:

corresponding kinetic rate constants) and (f) Na,SO4 concentration (insert: corre-
sponding kinetic rate constants); g Advanced treatment of biotreated coal chemical
wastewater; h COD and TOC removal after treatment; i Reusability tests of Fe-NPC.
The error bars in the figures represent the standard deviations from triplicate tests.

the advanced treatment by Fe-NPC-based catalytic ozonation process,
various organic pollutants were effectively removed (See Supple-
mentary Discussion 2 for detailed discussion). An economic evaluation
(Supplementary Discussion 3) was also conducted. Compared to pure
ozonation, the Fe-NPC-based catalytic ozonation process could reduce
the estimated total cost (primarily arising from ozone consumption
and catalyst synthesis) by ~80%, demonstrating its promising cost-
effectiveness and engineering potential.

Identification of reactive oxygen species

Catalytic ozonation of organic pollutants was generally dependent on
the decomposition and conversion of ozone into ROS. The types of ROS
generated on the catalyst surface and in the solution were analyzed. The
EPR spectroscopy was implemented to detect the signals of «OH, O,™,
and 'O, in the solution. The results (Fig. 4a-c) demonstrated that the
signal of *OH characteristic peak was not recorded, while both signals of
0, and '0, were identified in Fe-NPC/O5 and compared with the control
systems, the introduction of Fe and P effectively gave rise to the peak
intensities of DMPO-O,™~ and TEMPO. In-situ Raman analysis was con-
ducted to ascertain the surface-adsorbed ROS. As shown in Fig. 4d, after

introducing ozone, four peaks were recorded on the Fe-NPC catalyst
surface, among which the peak at about 989 cm™ was surface-adsorbed
atomic oxygen species (*O) and the peaks at about 810 cm™, 897 cm?,
and 1034 cm™ were assigned to surface-adsorbed peroxide species
(*O,). Notably, the *O with the oxidation-reduction potential of 2.43V
can directly attack the surface-adsorbed organics, and the *O, can
convert into other ROS to participate in the removal of contaminants.

The contributions of different ROS were evaluated by quenching
tests (Fig. 4e, f). The direct oxidation by O3 and the indirect oxidation
by '0, were the predominant removal pathways for electron-rich pHBA
in Fe-NPC/O; system. MeOH is a specific scavenger for «OH both in the
aqueous solution and on the catalyst surface, while the inhibitory
effect of MeOH was slight for pHBA removal, indicating the limited role
of *OH. DMSO has a strong affinity for surface-adsorbed ROS". How-
ever, the removal of pHBA was also slightly inhibited after the intro-
duction of DMSO, with the kinetic constant of 0.080 min™. The results
indicated the OH oxidation and surface oxidation might not be the
predominant removal pathways for pHBA.

The role of '0, in pHBA oxidation was verified with furfuryl alco-
hol (FFA) as the quenching agent. It was found that pHBA degradation
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corresponding pHBA removal rate constants. The error bars in the figures repre-
sent the standard deviations from triplicate tests.

was almost terminated in the presence of FFA, and the degradation
rate constant was only 0.012min™, demonstrating that '0, was
involved in the catalytic oxidation process. O, is a key intermediate in
catalytic ozonation, which might be responsible for the generation of
!0, through single electron transfer process®****’. Thus, an important
source of !0, is the self-disproportionation of O, in the Fe-NPC/O5
system. It is worth noting that electron-rich pHBA can also be attacked
by the direct oxidation of Os. As a consequence, the removal of pHBA
mainly occurred in the aqueous solution, and the O; and 'O, were
dominated active species.

Theoretical predication of interaction sites

The short-range coordination effect of P could improve the electronic
structure of single-atom Fe, thereby promoting the adsorption of
ozone and organics. The interaction site of Fe-N3;P; moiety with ozone
was predicted by electrostatic potential (ESP), Fukui functions (f+,f-)
and dual descriptor (DD) calculated through DFT. Ozone molecules are
polar, and the ESP map of ozone showed that the central O atom was
positively charged and the two terminal O atoms were negatively
charged. Figure 5a displayed the isosurface maps of f+, f~ and DD of
ozone. The terminal O atoms covered a larger region than that of the
central O atom, indicating a higher reactivity of the terminal O
atoms®**’, Condensed DD (CDD) was calculated by Hirshfeld charges to
quantitatively compare the DD of each atom. The CDD values of the
two terminal O atoms were both —0.02 (Supplementary Table 4),
demonstrating that the terminal O atoms in the ozone molecule were
more nucleophilic and tended to attract positively charged reagents or
those with more empty orbitals.

The ESP maps of different catalytic sites were plotted in Fig. 5b, ¢
and Supplementary Fig. 31, and the introduction of Fe into catalytic
sites significantly modulated the surface charge distributions. The
central Fe atom in Fe-N4 moiety possessed the highest ESP, and the
presence of P further enhanced the ESP of the central Fe atom in Fe-

N3P; moiety (Fig. 5d). Since the local coordination environment of
single-atom iron was broken after introducing heteroatom P, the
graphitic carbon skeleton was locally deformed and stretched. Sup-
plementary Fig. 32 showed the density of states (DOS) of the Fe-N,
and Fe-NsP; structures, and the results demonstrated that the d-band
center of the Fe-N, structure was located at about 1.76 eV, whereas
that of Fe-N;P; downshifted significantly to 0.93 eV, indicating that P
doping effectively modulated the adsorption capability of single-
atom Fe toward small molecules. Compared with Fe-N, structure, the
adsorption energies of asymmetrically coordinated single-atom Fe-
N3P structure for ozone and model contaminant were more negative
(Fig. 5e), which indicated that the introduction of P could promote
the adsorption and diffusion processes of ozone and organic pollu-
tants. Furthermore, Supplementary Fig. 33 presented that the energy
barrier for the reaction between ozone and the Fe-N;P; site was
1.20 kcal mol™, which was 30% lower than that of the reaction with
the Fe-N, site (1.71 kcal mol™). A lower energy barrier allows a greater
proportion of molecular collisions to overcome the activation
threshold, thereby accelerating the reaction rate. Therefore, the
substitution of P for N coordination effectively modulated the elec-
tronic structure and spin state of single-atom iron and enhanced
catalytic ozonation, and based on the electrostatic effect, the central
Fe atom in Fe-NsP; structure and the terminal O atoms in ozone
molecule might be the interaction sites.

Dynamic catalytic ozonation pathways by Fe-N3;P; moiety

The chain dynamic catalytic ozonation pathways by Fe-N3P; structure
were revealed through molecular dynamics (MD) simulations (Sup-
plementary Movies 1-4) and the generation mechanisms of 'O, were
identified by DFT. Figure 6a and Supplementary Fig. 34 showed the
first step of catalytic ozonation by Fe-N;P; structure. In the initial
configuration (State 1-1), an ozone molecule was located above the Fe-
N;P; site at a distance of about 5.0 A. Attracted by the catalyst surface,

Nature Communications | (2025)16:9037


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64099-2

(a)

1
I (d
1
N
0.22 : 2
n =
[
1 =
1 o
7]
1w
I L=
1 3
0.10 E
1R
1 ©
=
1
1
1
I 0O, pHBA Deprotonated pHBA
: (e)o.o §
L \
0-32 1 305 §
| B N
, @0t
c
1 GJ
15
| ] A5F
010 || 5§
1 S0l
1 < N, XINP,
1 Fe-N, XYFe-N;P,
1 -2.5

Fig. 5 | Predication of interaction sites by DFT calculation. a Electrostatic
potential (ESP) map, Fukui functions (f+, f—) and dual descriptor (DD) of ozone
molecule; b Model and ESP map of Fe-N, structure; ¢ Model and ESP map of Fe-N3P;

structure; d Maximum ESP of different structures; e Adsorption energies of ozone
and pHBA by different structures.

the ozone molecule gradually moved towards the catalyst surface, and
after about 200 fs, the more electrophilic terminal O atoms in ozone
were facing downwards (State 1-2). After continuing the reaction for
145fs, the central Fe atom of Fe-NsP; site bonded with the terminal
oxygen atom O1 of the ozone molecule to form O;-Fe-N;P; composite
structure (State 1-3), which was consistent with the prediction of the
DFT calculations. Within the next 75 fs, the 01-O3 bond in the ozone
molecule was elongated and then broke, with the result that the
terminal oxygen atom O1 bonded with the central Fe atom (O-Fe-N3P,,
marked as O species-1) remained on the catalyst surface, while the O2-
03 species (marked as O, species-1) gradually moved away from the
surface and into solution. As demonstrated in Fig. 6b and Eq. 1, com-
bined Mulliken charge and spin population analysis calculated by DFT,
the O species-1 was *O with high oxidation ability to attack organics
through surface oxidation processes, and the O, species-1 was triplet
oxygen.

The *O in the O-Fe-N;P; group was also a key intermediate for
further ozone decomposition (Fig. 6¢ and Supplementary Fig. 35). An
ozone molecule was placed above the O-Fe-N;P; group with a distance
of about 4.7 A, forming the initial configuration of the second step
(State 2-1). Influenced by the catalyst surface, the 04-06 bond in the
ozone molecule experienced rapid stretching and broke within 30 fs.
In the State 2-3, ozone was decomposed into a lone oxygen atom 04
and a free 05-06 species (labelled O, species-2). In the next 20 fs, the
lone oxygen atom O4 gradually approached the catalyst surface and
then was captured by *O in the O-Fe-N3P; group, forming a surface-
adsorbed 01-0O4 species (labelled O, species-3). After 70 fs, the Fe-O1
bond broke and the 01-O4 species was released into the solution.
Figure 6d and Eq. 2 indicated that the O, species-2 with about O
charges and 0 spin population might be '0,, and the O, species-3 with
-0.519 charges and -0.886 spin population might be O,". Further-
more, the self-disproportionation reaction of O, is another important
pathway to generate 'O, (Eq. 3). Thus, in the second step, '0, origi-
nated not only from the direct decomposition of ozone, but also from
the self-disproportionation of O,. The whole catalytic pathways were
spontaneous and exothermic (Fig. 6e). The previous experimental
results demonstrated that the indirect oxidation pathway of the
nonradical '0, played a pivotal role in the degradation of organic
pollutants.

Although the P atom in the O-Fe-N;P; structure might serve as a
reaction site to decompose ozone (the third step, Supplementary
Figs. 36-38 and Eq. 4), in ozone decomposition products, the oxygen
atom adsorbed in P site did not have unpaired electrons and presented
no oxidizing ability, while the O, species was'0,. After the third step of
catalytic ozonation, the P site adsorbed an O atom without oxidizing
activity, which did not affect the further ozone decomposition by *O
adsorbed on Fe site (the fourth step, Supplementary Figs. 39-41). The
ozone decomposition products in the fourth step were similar to those
in the second step (Eq. 5). Moreover, in the N3P, /O3 control system
(Supplementary Figs. 42-47), although ozone could be decomposed by
P site, the resulting O-containing intermediates were chemically inert
(See Supplementary Discussion 4 for detailed discussion).

Fesite: Fe— N3P, +0; — O — Fe — NP, +0, @)

Fesite: O —Fe —N;P;+0; — Fe —N,P; +05 +!0, )

05" +HO,e+H* —-110,+H,0, 3)
Psite: O—Fe—N;P;+0; > O0—Fe—N,P,—0+'0, (4
Fesite: O—Fe—N;P; —0+0; — Fe — N3P, —0+05 +!0, (5)

In summary, theoretical calculations revealed that the central Fe
atom in Fe-N3P; moiety served as the primary site to interact with
ozone. The short-range coordination effect of P effectively modu-
lated the electronic structure of single-atom Fe, enhancing the
adsorption of ozone and organic pollutants. Furthermore, as shown
in Fig. 6f, after the first two steps of ozone decomposition, the single-
atom Fe-N;P; catalytic site completed a catalytic ozonation cycle,
which was the major ozone decomposition and ROS generation
pathways. In the chain catalytic ozonation reactions, '0, was gener-
ated not only from the decomposition of ozone but also the self-
disproportionation of O,". The origin of '0, was revealed by DFT and
MD, consistent with the experimental results.
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e Relative energy changes in the major catalytic processes; f Schematic diagram of
catalytic ozonation pathways by Fe-N;P; structure.

Discussion

In this work, we successfully synthesized an asymmetrically coordi-
nated single-atom iron (Fe-NPC) catalyst with Fe-N;P; active sites
through a nanocage-based dual-encapsulation strategy, which
demonstrated excellent catalytic ozonation performance in waste-
water decontamination. The introduction of heteroatom P broke the
first-shell coordination environment and effectively regulated the
electronic structure of single-atom iron through short-range coor-
dination effect. Fe-NPC exhibited superior catalytic ozonation
activity and stability in wastewater treatment. Compared to HCO
based on symmetrically coordinated single-atom iron (Fe-NC/O5),
the Fe-NPC/O3 system not only achieved complete removal of pHBA
but also exhibited a 40% increase in the kinetic rate constant
(0.123min™). Fe-NPC-based catalytic ozonation also presented
excellent advanced treatment of coal chemical wastewater with the

COD decreasing from -95 to -48 mg L. Moreover, the direct oxida-
tion of O3 and the indirect oxidation of 'O, in the bulk solution were
the dominant pathways for organic degradation. Both DFT calcula-
tions and MD simulations indicated that the central Fe atom in the Fe-
N3;P; moiety was identified as the main catalytic site for ozone
decomposition and ROS generation, and the presence of P can
effectively modulate the electronic structure of single-atom iron to
promote the adsorption of ozone and organic contaminants. The
unique design of single-atom iron enabled easy and efficient appli-
cation in advanced treatment, improving regional water quality and
ecological safety. This work provided in-depth insights into the
modulation of electronic structure of single-atom metal centers and
revealed the catalytic ozonation mechanisms by asymmetrically
coordinated SACs at the atomic level, which was of vital significance
for the design of advanced heterogenous ozone catalysts.
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Methods

Synthesis of Fe-NPC catalysts

Detailed chemicals and reagents are provided in Supplementary
Method 1. Single-atom iron catalysts with nitrogen-phosphorus coor-
dination were successfully synthesized by a dual encapsulation strat-
egy using nanocages. Specifically, 10 mmol of Zn(NO),+*6H,0, 4 mmol
of iron(lll) acetylacetonate (Fe(acac)s), and 6 mmol of triphenylpho-
sphine (PPh;) were dissolved in 100 mL of MeOH to obtain solution A,
and 80 mmol of 2-methylimidazole (2-MI) was dissolved in another
100 mL of MeOH to obtain solution B. At normal temperature and
pressure, solution A was quickly poured into solution B and the mix-
ture was stirred continuously for 1h before standing for 24 h. After
centrifugation and washing, FeP@ZIF-8 precursors were fabricated.
The precursors were calcined at 1000 °C for 3 h under Ar atmosphere.
Zn species evaporated during pyrolysis, resulting in the synthesis of
Fe-NPC catalysts. Fe-NPC-x series were obtained by varying the doping
amount of P, where x denoted the concentration of PPh;. According to
whether Fe or P sources were added, the control precursors were
named ZIF-8, P@ZIF-8, and Fe@ZIF-8, and the corresponding catalysts
were labelled as NC, NPC, and Fe-NC.

Characterization methods

High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image of Fe-NPC was taken on a FEI Titan 80-300
instrument. X-ray absorption fine structure (XAFS) measurements were
performed to identify the valence and local coordination environment of
single-atom iron in Fe-NPC. Electrochemical tests were performed on a
workstation (PGSTAT-128N, Autolab, Switzerland & VersaSTAT, Prince-
ton, USA) with a conventional three-electrode cell system***, The signals
of «OH, 0,", and '0, were detected by electron paramagnetic resonance
(EPR, JEOL FA-200) spectroscopy with DMPO and TEMP as the spin
trapping agents*>*, The signals of surface-adsorbed ROS were recorded
by an in-situ Raman spectrometer (HORIBA HR) at 532 nm"*. Other
characterization methods were shown in Supplementary Method 2.

Catalytic ozonation experiments

Typically, for the degradation of model contaminant pHBA, 0.20 g L™
of catalysts were added into 250 mL of simulated wastewater with
50mg L™ of pHBA. Then, a gas mixture of ozone and oxygen was
immediately introduced to initiate the catalytic ozonation, where the
ozone concentration was 5.5 mg L™ in the mixture gas and the gas flow
rate was 0.2 L min™. A Fe-NPC-PVDF membrane-coupled catalytic oxi-
dation reactor was operated continuously for 48 h. The system was
designed with two separate inlet channels: one for a 20 mg L™ pHBA
solution and the other for a saturated ozone solution with a con-
centration of approximately 5 mg L™. The two streams were mixed and
introduced into the membrane reactor, where ozone activation and
pollutant degradation occurred. The effective filtration area of the
membrane reactor was approximately 7 cm?, and the catalyst loading
was 1.6 mgcm™ In the OA degradation experiment by Fe-NPC/O3, the
initial OA concentration was 100 mgL™, the catalyst dosage was
0.05g L™, the gas flow rate was 0.2 L min™, the ozone concentration at
the inlet was 10 mg L™, and the pH was about 3.2. Quenching tests were
carried out with TBA, MeOH, DMSO, and FFA as the scavengers, and
the concentrations were all 2mM. In the advanced treatment of real
wastewater, biotreated coal chemical wastewater taken from a coal
chemical wastewater treatment plant in northern China was employed
as the refractory organic wastewater. The COD of the wastewater
sample was about 95 mg L™, the conductivity was about 5200 pS cm™,
and the pH was about 8.0. The catalyst dosage was adjusted to
0.50gL™ and the ozone concentration in the gas mixture was
10.0 mg L in the coal wastewater treatment. During the treatment of
simulated or real wastewater, the samples were taken at certain time
intervals and filtered for further detection. The detailed water analysis
methods were shown in Supplementary Method 3.

Computational methods

Gaussian 16 software was used to perform density functional theory
(DFT) calculations®™*, CP2K v9.1 software with Quickstep module and
MOLOPT basis set was used to carry out Ab initio molecular dynamics
(AIMD) simulations of catalytic ozonation pathways*®*°. Details were
shown in Supplementary Method 4.

Data availability

The source data generated in this study are provided in the Source
Data file. Data are available from the corresponding author upon
request. Source data are provided with this paper.

Code availability
No custom code was developed for this study.
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