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ABSTRACT
Controlling peroxymonosulfate (PMS) activation at the atomic scale is crucial for steering reactive oxygen species (ROS) pathways,
yet design principles that selectively bias PMS chemistry toward interfacial radical states remain elusive. Herein, we report an
asymmetric Fe–Te dual-atom pair (FeTe DAs/NC), in which a p-block metalloid electronically modulates an Fe center through
pronounced p–d hybridization. This atomic asymmetry reconstructs the local electronic structure, strengthens PMS binding, and
directs PMS activation toward the generation and retention of surface-bound hydroxyl radicals. Mechanistic studies reveal surface-
bound hydroxyl radicals (∙OH) as the dominant ROS, while singlet oxygen (1O2) plays a secondary role. As a result, FeTe DAs/NC
achieves complete degradation of carbamazepine within 60 min, markedly outperforming Fe or Te single-atom analogs, together
with excellent reactivity and cycling stability across different water matrices and pollutant systems. This work establishes atomic-
scale asymmetry and metal–metalloid p–d coupling as an effective strategy for steering PMS activation chemistry toward long-lived
interfacial radical states.
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Introduction

harmaceutical and personal care products (PPCPs) have
merged as a class of persistent organic micropollutants in
quatic environments, raising serious concerns due to their
hemical stability and potential risks to ecosystems and human
ealth [1, 2]. Conventional water-treatment processes are often

neffective in eliminating these trace contaminants, highlighting
he urgent need for advanced oxidation technologies. Recently,
eroxymonosulfate (PMS)-based advanced oxidation processes
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(AOPs) have attracted increasing attention as a promising
strategy for the degradation and mineralization of PPCPs [3]. The
unique asymmetric structure of PMS (H─O─O─SO3

−) endows it
with dual redox properties, allowing it to act as both an electron
donor and an electron acceptor. Upon activation, PMS can
generate a variety of reactive oxygen species (ROS), including
radical species (sulfate radicals (SO4

∙−) and hydroxyl radical
(∙OH), as well as non-radical species (high valent metal-oxo
(M(IV) = O) and singlet oxygen (1O2) [4]. Among these, ∙OH
(E0 = 2.8 V vs. NHE) [5] and SO4

∙− (E0 = 2.5–3.1 V vs. NHE) [6]
se, which permits use, distribution and reproduction in any medium, provided the
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xhibit higher oxidation potentials than M(IV) = O (E0> 1.95 V
s. NHE) [7] and 1O2 (E0 = 1.5 V vs. NHE) [8], making them
ighly effective for the rapid oxidation and mineralization of
rganic pollutants. However, their ultrashort half-life spans (1 μs
or ∙OH and 30–40 μs for SO4

∙−) severely limit the probability of
ontact with target molecules, thereby reducing overall oxidation
fficiency [4]. Enhancing ROS utilization efficiency, therefore,
equires not only efficient PMS activation but also stabilization
f the generated radicals and sustained interaction between
OS and pollutants. In this context, surface-bound radicals
ave recently been recognized as key intermediates due to

heir extended lifetimes and spatially confined reactivity, which
nsure efficient pollutant degradation while minimizing radical
oss. Such behavior can be achieved by regulating the electron
tructure or spatial configuration of catalysts [9, 10], thereby
mposing stringent requirements on catalyst design.

n recent years, atomically dispersed transition-metal catalysts
upported on carbon materials (especially Fe, Co, Cu, and Mn
ingle atoms) have been widely investigated for PMS activation
11–13]. These catalysts feature high atomic utilization efficiency,
ell-defined active sites, and tunable electronic structures.
mong them, dual-atom catalysts (DACs) have attracted increas-

ng attention because they can overcome the linear adsorption
imitations of isolated single sites [14, 15], thereby enabling the
egulation of specific ROS generation pathways and improving
electivity and utilization efficiency [16]. For example, Fe–Co
ACs can regulate the PMS adsorption configuration to achieve
early 100% electron-transfer efficiency for pollutant degradation
17], while Fe–Ni DACs coupled with N-vacancy engineering
acilitate electron transfer and accelerate reaction kinetics. Such
nhancements are generally attributed to the electronic and syn-
rgistic effects in DACs, where the introduction of a second metal
tom modulates the electronic distribution and simultaneously
ctivates different elementary reaction steps, thus significantly
mproving catalytic activity [18–22].

espite this progress, most reported DACs have primarily focused
n promoting 1O2 formation, generating mixed radical sys-
ems, or enhancing electron-transfer pathways, while offering
imited regulation over radical stability. The stabilization of
adicals depends not only on the electron-donating and electron-
ccepting properties of the active sites but also on the matching of
heir orbital energy levels [3, 13]. Introducing atoms with distinct
rbital characteristics into dual-atom configurations can lead to
he formation of new hybridized orbitals, thereby reconstructing
he electronic distribution and bonding characteristics of the
ctive centers. Such orbital hybridization effects are expected to
enerate surface hydroxyl radicals with prolonged lifetimes and
nhance the utilization efficiency of radicals without compromis-
ng catalytic activity. In particular, p–d orbital coupling between

etals from different groups can effectively control the formation
nd cleavage of coordination bonds during dynamic catalytic
rocesses [23–25]. However, it remains a challenge to identify
uitable p-block heterometal modulators capable of inducing
ffective p–d orbital hybridization for establishing more flexible
lectron-transfer pathways and stable surface-adsorbed radicals,
hereby promoting the generation and conversion efficiency of
eactive oxygen species (ROS).
of 10

able C
rea
Herein, we introduce the p-block metalloid Te as a second atom
adjacent to Fe single-atom sites (SAs), forming an asymmetric Fe–

e dual-atom pair (FeTe DAs/NC). These asymmetric pairs endow
the active centers with enhanced redox tunability and superior
PMS activation capability. The resulting FeTe DAs demonstrate
exceptional performance in degrading micropollutants, high-
lighting their potential for practical water treatment applications.
Combined quenching experiments, electron paramagnetic reso-
nance (EPR) spectroscopy, in situ characterizations, and density
functional theory (DFT) calculations reveal that surface-bound
∙OH is the primary reactive species, while 1O2 plays a sec-
ondary role. Notably, p–d orbital hybridization induces electron
delocalization around the Fe center, modulating the desorption
behavior of ∙OH and favoring the formation of stabilized surface-
bound states. This work establishes a generalizable strategy
for designing asymmetric metal-metalloid pairs with controlled
∙OH desorption properties, offering a new paradigm for high-
efficiency micropollutant degradation in PMS-based advanced
oxidation systems.

2 Results and Discussion

2.1 Construction of Asymmetric Fe–Te Pairs

The FeTe DAs/NC catalyst was synthesized via a coordination-
assisted assembly and pyrolysis strategy (Figure 1). Fe(acac)3 and
Te powder were co-introduced during the formation of ZIF-8 by
adding them together with Zn2+ and 2-methylimidazole (MeIM)
into a solvent mixture of DMF, methanol and ethylene glycol.
For comparison, Fe SAs/NC and Te SAs/NC were prepared in the
absence of Te or Fe precursors, respectively. The actual loadings
of Fe and Te were determined via inductively coupled plasma
mass spectroscopy (ICP-MS), as listed in Table S1. Powder x-ray
diffraction (PXRD) patterns (Figure S1) confirm that the ZIF-8
framework is retained in all precursors, although Te/ZIF-8 shows
slightly reduced crystallinity due to the physical incorporation
of Te. The Brunauer–Emmett–Teller (BET) surface areas of the
ZIF-8 precursors range from 1284 to 1432 m2 g−1 (Figure S2),
with a consistent pore size distribution centered at ∼1.1 nm
(Figure S3), indicating that neither Fe nor Te incorporation
disrupted the framework structure. Thermogravimetric analysis
(Figure S4) revealed a major weight loss at around 450◦C due
to framework decomposition, which guided the selection of
a pyrolysis temperature of 1000◦C for Zn removal and cata-
lyst formation [26]. The post-pyrolysis PXRD patterns of FeTe
DAs/NC, Fe SAs/NC, and Te SAs/NC displayed broad peaks
near 26◦ and 44◦, assignable to graphitic carbon, without any
detectable crystalline Fe or Te species (Figure S5), suggesting
atomic dispersion or ultrasmall clusters. Raman spectra revealed
ID/IG values of 2.457, 2.187, and 3.035 for FeTe DAs/NC, Fe
SAs/NC, and Te SAs/NC, respectively (Figure S6), indicating a
decrease in graphitization with increasing Te content. A distinct
Te─C stretching vibration at 471 cm−1 further confirmed Te incor-
poration. Nitrogen sorption analysis showed that FeTe DAs/NC,
Fe SAs/NC, and Te SAs/NC retained abundant microporosity
with comparable pore size distributions (Figures S7 and S8), facil-
itating mass transport and catalytic site accessibility during PMS
activation.
Angewandte Chemie International Edition, 2026
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FIGURE 1 Schematic illustration of the synthesis process of FeTe DAs/NC.
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canning electron microscopy (SEM, Figure S9) and high-
esolution transmission electron microscopy (HR-TEM,
igure 2a) images reveal that the FeTe DAs/NC exhibit a
ougher surface after pyrolysis, which facilitates the exposure of
he active site. The enlarged HR-TEM image (Figure 2b) shows
o discernible nanoparticles or clusters corresponding to Fe
r Te species, suggesting atomic-level dispersion. Elemental
nalysis (Figure 2c) confirms the presence of C, N, Fe and Te,
ith no detectable Zn, indicating complete volatilization during
yrolysis. Aberration-corrected high-angle annular dark-field
canning transmission electron microscopy (AC-HAADF-STEM,
igure 2d) further reveals atomically dispersed Fe and Te atoms,
vident from the high-density bright dots highlighted in the
ectangular region. The contrast differences in 2D and 3D
opological projections (Figure 2e,f) show higher intensity for
e atoms compared to Fe, consistent with their relative atomic
umbers. The atomic pairs, with an interatomic distance of
2.8–3.0 Å (Figure 2g), confirm the formation of asymmetric
e–Te dual-atom sites. Energy-dispersive spectroscopy (EDS)
apping (Figure 2h) displays a homogeneous distribution of
, N, Fe, and Te throughout the porous carbon matrix, with

nterconnected ∼20 nm pores providing channels for mass
ransport. Comparative SEM images (Figures S10 and S11) show
hat Te SAs/NC exhibit a rougher surface than Fe SAs/NC.
dditional HAADF–STEM and EDS mappings (Figures S12
nd S13) corroborate the atomically dispersed nature and
omogeneous elemental distribution of Fe and Te within the
-doped carbon framework.

he X-ray photoelectron spectrum was used to analyze the
hemical state. For the N 1s spectra of FeTe DAs/NC and Fe
As/NC (Figures S14 and S15), four peaks at 398.2, 399.0, 400.7
nd 401.9 eV can be assigned to the pyridinic N, Fe–N, pyrrolic

and graphitic N, respectively. The content of graphitic N
ecreases and no peak attributable to Fe–N is observed in Te
As/NC (Figure S16). In the Te 3d spectra, the Te 3d5/2 peaks
or Te SAs/NC appear at 574.1 and 576.2 eV (Figures S17 and
18), positioned between those of Te0 (573.1 eV) and Te4+ in TeO2
576.3 eV), indicating a positively charged state. FeTe DAs/NC
ngewandte Chemie International Edition, 2026
also displays positively charged Te species, with a negative
shift of ∼0.3 eV, suggesting the formation of p–d hybridization
and electron redistribution toward Te. To further elucidate the
oxidation states and coordination environments, X-ray absorption
near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) measurements were performed (Figures 3 and
S19–S22). At the Fe K-edge (Figure 3a), the absorption edge of
FeTe DAs/NC lies between those of Fe foil and FePc, indicating
an intermediate oxidation state. Linear combination fitting (LCF)
analysis shows that the average oxidation state of Fe in FeTe
DAs/NC increases to +2.15 compared with +1.87 of Fe SAs/NC.
The Fourier-transformed (FT) EXAFS spectra at the Fe K-edge
(Figure 3b) show dominant Fe─N coordination at ∼1.45 Å with
a coordination number of ∼4.0 and ∼3.0 for FeTe DAs/NC and
Fe SAs/NC, respectively, consistent with wavelet transform (WT)
results (Figure 3c), confirming the atomically dispersed nature
of Fe. Additionally, a weak peak at ∼2.5 Å in FeTe DAs/NC
cannot be attributed to Fe-N or Fe-Fe interactions and is instead
assigned to Fe–Te coordination, with a coordination number of
∼0.8 (Tables S2 and S3), consistent with the atomic distances
observed in the STEM images. At the Te K-edge, both Te SAs/NC
and FeTe DAs/NC show absorption edges between those of
metallic Te and TeO2 (Figure 3d), with the average oxidation
state of Te in FeTe DAs/NC decreasing to +0.93 from +1.13 in
Te SAs/NC. Combined with the change in Fe oxidation state, it
further confirms electron redistribution between Fe d orbitals and
Te p orbitals in asymmetric Fe–Te dual-atom pairs, forming p–
d hybridization, in which the electron density is shifted toward
Te due to its higher electronegativity. The FT-EXAFS spectra
(Figure 3e) exhibit a distinct peak at ∼1.35 Å, attributed to Te─C
coordination (Figure 3f), confirming the atomic dispersion of Te
within the carbon matrix.

2.2 Atomic Asymmetry Steers PMS Activation
for Pollutant Degradation

The catalytic activities of FeTe DAs/NC, Fe SAs/NC, Te SAs/NC,
and NC were evaluated using carbamazepine (CBZ) as a model
3 of 10
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FIGURE 2 Morphology characterization of FeTe DAs/NC. (a) HRTEM image and (b) the magnified HR-TEM image. (c) EDS elemental
composition. (d) AC-HAADF–STEM image (inset: magnified dual-atom pair image). (e and f) Corresponding 2D and 3D topographic images from
region 2 highlighted in (d). (g) Line-scanning intensity profiles obtained from the inset in (d). (h) EDS elemental mapping images.
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ollutant. In the absence of PMS, CBZ removal was attributed
olely to adsorption, with Te SAs/NC showing the highest adsorp-
ion capacity (Figure 4a). Upon PMS addition, FeTe DAs/NC
xhibited significantly enhanced activity, achieving complete
BZ degradation within 60 min. In contrast, both Fe SAs/NC
nd Te SAs/NC in the presence of PMS showed limited activity,
ith CBZ removal efficiencies of ∼50%, while NC displayed
negligible catalytic effect despite 90% removal due to pure

dsorption. Kinetic analysis based on pseudo-first-order fitting
Figure 4b) revealed that the apparent rate constant for FeTe
As/NC was 6.5 and 11.8 times higher than those of Fe SAs/NC
nd Te SAs/NC. Total organic carbon (TOC) analysis further
onfirmed the mineralization performance, with TOC removal
eaching 60% within 10 min and stabilizing at ∼80% (Figure 4c),
nderscoring the superior oxidative degradation capability of
eTe DAs/NC. To elucidate the degradation process, intermediate
roducts were detected by LC-MS (Figure S23a). Two main
athways were proposed: pathway 1 (Transformation product 1,
P1-TP3) and pathway 2 (TP1 to TP4-TP6) (Figure S23b) [27,
of 10
28]. In Path 1, TP1 (detected at 10 min) and TP2 (detected at
20 min) were generated via hydroxylation of CBZ, indicative of
∙OH radical attack. TP2 underwent sequential ring-opening and
intramolecular cyclization to afford a dialdehyde intermediate,
followed by cleavage of acetyl and aldehyde moieties to yield TP3
(detected at 10 min). In Path 2, cleavage of the C─N bond in TP1
gave rise to TP4 (detected at 10 min), whose aldehyde group was
further eliminated to form TP5 (detected at 10 min), which was
then oxidized to TP6 within the initial 10 min of degradation, thus
contributing to TOC reduction. Finally, these intermediates were
continuously attacked by ROS to generate smaller molecular frag-
ments: TP7 (dominant at 20 min), TP8 (detected at 10 min), and
TP9 (dominant at 20 min). These species were ultimately miner-
alized into H2O, CO2, NH3, and other byproducts, accounting for
the high TOC removal observed within the first 10 min. To assess
the influence of coexisting anions, four common species (Cl−1

30 mg L−1, NO3
−1 mg L−1, SO4

2− 50 mg L−1, CO3
2− 50 mg L−1) were

introduced (Figure 4d). Among them, only CO3
2− led to reduced

degradation efficiency, likely due to pH variation, whereas the
Angewandte Chemie International Edition, 2026
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FIGURE 3 (a) XANES spectra of Fe K-edge, (b) FTs of κ3-weighted Fe K-edge EXAFS data, and (c) WTs for the κ3-weighted Fe K-edge EXAFS
signals. (d) XANES spectra of Te K-edge, (e) FTs of κ3-weighted Te K-edge EXAFS data, and (f) WTs for the κ3-weighted Te K-edge EXAFS signals.

FIGURE 4 (a) CBZ degradation when Fe SAs/NC, FeTe DAs/NC, Te SAs/NC and NC were used as catalysts and (b) the corresponding kinetic
constants. (c) TOC removal in the process of CBZ degradation, (d) Effect of different ions on CBZ degradation, (e) degradation of CBZ in environmental
water samples, and (f) different Pollutants of degradation removal in the FeTe DAs/NC system with PMS. (Experimental conditions: 100 mL reaction
solution, 10 mg L−1 pollutants, 2 mM PMS, 100 mg L−1 catalyst, 6.0 pH).

Angewandte Chemie International Edition, 2026 5 of 10
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FIGURE 5 (a) DMPO and (b) TEMP spin-trapping EPR spectra of FeTe DAs/NC system with PMS. (c) Quenching experiments for the degradation
of CBZ in the FeTe DAs/NC-PMS system and (d) the corresponding kinetic constants. (e) Open-circuit potential (OCP) curves monitoring upon sequential
injection of PMS and SMX, and (f) EIS spectra of Fe SAs/NC, FeTeDAs/NC, and Te SAs/NC (Inset: equivalent circuit diagram). (Experimental conditions:
100 mL reaction solution, 10 mg L−1 pollutants, 2 mM PMS, 100 mg L−1 catalyst, 6.0 pH).
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thers showed negligible effects. Furthermore, CBZ degradation
as evaluated in practical water matrices, including artificial lake
ater and tap water (Figure 4e), where the system maintained

he high catalytic performance, demonstrating its robustness in
omplex environments. Reusability tests confirmed that FeTe
As/NC retained ∼100% degradation efficiency over five cycles

Figure S24), with minimal Fe and Te leaching (∼100 and ∼20
g L−1, respectively), well below safety thresholds. The kinetic
onstant remained stable at 0.08 min−1, confirming the long-term
urability of the catalyst, which was further confirmed by XRD
nd Raman spectra (Figures S25–S27). Finally, to further assess its
ersatility, six representative pharmaceuticals (sulfamethoxazole
SMX), sulfisoxazole (SSM), norfloxacin (NFC), ofloxacin (OFC),
iclofenac (DF), and ibuprofen (IBU)) were tested (Figure 4f).
xcept for IBU with ∼52% removal efficiency and 0.0094 min−1

egradation rate constant, all other pollutants were degraded with
fficiencies exceeding 90% within 60 min and higher degradation
ate constants (Table S4), further indicating the strong catalytic
erformance of the FeTe DAs/NC-PMS system.

.3 Mechanism of Catalytic Degradation

lectron paramagnetic resonance (EPR) spectroscopy was
mployed to identify reactive oxygen species (ROS) in the
eTe DAs/NC-PMS system. Compared with Fe SAs/NC and Te
As/NC, a characteristic seven-line EPR signal of 5,5-dimethyl-
-pyrrolidone-N-oxyl (DMPOX) was observed only in FeTe
As/NC (Figures 5a and S28 and S29) [11, 29]. Since DMPOX

ypically originates from the oxidation of DMPO by an intense
urst of ∙OH, high-valent metal species, or singlet oxygen (1O2),
of 10
control experiments were conducted to clarify the origin [30,
31]. When water was replaced with methanol (MeOH), the
characteristic peaks of DMPOX disappeared completely (Figures
S30–S32), indicating that radical pathways (∙OH or SO4

∙−)
are involved [30]. Further EPR measurements confirmed the
generation of 1O2 in the FeTe DAs/NC–PMS system at both 5
and 10 min (Figure 5b), whereas the signals in Fe SAs/NC and
Te SAs/NC appeared significantly weaker (Figures S33 and S34),
indicating a synergistic effect in the dual-site system.

To evaluate the contributions of reactive oxygen species toward
CBZ degradation, quenching experiments using furfuryl alcohol
(FFA, 5 mM) were performed [32]. Even upon efficient quenching
of 1O2, the removal efficiency of CBZ remained at 80% (k =
0.0392 min−1), indicating that 1O2 plays only a minor role in both
DMPO oxidation and CBZ degradation (Figure 5c,d). Similarly,
quenching tests with dimethylsulfoxide (DMSO) (5 mM) ruled
out the involvement of high-valent iron species in the oxidation
of DMPO (Figure S35). In contrast, radical (∙OH and SO4

∙−)
scavengers MeOH (500 mM) and EtOH (500 mM) showed
moderate inhibition on CBZ degradation (90% removal efficiency
and k = 0.0379 min−1, 80% removal efficiency and k = 0.0247
min−1), while tertiary butanol (TBA, 500 mM), a selective ∙OH
scavenger [33], exhibited the strongest suppression (50% removal
efficiency, k = 0.0139 min−1), implicating ∙OH as the primary
ROS to oxidize the DMPO into DMPOX in EPR results. The
partial inhibition by TBA indicates surface-bound ∙OH species,
rather than free radicals in solutions. However, TBA did not
completely prohibit the CBA degradation, suggesting that ∙OH is
primarily surface-bound on the catalyst [9, 34]. Phenol (PhOH,
5 mM) is commonly used to probe the role of surface-confined
Angewandte Chemie International Edition, 2026
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pecies. Upon its addition to the FeTe DAs/NC-PMS system, the
emoval efficiency is just 12%, and the kinetic constant is close
o 0, showing that the surface active species is the dominant ROS
esponsible for CBZ degradation [10, 34]. Notably, compared with
he Fe SAs/NC and Te SAs/NC systems (Figures S36 and S37),
eTe DAs/NC exhibited a significantly greater suppression of CBZ
emoval upon TBA addition, further confirming the dominant
ontribution of surface-confined ∙OH in the dual-atom catalyst
ystem. Upon addition of fluoride ions (F−

, 5 mM), which pro-
ote the desorption of surface-bound ∙OH via hydrogen bonding

34–36], the inhibitory effects of MeOH (500 mM) and TBA
500 mM) were further enhanced (Figure 5c,d). This observation
ndicates that surface-confined ∙OH was gradually released into
he solution and participated in pollutant degradation. These
indings are consistent with the observed TOC removal (∼80%
ithin 60 min), highlighting the sustained activity and effective
tilization of surface-bound ROS.

o reveal electron transfer behavior, open-circuit potential (OCP)
easurements were conducted (Figure 5e). Upon PMS addition,

he OCP of the FeTe DAs/NC system increased by 0.45 V, higher
han those of Fe SAs/NC (0.32 V) and Te SAs/NC (0.19 V),
ndicating stronger electron-transfer interactions with PMS in
he asymmetric dual-site system. No significant OCP change was
bserved after the addition of CBZ, suggesting limited direct
lectron transfer between CBZ and the catalyst. Chronoamper-
metry measurements (Figure S38) showed an increased current
pon PMS addition, whereas no noticeable change occurred
fter CBZ introduction [37], further excluding a direct electron
ransfer pathway. These observations suggest the formation of

metastable PMS/FeTe DAs/NC surface complex as the active
latform for ROS generation [3]. Electrochemical impedance
pectroscopy (EIS) reveals that FeTe DAs/NC has the lowest
nterface resistance (Rs, R1, and R2) among all catalysts (Figure 5f;
able S5). The CPE elements from the equivalent circuit diagram
lso show the higher capacitance with greater active surface area,
nderscoring the role of asymmetric dual-atom sites in enhancing
lectron transfer kinetics during ROS activation.

.4 DFT Calculations

ensity functional theory (DFT) calculations were conducted
o elucidate the role of p–d orbital coupling in modulating
MS activation. As shown in the projected density of states
PDOS, Figures 6a and S39), the Fe d-band center in FeTe
As/NC (−3.43 eV) was slightly lower than that in Fe SAs/NC
−3.39 eV), suggesting a more favorable adsorption energy for
ey intermediates. Moreover, the Fe d-orbital density increased
rom 4.57 to 5.20, indicating strong Fe–Te electronic coupling.
he orbital contributions around the Fermi level were dominated
y Fe 3d and Te 5p states, and the negative integrated crystal
rbital Hamilton population (ICOHP) confirms the formation
f covalent Fe–Te interactions (Figure 6b). Significant orbital
verlaps between Fe 3d and Te 5p was observed below the Fermi
evel (∼5 eV), corroborated by a notably negative ICOHP value
f −26.03, further evidencing p–d orbital hybridization [23]. To
irectly visualize the electronic coupling between Fe and Te
toms, differential charge density calculations were performed
Inset of Figure 6b). Pronounced charge redistribution is observed
t the Fe–Te interface, with electron depletion regions (cyan)
ngewandte Chemie International Edition, 2026
concentrated around Te atoms and electron accumulation regions
(lime) localized on Fe atoms. This distinct charge separation
clearly reveals significant electron transfer from Te to Fe. Quan-
titative Bader charge analysis further indicates that Te bears
a positive charge of +0.576 e, whereas Fe carries a charge of
+0.037 e. Such an electronic configuration demonstrates that
Te incorporation tailors the electronic structure of Fe sites,
stabilizing them in a slightly electron-deficient metastable state.
Notably, the synergistic effect of these two positively charged
centers generates a strongly electrophilic environment, which
greatly facilitates PMS activation and strengthens electrostatic
attraction toward negatively charged HSO5

−, thereby promoting
subsequent S─O bond cleavage. Analysis of the Te p-orbital
PDOS (Figures 6c and S40) showed a substantial increase in
FeTe DAs/NC (2.09) compared to Te SAs/NC (0.16), confirming
substantial electron donation from Fe to Te and strong orbital
mixing between Fe and Te. This electron delocalization around
Fe enhances PMS adsorption, as reflected by the more negative
PMS adsorption energy on FeTe DAs/NC relative to Fe SAs/NC
and Te SAs/NC (Figure 6d). This was further validated by in
situ ATR-FTIR, where a prominent S─O vibrational band at 1098
cm−1 appeared in the FeTe DAs/NC-PMS system (Figure 6e) [10],
confirming effective PMS adsorption and activation.

For the rate-determining step (RDS) of generating ∙OH/1O2,
except for the pathway of generating ∙OH in the Fe SAs/NC-PMS
system with a lower 0.83 eV energy barrier, the pathway of gen-
erating ∙OH/1O2 in the FeTe DAs/NC-PMS system presents the
lower energy barriers than Fe SAs/NC-PMS and Te SAs/NC-PMS
systems, with 1.61 and 1.52 eV, respectively. These findings suggest
a synergistic Fe–Te interaction that facilitates PMS activation and
ROS production. However, the desorption of ∙OH/1O2 from FeTe
DAs/NC was thermodynamically less favorable than in the other
two systems, implying a higher probability of surface-bound ROS
retention. With respect to surface hydroxyl radicals, desorption
via Fe─O bond cleavage requires overcoming a thermodynamic
barrier of −2.6 eV. This arises because the Fe atom strengthens its
binding to the oxygen species by partially reducing its orbital over-
lap with Te. Consequently, when hydroxyl radicals are present
on the surface, the bonding contribution in the Fe–O COHP
overwhelmingly dominates (Figure 6f), yielding an ICOHP of
−19.33 eV. Meanwhile, the presence of surface radicals decreases
the Fe–Te ICOHP to −18.48 eV, highlighting that the d–p orbital
overlap between the Fe and Te atoms plays a critical role in
stabilizing surface oxygen-containing radicals [24]. These results
are consistent with the experimental observation that surface-
confined ∙OH is the dominant reactive species. Overall, the
p–d orbital hybridization induced by Te incorporation facilitates
electron delocalization at the Fe site, leading to enhanced PMS
adsorption and ROS activation, ultimately contributing to the
formation and retention of surface-bound ∙OH.

3 Conclusion

In summary, we have developed an asymmetric Fe–Te
pairs catalyst (FeTe DAs/NC) featuring strong p–d orbital
hybridization, which enables efficient PMS activation and
selective generation of surface-bound ∙OH for the robust
degradation of emerging micropollutants. Compared with
single-atom analogs, FeTe DAs/NC delivers markedly
7 of 10
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FIGURE 6 (a) Partial density of states for Fe of FeTe DAs/NC (inset: atomic configuration of FeTe-N3C3). (b) COHP data of Fe d orbitals and Te p
orbitals on the FeTe DAs/NC (Inset: differential charge distribution diagram). (c) Partial density of states for Te of FeTe DAs/NC. (d) Gibbs free energy
of PMS and intermediates absorbed on Fe-N4, FeTe-N3C3, and Te-C4. (e) In situ ATR-FTIR spectra of PMS, Fe SAs/NC-PMS, FeTe DAs/NC-PMS, and
Te SAs/NC-PMS. (f) pCOHP analysis of the Fe atom and O/Te atom of *OH species on the FeTe DAs/NC.
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