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Iron-based catalysts are generally used to activate oxidizing species, such as hydrogen peroxide by increasing
homogeneous active substances like free radicals, to promote the degradation of organic matter. However, less
attention has been paid to the reactions on the surface or the generation of heterogeneous metal-oxo species.
Herein, oxygen vacancies (Vo) were introduced into Fe oxides by a calcination-induced hetero-atom doping
modification. The characteristic peak of the heterogeneous hypervalent iron-oxo [=Fe!V=0] species in the
UV-Vis spectrum at 371 nm was observed. In the context of electrochemical experiment, Vo-rich Mn-Fe;03
significantly enhanced the electron conduction of sulfamethoxazole and H2O5, while simultaneously inhibiting
the self-decomposition of potassium ferrate (Fe(VI)). Regarding the H30; generated during the self-
decomposition process of Fe(VI), Vo-rich Mn-Fe3O3 can accelerate the degradation of sulfamethoxazole,
increasing the reaction rate to 0.1081 min~! (with a 30.05 % improvement in removal efficiency). Density
functional theory calculations indicate that Vo leads to an enhanced capture of O atoms by the low-coordinated
Fe atoms, promoting the anchoring of HyO, and the formation of the active =Fe'V=0 with a higher spin state.
This work proposes heterogeneous reactive species on the surface of metal oxidase, constructing Vo as the O
atom capture sites in iron-based oxides to facilitate the formation of =Fe!V=0 and the degradation of organic
compounds.

1. Introduction

For the remediation of trace and refractory pollutants in water, the
advanced oxidation processes (AOPs) in wastewater treatment are
gaining increasing attention due to their excellent degradation capacity.
Owing to its stronger ability to capture electrons in aqueous phases with
protonation increasing [1], ferrate (Fe(VI)) possesses a powerful
oxidation capacity, which has been demonstrated in organic matter
degradation [2]. Considering the remarkable oxidation capacity of
hypervalent iron (Fe(IV)) and Fe(V)) species, the exploration of path-
ways for the activation or catalysis of Fe(VI) has been further advanced.
This is achieved through the utilization of transition metal ions in low or
intermediate valence states [3], heterogeneous catalysts such as layered
double hydroxide particles [4,5], colloid transition metal oxides [6,7] ,
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and even nanoscale zerovalent iron [8]). Most of these activations
accelerate the oxidation of organic matter by stimulating the production
of Fe(V) and Fe(IV) from the reduction of Fe(VI), which could produce
H20, in this process [9]. However, the oxidation capacity of HzO2
produced by the self-decomposition of hypervalent iron is less than that
of Fe(V) and Fe(IV) and has rarely received comparable attention in Fe
(VI) system [10]. Furthermore, the iron particles produced during this
process have attracted even less attention.

Inspired by those natural enzymes using porphyrins or delicate li-
gands to heterolytically generate the Fe-oxo species [11,12], ferric ox-
ides have demonstrated strong catalytic performance in oxygen-atom
transfer reactions, leading to the formation of Fe-oxo species with
notable oxidative capacity [13]. Heterogeneous catalysts prepared by
doping iron with manganese have also shown great potential for
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activating peroxymonosulfate (PMS) and H20: [14,15]. This enhanced
activity is attributed to oxygen vacancies (Vo) on metal oxide surfaces
[7]. The doping of elements with similar atomic radius can easily cause
lattice distortion, thereby facilitating the formation of Vo [16]. Previous
studies have confirmed the formation of heterogeneous =Fe'V=0 species
on the surface of iron-based catalysts with hetero-atomic doping, which
efficiently active HyO» or other oxidizing agents [17-19]. Therefore, it is
desirable to explore the catalytic performance of Mn-doped Fe oxides for
H20; generated during the self-decomposition of Fe(VI).

In this study, Vo-rich Mn-Fe;O3 was constructed from iron oxides
and manganese oxides via calcination in an oxygen-poor atmosphere.
The oxidation selectivity of Fe(VI) and HyOy toward aromatic com-
pounds with different functional groups, mediated by the Vo-rich Mn-
FeyO3 catalyst, was systematically investigated to advance the mecha-
nistic understanding of heterogeneous reactions in AOPs. The catalytic
mechanisms of Vo-rich Mn-Fey03 in the Fe(VI) and H20, system were
elucidated by evaluating its catalytic activity, dominant reactive species
and electron-transfer efficiency. The presence of =Fe'V=0 on the surface
of the catalyst was confirmed by spectroscopy and its formation process
was further analyzed via density functional theory (DFT). This work
proposed a feasible strategy to exploit defect-engineered iron-based
oxides for catalyzing Fe(VI) and Hy0O5 reactions in AOPs.

2. Materials and methods
2.1. Reagents

Iron(III) nitrate nonahydrate (Fe(NO3)3-9H50, 99.99 %), manganese
(ID) nitrate tetrahydrate (Mn(NO3)2-4H20, 99.99 %), sulfamethoxazole
(SMX), potassium hydroxide (KOH), acetonitrile, phosphoric acid,
horseradish peroxidase (HRP), 2,2-Azinobis-(3-ethylbenzthiazoline-6-
sulphonate) diammonium salt (ABTS), bisphenol A (BPA),
p-Nitrophenol (p-NP), phenol, acetaminophen (AcP), aniline, benzal-
dehyde 2,4-hexadiene (2,4-HD), tert-butyl alcohol (TBA), p-benzoqui-
none (PBQ), furfuryl alcohol (FAA) and methanol were all purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. All chemicals
were of analytical grade and used as received. H2O5 (30 %) was obtained
from Sinopharm Chemical Reagent Co., Ltd. Fe(VI) was synthesized in
the laboratory with a purity of over 90 % [20]. The water during ex-
periments was ultrapure with a resistivity of 20 MQ.

2.2. Preparation of Mn-Fe;O3 catalysts

The Mn-Fe03 catalyst was prepared by the coprecipitation method.
First, 100 mL of a 600 g-L ! KOH solution was prepared by dissolving 60
g of KOH under magnetic stirring for 2 h, followed by thorough cooling
to maintain a highly concentrated alkaline solution. Subsequently, at a
temperature below 5 °C, 5.19 g of Fe(NO3)3-9H20 and 19.37 g of Mn
(NO3)2-4H20 were slowly added to the strong alkaline solution under
rapid stirring to ensure complete dissolution.

The solids obtained were filtered and washed 3 times with deionized
water, followed by drying in a constant-temperature air oven at 105 °C
for 24 h. A portion of the dried powder was then transferred into a quartz
boat and placed in a tube furnace. Nitrogen was purged for 30 min to
remove most of the residual air. Calcination was performed by heating
the sample to 700 °C at a rate of 5 °C-min~, maintaining this temper-
ature for 4 h, and subsequently allowing the sample to cool naturally to
room temperature. The ground product was denoted as Mn-Fe;03-700.
When the material was used without high-temperature calcination
(maintained under 25 °C), the ground product was considered as
Mane203—25.

2.3. Characterization

The X-ray diffractometer (XRD, D8 Advance, Bruker) equipped with
Cu-Ka radiation at a scanning rate of 2° min~* over the range of 10°-90°
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(260) was utilized to measure the crystalline structure and phase purity.
Oxygen vacancy in the Mn-Fe;03 catalysts were characterized by room-
temperature electron paramagnetic resonance (EPR, A300, Bruker), and
radical signals were recorded in the absence of quenching agents. Ni-
trogen sorption isotherm experiments of Mn-Fe;03-25 and Mn-
Fes03-700 samples by the method of Brunauer-Emmett-Teller (BET)
with a QuadraSorb SI automated surface area and pore size analyzer
(Quantachrome Instruments) at 77K. The Mn-Fe;03-25 and Mn-
Fey03-700 samples were degassed at 200°C before measurement.
Barrett-Joyner-Halenda (BJH) method was utilized to analyze the dis-
tribution of mesopores and micropores. The Fourier-transform infrared
spectroscopy (FTIR, Nicolet iS50, Thermo) measurement of Mn-
Feo03-25 and Mn-Fe;03-700 samples was performed to identify surface
functional groups. The catalyst morphology and elemental mapping of
Mn-Fe,03 were examined by field emission scanning electron micro-
scopy (FE-SEM, SUS8230, Hitachi) and transmission electron micro-
scopy (TEM, FEI-TALOS-F200X, Thermo). The leaching elements Fe and
Mn were determined by inductive couple plasma optical emission
spectrometry (ICP-OES, 5110, Agilent) with the following parameters:
RF Power:1.20 KW; Plsama flow:12.0 L-min"}; Auxiliary flow:1.00
L-min~?!, All samples were filtered twice by a 0.22 pM nylon filter prior
to analysis. X-ray photoelectron spectroscopy (XPS, ESCALAB 250XI,
Thermo) was conducted to investigate the valence state of elements
using an Al K Alpha source in CAE mode at a pass energy of 30.00 ev and
energy step size of 0.10 ev.

2.4. Extended X-ray absorption fine structure (EXAFS) measurement

The Fe and Mn K-edge X-ray absorption fine structure (XAFS) spectra
were collected at the beamline of 4B9A in the Shanghai Synchrotron
Radiation Facility (SSRF, Shanghai, operated at 3 GeV with a maximum
current of 500mA).

2.5. EXAFS data analysis

The Fe and Mn K-edge X-ray absorption fine structure (XAFS) spectra
were collected at the beamline 4B9A in the Shanghai Synchrotron Ra-
diation Facility. The EXAFS data were normalized and simulated using
the ATHENA and ARTEMIS packages of IFEFFIT software. The global
amplitude EXAFS (CN, R, 62, and AE() were obtained by nonlinear
fitting, with least-squares refinement, of the EXAFS equation to the
Fourier-transformed data in R-space, using Artemis software, EXAFS of
the Fe and Mn foil is fitted and the obtained amplitude reduction factor
S02 value was set in the EXAFS analysis to determine the coordination
numbers (CNs) in the scattering path in sample. The obtained XAFS data
was processed in Athena (version 0.9.26) [21] for background, pre-edge
line and post-edge line calibrations. Then Fourier transformed fitting
was carried out in Artemis (version 0.9.26). The k3 weighting, k-range of
3-11.5 A~! and R range of 1-3 A were used for the fitting of MnO and
Mn-Sample.

2.6. Catalytic measurement for SMX degradation

The SMX degradation experiment was conducted in a 100 mL conical
flask. The initial pH of the reaction solution was adjusted to 9.20 using 1
mM borate buffer solutions at 25 °C. The reaction setup was placed on a
DF-101S heat-collecting constant temperature heating magnetic stirrer
and stirred at 500 rpm. At predetermined intervals, samples were
withdrawn, immediately quenched, and filtered through 0.22 pm
organic membranes before being transferred to vials for analysis. Each
experiment was performed in triplicate, and results are presented as
mean values with standard deviations in the figures.

2.7. Density functional theory (DFT) calculation

The first-principles calculations are performed using the framework



Z. He et al.

of DFT within the Vienna Ab-initio simulation package (VASP). The
exchange-correlation interaction was processed using a generalized
gradient approximation (GGA) in the form of Perdew-Burke-Ernzerhof
(PBE). The kinetic energy cutoff of the plane wave to extend the
Kohn-Sham electron wave function was set to 450 eV. The iterative
convergence of energy is 107 eV. All atoms were allowed to relax until
the Hellmann-Feynman force was less than 0.01 eV-A~1. The Brillouin
zone was sampled by a 1x2x1 k-point grid for MnFe;O4 and Vo-
MnFey04. The charge density difference is used to study charge transfer,
defined as Ap=p(A/B)-pA-pB. Where Ap is the charge density difference,
p(A/B) is the total electron density of the model. pA and pB are the total
electron densities of the isolated Fe site and the rest of the part,
respectively.

A model was constructed to study the formation of oxygen vacancy
and the reaction pathway of Fenton-like reaction. For Vo-MnFe;Oy4-
FelV=0 hetero-structures, the atomic positions and lattice parameters of
Vo on MnFe;O4 (110) were optimized. The reciprocal space was
sampled by the I'-centered Monkhorst-Pack scheme with a grid of
1x2x1. The optimized lattice parameters were as follows: a=16.14 A,
b=11.084, c=24.72A, =p = =90 °. To facilitate computation, oxygen
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atoms was removed the from the (110) plane of MnFe;O4. The bond
lengths of the Fe—O bonds before and after the adsorption of hydrogen
peroxide were compared. The energy differences before and after the
formation of =Fe!V=0 and electronic bond and anti-bond orbitals were
utilized to contrast the formation tendency of the heterogeneous
=Fe!V=0 at the Fe sites adjacent to the oxygen atom defects.

Gaussian16 was used to calculate the structure optimization and
vibration frequency of all organic compounds under B3LYP/6-31G(d,p)
functional and basis with SCRF=(SMD, solvent=water) and em=gd3bj
dispersion correction [22]. Highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) as well as the Energy
gap were calculated and plotted using Multiwfn (3.7 Version) [23,24]
and VMD (1.9.3 Version) [25].

3. Results and discussion
3.1. Characterization of catalysts

The XRD patterns of the Mn-doped Fe;O3 under different calcination
degree are shown in Fig. 1a. The Manganese oxide was found as 8-MnO,
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(JCPDS 80-1098), which is easy to cause oxygen vacancy (Vo) than
other MnO; configurations [26]. Another metal oxide is MnFeyO4
(JCPDS 10-0319) [27,28], which is readily available in co-
precipitation [29]. Ferrate oxide is also found as a-FeyOs (JCPDS
33-0664) [30]. The lattice planes (001) and (002) belonging to MnO,
shifted obviously with the addition of the calcination process due to the
compressive distortion of the cell caused by the defect of lattice structure
[31]. The signal of EPR corresponding to Vo was enhanced with the
addition of the calcination process in Fig. 1b and Fig. S1. The adsorption
property of the catalyst is weak in Fig.lc. The microstructure and
element distribution of the catalyst are confirmed by SEM and EDS
mapping (Fig. S2, S3) and TEM (Fig.1d). The average particle size of the
catalyst is about 1149 nm. There are some rough spherical or short rod-
like and spherical structures (20-1000 nm) attributed to Fe and Mn
oxidase [27]. (311) lattice plane belonging to MnFe;O4 was observed in
Fig. 1d and Fig. S3 ca.
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In Fig.S4, the chemical bonds belonging to Fe—0O and Mn—O are
weakened in the functional group region and amplified in the fingerprint
region. According to the Noda rule, Fe—O in the material weakens and
then strengthens before Mn—O (Fig. S4, Fig. S5 and Text S7). To further
detect inner structure information of the atom, the remarkable red shift
(7124.42 — 7123.67 eV) Fe K-edge X-ray adsorption near-edge structure
(XANES) shows that the iron in Mn-Fe;03 exhibits a lower valence state
and a higher electron density (Fig. 1e) [16]. The Fe K-edge pre-edge
region in the partial enlarged figure is attributed to the dipole-
forbidden 1 s — 3d [32], which usually indicates the appearance of a
less symmetrical tetrahedral site of the metal (y-Fe;Os3) [33]. The
enhancement of the white line peak means that it is easier for the
electrons of the Fe sample to make the 1 s — 4p orbital transition, which
involves the oxygen deficient [33]. Fig. 1f shows the X variation of the
Fourier transforms (FT) of the kzx(k)-weighted extended XAFS (EXAFS),
exhibited a prominent peak at 1.92 A which were corresponding to the
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Fe—O band distances in tetrahedron sites (Table S1). The 2nd peak
corresponding to the 2nd coordination shell (2.89 f\), which is corre-
sponding to Fe—Fe distances [34]. The faster decay of the R-space of the
Fe element means severe structural disorder [35], Wavelet transform
(WT) analysis of EXAFS (Fig. 1g and Fig. S6) reveals that the Fe—O bond
in the catalyst is moving slightly into higher K-space, possibly as a result
of the overhanging Fe—O bond that dominates the material surface
[36], compared with Fe;O3 and FegO4 in standard samples (Fig. S7). The
pre-edge of Mn reveals that there is more symmetrical octahedral co-
ordination around Mn (Fig. 1h) [37] , which means that the hybridi-
zation of the d orbitals of Mn with the P orbitals of the ligand O is weaker
and the probability of electron transition is lower [38]. It is worth noting
that the coordination number of Mn—oO is also less than 6 (Table S2),
which may be caused by the appearance of oxygen vacancies [36]. The
white line peak of Mn also increased. Interestingly, compared with
MnOs, crystal, the first coordination shell of the sample Mn has a 0.11 A
reduction corresponding to the Mn—O bond, which may be due to the
increase of Mn in tetrahedral coordination and the decrease of Mn in
octahedral coordination. The WT of Mn shows that the height (coordi-
nation number) of Mn-Mn/Fe is between MnO, and Mn,O3 (Fig. 1j,
Fig. S8 and Fig. S9).

3.2. Catalytic performance

Because the oxidation capacity of Fe(VI) is highly pH-dependent [39]
and strong complexation between phosphate anions and Fe(V) species
[40], borate buffer solution (BBS) was selected for Fe(VI) system.
Considering the low specific surface area and adsorption capacity of the
catalyst (Table S3), the adsorption of organic matter was initially
neglected.

In the Fe(VI) system, the Mn-Fe;03-700 achieved a degradation ef-
ficiency of 97.54 % for SMX within 60 min, compared with 80.87 % for
Fe(VI) alone (Fig. 2a). The difference became even more pronounced in
the H20: system, where SMX degradation decreased from 70.21 % (with
Mn-Fe;03-700) to 46.23 % (H202 alone), as shown in Fig. 2d. The Kyps of
SMX degradation by HyO5 increased from 0.6861 (HyO, alone) to
0.9267 (H202 with Mn-Fe;03-700). The activation effect of the catalyst
on the Fe (VI) and Hy0; systems was further verified in Fig. S10 and
Table S4. In addition, the interference experiments indicated that both
Cl"™ and HA exhibit inhibitory effects on the oxidation system (Fig.S11
and S12). In the Hy0, system, HCOg3 exhibits an inhibitory effect
because HCO3 quenches a portion of -OH, while in the Fe (VI) system,
the increase of HCO3 will reduce the pH of the solution and further
enhance the oxidizing property of Fe (VI). Evaluation of the degradation
intermediates from the two systems (Fig. S13 and S14) revealed that the
intermediates generated in the H202 system exhibit higher toxicity than
those in the Fe(VI) system. This is partly because Fe(VI) achieves more
thorough mineralization of SMX, and partly due to the non-selective
attack characteristic of free radicals—these radicals tend to cleave key
structures in the SMX molecule such as N-S bonds and benzene ring side
chains, leading to the formation of intermediates with highly toxic
functional groups including nitro (-NO2z) and aldehyde (-CHO) groups.
Although MnO, is known to catalyze H,O5 decomposition, its catalytic
effect didn't appear apparently in Fe(VI) system in Fig. 2a [7].The cat-
alytic performance of the as-prepared catalyst toward Hy0- activation
was benchmarked against that of other reported catalysts (Fig. S15).
While the H20: activation efficiency of this catalyst is moderate relative
to existing counterparts, it stands out for its remarkably low dosage
requirement—a key practical advantage for scalable applications.

Quenching experiments revealed that hypervalent iron species and
R* radicals dominate SMX degradation in the Fe (VI) system (Fig. 2b),
while -OH, R*, Oy and Fe'V=—0 were all contributors in Hy0, system
(Fig. 2e and Fig. S16). The catalyst showed poor reusability in the Fe(VI)
system, with a sharp decline in performance during the second cycle
(Fig. S15), whereas its activity was well maintained in the HyO, system.
This is because in the Fe(VI) system, Fe(VI) converts into Fe;O3 and Fe
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(OH)3, and the catalyst is severely contaminated by the oxidation
products (Fig. S18). XPS results (Fig. S19 and S20) show that after the
reaction in the HyO5 system, the Fe 2p peak shifts toward the region of
lower binding energy, indicating that Fe is gaining electrons; in contrast,
the Mn 2p peak shifts toward the region of higher binding energy, which
means Mn is losing electrons. In other words, HoO» promotes the con-
version of Mn to a higher oxidation state, while Fe transforms to a lower
oxidation state. In the Fe(VI) system, although Mn shows a greater
transition from low to high oxidation states, the conversion of Fe>* to
FeZ" is relatively limited. This is mainly caused by the interference of
exogenous Fe(VI). Interestingly, HoO, was produced in the Fe(VI) sys-
tem (Fig. 2g and Fig. S21), although it is hard for HyO to be catalyzed in
the Fe(VI) solution. This phenomenon can be explained by two factors.
First, excess HyO2 reacts with hydroxyl radicals to inhibit the degrada-
tion of organic matter [41,42](Egs.(1), (2)).

HO- + H,0,—HOO- + H,OK = 2.7 x 10’ mol-.L1.§7! (¢))

HO- + HOO-—»HO + 0, K = 6.0 x 10° mol-L"*.§7! 2

The species-specific rate constants were determined by a nonlinear
least-squares regression in the tested pH range 7-12, the overall reaction
is mainly controlled by the following two reactions 3 and 4 [39],
whereas Hy0; is not stably present under these conditions. The quench
reaction rate of TBA with hydroxyl radical is only 5 x 108 M~! s7! [43].
Once single electron transfer processes (ETPs) occur in the HyO4 system,
the inhibitory effect on organic matter degradation is further intensified
(Egs.(5)) [44], so that excess Hy05 does not show the better removal
efficiency.

HFe"'0; + HO, »products K = 1.34 £0.2 x 10° M*.s7! 3
Fe" 02~ + HO, —»products K = 2.32 £ 0.2 x 102 M~ !.s7* €]
e, + H0,—~HO-+ OH K=1.6 x 10" M ":s™" 5)

Second, Hy0- undergoes inefficient decomposition under alkaline
conditions, which limits its participation in the reaction [45]. Also, it is
well established that the self-decomposition of Fe (VI) significantly in-
creases the pH of the solution.

The slope of Linear free energy spectrum (p) can reflect the charac-
teristics of substituents in the aromatic ring. When p<0, the electron
donor groups are conducive to the reaction, indicating that the rate
control is the process of the accumulation of positive charge in the re-
action center [7,46,47], which is more remarkable in Fe(VI) systems
(Fig.2c, 2f, Fig. S22, S23 and Table S5-S8). The more negative value of 6,
in aromatic compounds than in Phenol further reflects their electron-
donating properties in Fe(VI) systems (6,= —1.85 in Fe(VI) system
and —0.76 in HyO4 system), even though the -NO2 functional group of p-
NP in para-substituents exhibits electron-withdrawing properties in
conventional organic reactions (o,= +0.778) [48]. Energy gap (AE=|
EHOMO-ELUMO|) was further verified the nature affected by electro-
philic attack activity in the aromatic compound (Fig. 2h). Whatever in
Fe(VI) system or in HyO5 system, p-NP is possess of lower EHOMO and
Energy gap, indicating that higher reactivity toward oxidation. Similar
properties were found in Nitrobenzene and benzaldehyde. Overall, the
combination of Linear free energy spectrum and energy gap further
elucidates the distinct oxidation nature of Fe(VI) and HyO, on aromatic
compounds and compared the influence of benzene ring substituents on
oxidation performance.

3.3. Detector for hypervalent ferrate-oxo

In addition to free radicals, FelV=0 species also accelerate the
oxidation of SMX. The transformation of Fe>* to Fe" in H,05 solution
was confirmed via by the 2,2’-Bipyridyl colorimetric reaction [49]. In
this tyipcal Fenton process, the addition of catalyst enhanced the
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transformation of PMSO to PMSO», (Fig. 3a). As a homogeneous species
of hypervalent iron-oxo, [(H20)5FeIV:O]2+ with a terminal oxo moiety
can be generated in this system [50]. With the discovery of heteroge-
neous hypervalent iron[=Fe!V=0] [17,51], the various FelV=0 species
in the Hy05 system require further identification.

The formation of a catalyst-H202 complex can increase the potential
on the catalyst surface, which is similar to applying a potential directly
to the catalyst acting as an anode [18]. Therefore, the peak potential of
1.20 V and 1.09 V, corresponding to FelV=0 and PMSO (Fig. 3b).
However, these experiments primarily identify Fe'V=0 in the liquid
phase. Regarding the formation of the catalyst-H.0- complex on the
material surface, characteristic spectral signals were tentatively probed
using diffuse reflectance ultraviolet-visible (DR-UV-Vis) spectroscopy. It
is reflected by the spectra that the adsorption intensity in the 200-560
nm range is attenuated, and this broad absorption band exhibits spectral
features like the previously reported =Fe"=0 species, which have been
observed in Fe-based zeolites and potassium-intercalated iron oxy-
chloride systems [17,19]. Notely, the reactive iron species exhibited red-
shifted peaks at 371 nm and 560 nm region by 5-21 nm, compared to
non-heme iron enzymes [52]. In Fig. 3d and Fig. S24, =Fe'V=0 species
was also observed in 844 cm ™! on catalyst surface, which is ubiquitous
in HyOp and PMS system with heterogeneous iron-based catalyst
[53,54]. A band at 791 cm’l, attributed to Fe-0-0, likely represents an
intermediate in Fe=O evolution, as Fe-O-O-Fe linkages can form
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readily between adjacent Fe=0 [55].

3.4. Evaluation of catalytic reactivity

ICP-OES analysis (Fig. 4a and b) revealed that metal leaching from
the catalyst was enhanced in the presence of 1 mM Hy04. The leaching
concentration of the metal on the surface of the material reached 0.185
mg~L’1 in 1 M Hy0; solution, while the leaching amount of Mn was
0.084 mg-L_l. When the Hy0, concentration was below 50 mM, the
leaching amount of Fe ions decreased significantly (from 0.032 mg-L~!
to 0.002 mg-L’l) [47] , implying a notable reduction in the generation
of homogeneous Fe'V=0. Compared with FeyO3, Mn-Fe;O3 exhibited
less Fe leaching but higher Mn leaching than MnOs,. This is attributed to
the relatively large ionic radius of Mn?*, which weakens the bonding
with surrounding oxygen ions in the octahedral spinel lattice. Therefore,
more heterogeneous =Fe!V=0 is formed on the surface of the Mn-doped
iron-based spinel catalyst, leading to the formation of PMSO, and the
degradation of SMX. XPS analysis further indicated the Fe leaching of Fe
predominantly originated from Fe>', whereas the Mn leaching was
primarily from Mn%".

To verify the ETP during the activation of HyO; and the oxidation of
organic compounds on the catalyst electrode, galvanic oxidation process
(GOP) experiment was conducted (Fig. 4c). After adding HyO> to the
glassy carbon electrode (GCE), the potential started to decrease and then
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Fig. 3. a The transformation between PMSO and PMSO; in Mn-Fe,O3/H>0, system (Experimental conditions: [PMSO] = 20 uM, [H20.] = 50 mM, catalysts = 0.2
g'L’l). b LSV measurements on Mn-Fe,03/GCE for Fe'V=0 detection (Experimental conditions: [Na;SO4] = 50 mM, scan rate 10 mv-S~!, pH = 7.0 at 25 °C). ¢
Experimental DR-UV-Vis spectra of Mn-Fe,O3-700 before and after reaction with H>O,. d Raman spectra of Mn-Fe,03-700 reacted with 50 mM H05 (hex =

532 nm).
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gradually reached equilibrium at (40.23 V). Due to the fact that the
equilibrium potential is lower than the oxidation potential of SMX, the
potential gradually decreased to +0.21 V with the following addition of
SMX [56]. When adding H20 to the Mn-Fe;03-700/GCE, a reaction
occurred between the HyO2 and the catalyst, resulting in a potential
decrease to +0.15 V. As chronoamperometry measurements shown in
Fig. 4d, the injection of Hy0, caused large current decrease, revealing
the direction of electron transfer from the organic compounds to the

H0, activated by the catalyst (Fig. 4d) [57]. The GOP results confirm
Mn-Fe,03-700 acts as an efficient electron mediator, enabling interfa-
cial electron transfer and effective SMX oxidation [58]. Unlike H5O0,,
when GCE is loaded onto the catalyst, the addition of Fe(VI) causes a
sharp drop in potential followed by a significant increase, and ultimately
reaches the highest potential (Fig. S25). This indicates that the oxidant
(Fe(VD)) in the system is rapidly consumed and has a fast electron
transfer rate, demonstrating the strongest catalytic oxidation activity.
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The It curve indicates that after the addition of Fe(VI), the current
gradually decreases from the peak, suggesting that the concentration of
Fe(VI) in the system decreases with the reaction. When SMX is added at
approximately 200 s, the current briefly drops (or changes) again, and
then enters a new slow attenuation stage. The amplitude of the current
change reflects that the reaction kinetics is obvious and efficient. This
enhanced performance is attributed to the lower electrochemical
impedance and faster chemical reaction rate of the calcined catalyst
(Fig. S26 and S27), facilitating rapid electron migration from the bulk
material to its surface [59,60].

Ilumination of hypervalent iron was monitored by UV-Vis spec-
troscopy [61,62], and showed isosbestic conversion with bands at 245,
372 and 532 nm in BBS(Fig. S28). In the presence of the catalyst (Fig. 4e,
f and Fig. $29), the absorbance of the hypervalent iron species increased
from —0.15 at 529 nm to —0.10 at 521 nm. In contrast, the absorbance of
the single hypervalent iron species in the BBS buffer solution decreased
to —0.48 at 532 nm after 60 min (Fig. $29). This pattern is similar to the
decrease in absorbance at 550 nm caused by N4Py in the HyO5 system
[63], indicating that the addition of the catalyst slows down the decay of
the hypervalent iron species in the Fe(VI) system. The absorbance at
372 nm also increased due to the formation of Fe(IV) as shown in Fig. 4e
and Fig. S29 [12]. However, when the catalyst concentration was
further increased, the absorption band in 372 nm at this position became
significantly attenuated, likely due to scattering and interference from
particulate matter.

The effect of catalyst addition on Fe(VI) attenuation was further
examined. As shown in Fig. S30 and Fig. S31, the attenuation trend of
the UV-Vis spectrum was extremely close to that of Fig. S28 and
Fig. §29. At a concentration of 50 pM Fe (VI), the self-decay rate of Fe
(VD) decreased with the addition of the catalyst. After 60 min, the
absorbance decay at 524 nm decreased from —0.347 a.u. (0.1 g-L ! of
catalyst) to —0.279 a.u. (0.2 g-L’1 of catalyst) and —0.234 a.u. (0.3 g-L’1
of catalyst), compared to —0.244 a.u. without catalyst addition. Since Fe
(V1) is also consumed by ABTS®** [64],its decay was further evaluated by
detecting the attenuation of ABTS. As depicted in Fig. S32, the absor-
bance of ABTS-* decreased from an initial value of approximately 1.119
a.u. to 0.504 a.u. without the catalyst. Conversely, when the catalyst
loadings were 0.1 gL}, 0.2 g7}, and 0.3 g-L ™%, the corresponding
absorbances of ABTS-" after 60 min were 0.276 a.u., 0.424 a.u., and
0.497 a.u., respectively, indicating that the catalyst effectively sup-
pressed Fe(VI) decay.

Notably, the Mn-Fe20s-700 catalyst exhibited a biphasic effect on the
decay of Fe(VI). Initially, it accelerated the decomposition of Fe(VI);
however, after 15 min, the decay rate significantly decreased. This
phenomenon can be attributed to the rapid reaction between the catalyst
and H,0,, generated in the later stages of the reaction, which suppresses
direct reaction between H,O5 and Fe(VI). Additionally, the formation of
=Fe'V=0 species through the interaction between H,0, and the catalyst
is another crucial factor contributing to the observed decrease in ABTS™"
concentration. A correlation analysis between the adsorption spectra of
ABTS " and UV-Vis measurements was conducted. As shown in Fig. $33,
the decay of Fe(VI) determined by the ABTS method was in good
agreement with that measured by UV-Vis spectroscopy. Without cata-
lyst, the difference values obtained from ABTS and UV-Vis measure-
ments showed excellent consistency. Although the addition of the
catalyst initially increased and then decreased the ABTS decay, the
overall correlation remained significant. Excessive catalyst, however,
not only interfered with UV-Vis measurements but also increases ma-
terial costs, highlighting the importance of optimizing catalyst dosage.

3.5. Mechanisms of defects-induced =Fe"=0 generation

The heterogeneous generation pathway about =Fe'V=0 in iron
complex activated H,O5 system is widely recognized [13,19]. In this
study, it was found that defects-induced Fe!V=0 generation pathway in
Vo-MnFe;04 occurs more readily. DFT calculations show that during the
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adsorption process of Fe and HyO5, the Fe—O bond length shortens from
2.22 A in MnFe,04 to 2.00 A in Vo-MnFe,04 (Fig. 5a and Fig. $34). The
major rate-limiting step of this reaction lies in the formation of H-OOH
(transition state) after the adsorption of H2O», with a free-energy barrier
of 2.08 eV, because the bond energy of H-OOH is much greater than that
of the O—O bond. In the Vo-MnFe»04 material, the free-energy barrier
of this step is only 0.99 eV (Table S9). Subsequently, the O—O bond in
the *OOH moiety cleaves, and ultimately yielding the Fe'V=0 species.
The crystal orbital Hamilton populations (COHP) analysis (Fig. 5b)
verifies that =Fe'V=0 on Vo-MnFe;04 is more stable than Fe-*OOH,
especially when the spin of iron is equal to 2 (Table S10 and S11).
Projected COHP (pCOHP) results reveal that the Fe dy,-O bond exhibits
the highest -pCOHP value (0.641) among all Fe 3d orbitals (Table S11),
indicating that this bond dominates the electronic stabilization of the
FelV=0 species. Additionally, the -pCOHP value of 0.645 for Fe dy,-O py
bond highlights that Fe dy,-O py is the dominant channel for d orbital
electron transportation.

To gain deeper insight into the electronic structure of the Fe sites,
density of states (DOS) analysis was performed. After introducing Vo,
the energy levels within the range of —1.11 to 1.16 eV are mainly
contributed by the hybrid states composed of the Fe 3d states. After the
formation of =Fe!V=0, the hybrid Fe 3d states shift slightly, with the
energy eigenvalues distributed within the range of —1.21 to 1.39 eV. The
d-band center (DOWN) data in Fig. 5c indicates that due to the decrease
in the occupation of the anti-bonding states after the formation of the
=Fe!V=0 species, the overall structure of the catalyst becomes more
stable, and the chemical bonding interactions between the transition
metals and small molecules are strengthened [65]. Overall, the sym-
metry between the up-spin (a-spin) and down-spin (p-spin) electrons
decreases, implying an increase in the spin electrons. Furthermore, after
coordination with *O, by comparing the Projected DOS of the Fe-3d
orbitals (Fig. S35), the significant increase in spin electrons mainly re-
sults from the extraction of the coordinated O atoms on the Fe-3dyz
orbitals [66], leading to a higher Fe oxidation state and spin number.

Differential charge (Fig. 5d and e) and Bader charge (Table S12-14)
analysis further reveal that Fe in Vo-MnFe;O4 near the Vo gains 0.45
more electrons compared to that in MnFe3O4. This electron enrichment
of Fe facilitates subsequent electron transfer to the coordinating O
atoms. After the formation of =Fe!V=0, Fe atom donates 0.65 electrons
to O atom, highlighting its role as the electron donor in the Fe—O bond
formation process. From the perspective of frontier molecular orbital
theory (Fig. 5f), the =Fe!V=0 species in its S=2 spin state exhibits strong
n and ¢ bonding interactions between Fe and O. These bond interactions
promote substantial charge donation from the oxygen group to the
formal EFeIV:O, stabilizing the high-valent iron-oxo species [11].

4. Conclusions

This study reveals that introducing oxygen vacancies into Mn-Fe,O3
fundamentally reshapes the electronic environment of surface Fe sites
and redirects the reaction pathways of Fe (VI) and its self-generated
H0,. Spectroscopic evidence, together with DFT calculations, shows
that Vo sites increase the electron density of adjacent Fe atoms and
facilitate O-atom trapping during HO; adsorption. This promotes O—O
bond activation and lowers the energy barrier for the formation of
heterogeneous Fe(IV)=O0, a species that plays a decisive role in oxygen-
atom transfer reactions. The coexistence of Fe(VI) and Vo-rich
Mn-Fey03 creates a coupled mechanism: Fe(VI) decomposition pro-
duces H205, while the defect-engineered catalyst selectively channels
this Hy0, through a high-valent iron—-oxo pathway rather than radical-
driven decay. Electron-transfer measurements confirm that Vo en-
hances interfacial charge flow, enabling rapid cycling between Fe
oxidation states and stabilizing reactive intermediates. The catalyst
simultaneously slows Fe(VI) self-decay and accelerates pollutant
oxidation, demonstrating that the modulation of surface defect chem-
istry can shift the dominant oxidative species from short-lived radicals to
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structurally anchored Fe(IV)=O. Overall, the mechanistic insights
gained here clarify how lattice defects in iron-based oxides govern
oxidant activation at the atomic scale.
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