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Polarized Mo–O Units on g-C3N4 for Enhanced Photo-Fenton 
Activity 
Jun Zhao,†a Zhihao Li,†a Hongjian Deng,†b Wenjian Ma,a Hui Wang,*a Qun Zhang *abc and Xiaodong 
Zhang *a

Photo-Fenton-based technology offers a promising approach to 
organic wastewater treatment, whereas its efficiency is often 
limited by poor charge separation and weak H2O2-activation ability. 
To address this issue, we designed a catalyst featuring polarized 
Mo–O units supported on graphitic carbon nitride (denoted as CN-
Mo-O). Photoluminescence and transient absorption spectroscopic 
analyses show that the Mo–O units facilitate efficient charge 
separation and prolongs charge-carrier lifetime. Theoretical 
calculations indicate that partial polarization creats Moδ+–Oδ− 
active center and lowers the surface work function, accelerating 
H2O2 adsorption and splitting to drive the formation of superoxide 
radicals. Benefiting from the synergistic regulation of photoexcited 
dynamics and surface activation pathways, CN-Mo-O exhibits 
excellent photo-Fenton catalytic performance in degrading model 
organic pollutants. This work highlights the coordination design of 
active centers as an effective strategy for synchronously optimizing 
photophysical and catalytic properties. 

Searching effective protocols for organic-wastewater treatment has 
become a crucial prerequisite for ensuring sustainable societal 
development.1,2 Since its first report in 1894,3 the Fenton reaction 
involving redox reactions between Fe2+/Fe3+ and H2O2 to generate 
reactive oxygen species (ROS) for pollutant degradation, has been 
widely applied in wastewater treatment.4,5 As an integration of 
Fenton chemistry and photocatalysis, the photo-Fenton process not 
only accelerates the metal-ion redox cycles in catalysts, but also 
offers advantages such as operational simplicity, environmental 
friendliness, and avoidance of secondary pollution.6,7 For designing 
photo-Fenton catalysts, such integration requires synergistic 
regulation of catalytic active sites and photoexcitation properties.8,9

Atomically precise engineering has been a powerful pathway for 
designing advanced photocatalytic systems by integrating 
photoactive centers catalytic active sites.10-12 Catalysts with well-

defined, atomically dispersed active sites possess tunable electronic 
structures and coordination environments. By precisely tailoring the 
coordination environment, such as tuning the types of coordinating 
atoms,13 introducing adjacent vacancies,14 adjusting electronic 
states,15 or modifying geometric configurations,16 it is possible to 
regulate reactant adsorption-desorption behavior, activation 
efficiency of target molecules, charge separation kinetics, and 
excited-state electronic properties and lifetimes.17,18 While 
traditional attention has focused on coordinated single-metal sites, 
the introduction of metal–oxygen (M–O) units provides additional 
degrees of freedom for electronic regulation. The inherently 
polarized character of asymmetric M–O unit effectively tune the 
electronic state of the metal center, not only accelerates charge 
separation and transfer but also optimizes adsorption energy of key 
reaction intermediates.19 

Graphitic carbon nitride (g-C3N4), a metal-free conjugated polymer 
semiconductor, has been demonstrated to be an ideal support for 
anchoring atomically dispersed active sites due to its versatile 
coordination environments, excellent chemical stability, and diverse 
sources.20,21 In this study, we constructed two types of atomically 
dispersed molybdenum sites on g-C3N4: a nitrogen-coordinated Mo 
site (CN-Mo) and a terminal-oxygen-coordinated Mo site (CN-Mo-O). 
This design aims to systematically tune the photoexcited-state 
properties of the catalysts (such as charge-separation efficiency and 
carrier lifetime) and reactive-site properties (like adsorption and 
activation) behavior toward reactants. 

The samples were prepared by controlling the calcination 
atmosphere. Then the morphology and structure of the samples 
were first characterized by transmission electron microscopy (TEM) 
images, which reveal that CN, CN-Mo-O, and CN-Mo samples all 
exhibit amorphous aggregate morphologies (Fig. S1a, S2 and S3a). 
The atomic-resolution high angle annular dark-field scanning TEM 
(HAADF-STEM) images (Fig. 1a and S3b) show isolated bright dots in 
CN-Mo and CN-Mo-O, corresponding to individual Mo atoms. The 
energy-dispersive X-ray spectroscopy (EDS) elemental mapping 
confirm homogeneous distribution of Mo, C, and N (Fig. 1b and S3c). 
The X-ray diffraction (XRD) patterns in Fig. S4 give characteristic 
peaks at 13.1° and 27.4°, corresponding to the in-plane arrangement 
of tri-s-triazine units and graphene-like π-π layer stacking structure, 
respectively.22,23 Compared with that of pristine CN, the peak 
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intensities of CN-Mo and CN-Mo-O are significantly reduced, 
indicating that Mo introduction might weaken the structural 
ordering of carbon nitride matrix.24 The characteristic stretching 
vibration bands of C–N heterocycles between 1200 and 1600 cm-1 in 
the Fourier-transform infrared (FT-IR) spectra (Fig. S5a) confirm the 
maintained carbon nitride matrix after single-atom 
modifications.25,26 The bending vibration peak of triazine ring around 
809 cm-1 exhibit a pronounced red shift (Fig. S5b),27 hinting 
coordination interactions between Mo and N atoms in the CN 
framework. The thermogravimetric-differential scanning calorimetry 
(TG-DSC) analysis reveal that single-atom incorporation reduced the 
thermal stability of the CN framework (Fig. S6). The nitrogen 
adsorption–desorption measurements indicate that the anchoring of 
Mo species effectively increase the specific surface area and optimize 
the pore structure (Fig. S7). X-ray photoelectron spectroscopy (XPS) 
spectra (Fig. S8) confirm Mo–N bond formation in CN-Mo and CN-
Mo-O, indicating successful Mo incorporation. A new O 1s peak at 
530.5 eV in CN-Mo-O (Fig. S8d) is assigned to Mo–O bonds, with 
lower binding energy than adsorbed or C–O oxygen, suggesting 
higher electron density. Mo 3d spectra (Fig. S8e) show distinct Mo 
states, CN-Mo-O has more Mo6+ than CN-Mo, indicating Mo–O bonds 
drive Mo to a higher oxidation state. The Mo6+ 3d5/2 peak in CN-Mo-
O exhibits a clear blue shift relative to CN-Mo, reflecting reduced 
local electron density, likely due to polarized Mo–O units.

Fig. 1 (a) Atomic-resolution HAADF-STEM and (b) EDS mapping images of CN-Mo-
O. (c) FT-EXAFS curves of CN-Mo-O, CN-Mo, standard Mo-foil, and MoO3 at the 
Mo K edge. (d) FT-EXAFS fitting curves of CN-Mo-O at the Mo K edge, which is the 
large version of CN-Mo-O in Fig. 1c for better illustration.

X-ray absorption near-edge structure (XANES) and extended 
X-ray absorption fine structure (EXAFS) analyses probe the local 
coordination and electronic states of Mo. The XANES spectra 
(Fig. S9) show that the absorption edge energies of both 
samples lie between those of metallic Mo foil and MoO3. In k-
space (Fig. S10), CN-Mo and CN-Mo-O exhibit similar oscillations 
at 0–12 Å-1, but CN-Mo-O resembles MoO3 in the 12–14 Å-1 
region, suggesting a molybdenum oxide-like local environment. 
In the Fourier-transform (FT) R-space spectra (Fig. 1c), CN-Mo 
shows a dominant peak at 1.23 Å, corresponding to Mo–N 
coordination. In CN-Mo-O, a new peak appears at 1.17 Å, 

consistent with Mo–O coordination in MoO3. Although the bond 
lengths of Mo–O and Mo–N are similar,22 XPS and spectral 
analysis confirm that the main peak in CN-Mo arises from Mo–
N, while the new peak in CN-Mo-O reflects the formation of 
Mo–O bonds. EXAFS fitting confirms the coexistence of Mo–N 
and Mo–O bonds in CN-Mo-O, forming a composite structure of 
anchored Mo–N sites and surface Mo–Ox species (Fig. 1d). A 
weak feature near 3.5 Å indicates minor Mo–Mo metallic 
bonding, but HAADF-STEM confirms that isolated Mo atoms 
dominate in both samples, and the trace clusters are not the 
dominant factor responsible for the performance differences 
between the two materials.

Fig. 2 (a) Steady-state and (b) time-resolved PL spectra of CN, CN-Mo-O, and CN-Mo. (c) 
Representative fs-TA spectra taken at the 2-ps probe delay for the three samples, along 
with the corresponding kinetic traces of (d) CN, (e) CN-Mo-O, and (f) CN-Mo.

The photoexcitation properties of the samples are investigated by 
spectroscopic analyses. The ultraviolet–visible (UV–vis) absorption 
spectra reveal that all samples display the intrinsic g-C3N4 band-edge 
absorption below 460 nm (Fig. S11), while CN-Mo and CN-Mo-O 
exhibit enhanced absorption in the visible–near-infrared region (λ > 
460 nm) due to Mo coordination with the CN matrix. Steady-state 
photoluminescence (PL) spectra demonstrate a substantial decrease 
in PL emission intensity in the order of CN, CN-Mo-O, and CN-Mo (Fig. 
2a), and normalized PL spectra (Fig. S12) indicate different 
modulation of electronic energy levels by Mo–O and Mo. Time-
resolved PL measurements show average lifetimes of 1.65 ± 0.30 ns 
(CN), 2.16 ± 0.30 ns (CN-Mo-O), and 1.27 ± 0.30 ns (CN-Mo) (Fig. 2b, 
Tab. S1). The prolonged lifetime in CN-Mo-O suggests more efficient 
migration of photogenerated charge carriers to the surface for 
photo-Fenton reactions. Transient photocurrent measurements (Fig. 
S13) further confirm that CN-Mo-O exhibits the highest photocurrent 
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density, supporting its superior charge separation and transfer 
efficiency. 

To investigate photogenerated carrier dynamics, 
femtosecond time-resolved transient absorption (fs-TA) 
spectroscopy was performed. Fig. S14 shows fs-TA spectra of 
CN, CN-Mo-O, and CN-Mo. A broad negative signal between 
440–600 nm (Fig. 2c) corresponds to the ground-state bleach 
(GSB), which is characteristic of g-C3N4-based materials and 
signifies the depopulation of the ground state due to 
photoexcitation. The attenuation of the GSB signal upon Mo-
modification suggests a rapid depletion of the photoexcited 
state, likely due to an ultrafast electron transfer process from 
the g-C3N4 framework to the incorporated Mo-species. Global 
analysis of kinetic traces at 480, 490, and 500 nm (Fig. 2d–f) 
reveals average lifetimes (τave) of 239.80 ± 12.97 ps for CN, 24.10 
± 1.71 ps for CN-Mo-O, and 4.81 ± 0.28 ps for CN-Mo. The long 
lifetime in CN reflects slow exciton dissociation and limited 
charge separation. In CN-Mo, the markedly shortened lifetime 
indicates that Mo sites efficiently promote exciton dissociation. 
However, the concurrently short PL lifetime suggests that these 
sites also introduce strong non-radiative recombination 
channels, rapidly annihilating photogenerated carriers and 
limiting their participation in surface reactions. In contrast, the 
Mo–O structure in CN-Mo-O both accelerates exciton-to-charge 
conversion and suppresses non-radiative recombination, 
providing more long-lived free carriers for surface catalysis.

Fig. 3 EPR spectra of CN, CN-Mo-O, and CN-Mo/visible photo-Fenton systems for 
trapping (a) ·O2- and (b) ·OH. (c) Photo-Fenton catalytic methyl-orange 
degradation in different systems (catalyst dosage = 0.2 mg·mL−1; [H2O2] = 50 uM; 
[Methyl Orange] = 20 mg·L−1). (d) pH-dependent CN-Mo-O-based photo-Fenton 
catalytic methyl-orange degradation. (e) Schematic diagram of the H2O2 
activation.

According to the above analyses, we anticipated CN-Mo-O to hold 
superior photo-Fenton catalytic capacity. Electron paramagnetic 
resonance (EPR) measurements were carried out to examine ROS 
generation during the photo-Fenton process. As shown in Fig. 3a, 
both CN-Mo-O–H2O2 and CN-Mo–H2O2 produce weak DMPO–·O2- 
signals in the dark, indicating slow H2O2 activation at Mo sites. Under 
light illumination, all samples show stronger signals, while CN-Mo-O–
H2O2 displays the highest intensity, confirming its superior ability to 
generate ·O2-. EPR measurements for ·OH detection (Fig. 3b) show 
weak DMPO–·OH signals in the dark and no meaningful increase 
under light, suggesting that H2O2 activation at Mo sites mainly yields 
·O2- rather than ·OH. The minor deviant signals detected may 
originate from interference by short-lived ·O2- species. This 
observation aligns with reports that Mo species favor ·O2- formation 
through reactions with multiple H2O2 molecules.28 We further 
quantified reactive oxygen species using molecular probes. After 10 
min illumination, the CN–Mo–O–H2O2 system generate the most ·O2- 
(Fig. S15a), while producing almost no ·OH (Fig. S15b). The results 
agree with EPR data, confirming that CN-Mo-O selectively and 
efficiently generates ·O2-.

Fig. 4 The calculated DOS of (a) CN-Mo and (b) CN-Mo-O. Bader charge analyses of (c) 
CN-Mo and (d) CN-Mo-O. The work functions (Φ) of (e) CN-Mo and (f) CN-Mo-O.

Methyl orange is used as a model pollutant to evaluate 
photo-Fenton catalytic performance. Under visible light, CN-
Mo-O achieves 60% degradation in 25 min, significantly 
outperforming CN-Mo (16%) and CN (5%) (Fig. 3c). In the 
darkness, CN-Mo-O degrades only 14% of methyl orange, 
highlighting the essential role of light. Without H2O2, the 
photocatalytic efficiency of CN-Mo-O is 17% (Fig. S16), 
confirming the critical role of H2O2. Apparent rate constants (k) 
further quantify this trend (Fig. S17). CN-Mo-O exhibit the 
highest k (0.0322 min-1), 4.7 and 17.9 times those of CN-Mo 
(0.0068 min-1) and CN (0.0018 min-1), respectively. These results 
confirm the superior photo-Fenton activity of CN-Mo-O. 
Quenching experiments identify ·O2- as the main driver of 
methyl orange degradation by CN-Mo-O (Fig. S18). Catalyst 
dosage and H2O2 concentration are further optimized (Fig. S19). 
The CN-Mo-O system maintains high degradation efficiency 
over pH 5-9 (Fig. 3d) and retains stable activity after six 
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consecutive cycles (Fig. S20), demonstrating good adaptability 
and reusability. Open-circuit potential measurements show 
that CN-Mo-O has the strongest H2O2 adsorption, while the 
potential change under light indicates a transition from simple 
adsorption to an efficient catalytic cycle with rapid electron 
transfer and H2O2 activation (Fig. S21, 3e).

To clarify the electronic structure modulation of the Mo 
single-atom site by O coordination and its role in the photo-
Fenton reaction, computational models of CN-Mo and CN-Mo-
O are constructed (Fig. S22), and DFT calculations are 
performed, including Density of States (DOS), differential 
charge density, Bader charge, and work function analyses. The 
DOS comparison shows that in CN-Mo, the Mo states constitute 
a significant component within the valence band (Fig. 4a). In 
contrast, for CN-Mo-O (Fig. 4b), the contribution of the Mo d-
orbitals shifts markedly above the Fermi level into the 
conduction band region, and the O atom forms distinct features 
near the conduction band bottom. This electronic 
reconstruction creates a hybridized conduction band with 
acceptor character, enabling more efficient electron capture 
and transfer from the CN matrix. Charge density difference 
maps show electron accumulation around the O atom in the 
Mo–O unit (Fig. 23a, b). Bader charge analysis shows that Mo in 
CN-Mo-O has 11.92 e, while the coordinated O has 6.99 e. 
Compared to the Mo charge in CN-Mo (12.77 e), the electron 
population on Mo (14 e, Mo_sv pseudopotential) is further 
reduced (Fig. S23c, d). This indicates significant electron 
transfer from Mo to O, thereby forming a polarized Moδ+–Oδ− 
unit in CN-Mo-O. The electron-deficient Moδ+ can act as a Lewis 
acid site, anchoring the oxygen of H2O2 via electrostatic and 
electrophilic interactions, which stabilizes adsorption and 
promotes interfacial electron transfer. Work function (Φ) 
calculations reveal that CN-Mo-O has a lower Φ than CN-Mo 
(Fig. 4c, d), indicating a stronger tendency to donate electrons. 
This provides favorable initial thermodynamic conditions for the 
Mo site to act as an electron donor and drive subsequent H2O2 
heterolysis reactions. Overall, O coordination modulates the 
Mo electronic structure, enhances electron capture, and by 
forming a polarized unit and lowering the work function, 
synergistically optimizes H2O2 adsorption and activation.

In conclusion, this work demonstrates that tailoring the 
coordination environment of molybdenum active sites in photo-
Fenton catalysts can synergistically regulate both photoexcitation 
dynamics and surface reactivity. Specifically, a catalyst with polarized 
Mo–O units on graphitic carbon nitride was prepared. Spectroscopic 
analyses and theoretical simulations reveal the dual role of the Mo–
O units: As for photoexcitation dynamics, they enhance charge-
separation efficiency and prolong carrier lifetime, ensuring effective 
use of photogenerated electrons. In terms of the surface activation 
pathway, the Mo–O units form a polarized Moδ+–Oδ− active center 
and lower the surface work function, which thermodynamically 
facilitates electron transfer and interfacial reactions. These features 
collectively endow CN-Mo-O with superior photo-Fenton activity and 
efficient superoxide radical generation. This work highlights 
coordination-directed design as a generalizable strategy to advance 
the efficiency of heterogeneous photo-Fenton systems for 
environmental remediation.
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