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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• In situ nanoengineering converted 
amorphous ribbons into nano-interfaces.

• The synergistic system enabled efficient 
degradation and mineralization.

• Amorphous ribbons show 21–30 times 
higher catalytic rates than crystalline or 
powder forms.

• Singlet oxygen was identified as the 
dominant reactive species.

• Amorphous ribbons retained 95.8% MO 
removal efficiency after 8 reuse cycles.
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A B S T R A C T

This study reports a UV-enhanced periodate (PI) activation strategy for reaction-driven in situ nanoengineering of 
Fe78Si9B13 amorphous alloy ribbons (Fe-AR) toward efficient methyl orange degradation under near-neutral 
conditions. The key issue addressed is whether an amorphous alloy surface can undergo self-optimizing dy
namic reconstruction in a PI oxidative environment, thereby overcoming the passivation bottleneck of con
ventional iron-based catalysts. During the Fe-AR/UV/PI reaction, the initially smooth ribbon surface was 
spontaneously transformed into a three-dimensional nanostructured active interface, accompanied by a wetta
bility transition from hydrophobicity to high hydrophilicity, with the water contact angle decreasing from 88.7◦

to 12.0◦. Under 1 mmol L− 1 PI and 30 mW cm− 2 UV irradiation, 98.10% removal of methyl orange (20 mg L⁻¹) 
was achieved within 50 min, with an apparent rate constant of 0.1378 min⁻¹ , which was 21.2 and 30.0 times 
higher than those of the crystalline ribbon and commercial Fe powder, respectively. Comparative experiments, 
density functional theory calculations, and electrochemical analyses demonstrated that the enhanced perfor
mance was mainly attributed to the intrinsic amorphous structure, stronger PI adsorption, faster interfacial 
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electron transfer, and continuous generation of reactive surface sites. Mechanistic investigations indicated that 
singlet oxygen (1O2) served as the dominant reactive species, while ⋅OH and O2⋅- acted as auxiliary species. 
Moreover, 95.8% degradation efficiency was retained after eight cycles, and effective degradation of methylene 
blue and tetracycline was also achieved. This work demonstrated that amorphous alloy catalysts could be self- 
activated through oxidative surface reconstruction, providing a promising strategy for developing anti- 
passivation and high-performance catalytic materials for water purification.

1. Introduction

The continuous accumulation of organic pollutants in aquatic envi
ronments, including dyes, antibiotics, and natural organic matter, poses 
a long-term threat to both ecosystems and human health, thereby 
creating an urgent demand for more efficient water treatment technol
ogies [1]. In particular, wastewater generated by textile, pharmaceu
tical, and food-processing industries has become a major environmental 
concern because of its large discharge volume, complex composition, 
and potential toxicity. Pollutants such as synthetic dyes and pharma
ceutical residues can exert severe adverse effects on aquatic organisms 
and human health, including carcinogenic, mutagenic, and antibiotic 
resistance-related risks [2]. In this context, advanced oxidation pro
cesses (AOPs) have attracted extensive attention owing to their ability to 
generate highly reactive oxidative species for the efficient degradation 
and even complete mineralization of refractory contaminants [3]. 
Among various AOPs, iron-based Fenton-like processes have been 
widely studied due to their cost-effectiveness and environmental 
friendliness [4,5]. Nevertheless, conventional heterogeneous iron-based 
catalysts such as iron powder and iron oxides often suffer from sluggish 
Fe2+/Fe3+ cycling, high activity only under strongly acidic conditions, 
and rapid passivation of active sites, all of which severely restrict their 
practical application [6]. Therefore, the development of new Fenton-like 
catalysts with high intrinsic activity, excellent durability, and broad pH 
adaptability remains a central challenge in this field.

To overcome these limitations, increasing attention has been paid 
toward AOPs alternative oxidants like periodate (PI) [7]. Activated PI 
systems can involve high-valent iron species, reactive iodine species 
(RIS), and reactive oxygen species (ROS), thus exhibiting considerable 
potential for pollutant degradation [8–10]. A range of activation ap
proaches has been explored, including energy-driven methods such as 
ultraviolet (UV) irradiation [11–13], metal-free homogeneous catalysis 
[14], and heterogeneous catalysis. Various catalytic materials have been 
investigated for PI activation, including transition metal oxides such as 
CoFe2O4 [15], Fe2O3 [16,17]), Cu2O nanocrystals [18], advanced pho
tocatalysts (e.g. g-C3N5 [19]) and single-atom catalysts [20]. Despite 
these advances, the development of a simple, low-cost PI activator that 
simultaneously delivers ultrahigh catalytic activity and long-term 
operational stability remains highly desirable.

Fe-based materials have been widely studied for water treatment 
because of their low cost and high catalytic efficiency. Among emerging 
Fe-based catalytic materials, Fe-based amorphous alloys, also known as 
metallic glasses, have attracted growing interest because of their unique 
atomic configurations and electronic structures [21]. These materials 
have demonstrated excellent versatility in activating a variety of oxi
dants, including traditional H2O2 [22], persulfates (PDS/PMS) [23], and 
peracetic acid (PAA) [24], highlighting their broad catalytic potential. 
Unlike crystalline materials with long-range ordered atomic arrange
ments, amorphous alloys possess a disordered, liquid-like structure 
characterized by high free energy, abundant unsaturated active sites 
[25], and superior interfacial electron-transfer capability, enabling them 
to outperform their crystalline counterparts in many catalytic reactions 
[26,27]. However, previous studies have largely treated amorphous al
loys as static catalysts, paying insufficient attention to the dynamic 
evolution of their metastable structures under oxidative conditions and 
the resulting impact on catalytic performance [28].

Although Fe-based amorphous alloys have shown excellent 

performance in activating conventional oxidants such as persulfates and 
H2O2, their application in PI activation remains largely unexplored. 
However, unlike traditional peroxydisulfate systems that rely primarily 
on sulfate radicals, PI activation features a fundamentally distinct 
pathway by generating a network of reactive iodine radicals and selec
tively producing massive amounts of singlet oxygen. These distinct 
mechanistic features endow the PI system with extraordinary oxidizing 
power, remarkable resistance to background interference in complex 
water matrices, and broader environmental adaptability, making the 
exploration of amorphous alloys for PI activation particularly promising. 
To address this gap, the present study constructed a synergistic 
Fe78Si9B13 amorphous alloy ribbons (Fe-AR)/UV/PI system. The central 
concept is to exploit the metastable nature of the amorphous alloy to 
trigger an in situ self-activation process under oxidative conditions, 
thereby promoting spontaneous surface reconstruction, catalyst self- 
optimization, and substantial enhancement of catalytic performance 
[29]. We hypothesize that the coupled UV/PI environment can not only 
activate PI efficiently, but also dynamically reconstruct the surface of 
Fe-AR, generating a highly active nanostructured interface that further 
promotes catalytic oxidation. Accordingly, this study aims to: (1) eval
uate the degradation efficiency of the Fe-AR/UV/PI system toward 
representative organic pollutants, including methyl orange, methylene 
blue, and tetracycline; (2) elucidate the in situ self-activation mechanism 
through multidimensional characterization of surface nanoengineering, 
wettability evolution, and valence-state reconstruction; (3) reveal the 
fundamental origins of the catalytic superiority of the amorphous 
structure by combining theoretical calculations with electrochemical 
analysis; and (4) identify the dominant reactive species, clarify the 
catalytic pathways, and assess the long-term operational stability of the 
system. Methyl orange was selected as the primary model pollutant 
because of its widespread occurrence in textile wastewater, high 
toxicity, and resistance to conventional treatment methods [30], making 
it a suitable probe for evaluating the performance of novel catalytic 
systems. Methylene blue and tetracycline were further employed to 
verify the versatility and robustness of the catalytic system. Overall, this 
work not only develops an efficient strategy for water purification, but 
also provides new insights into the design of self-optimizing catalytic 
materials capable of autonomous surface nanoengineering during 
operation.

2. Materials and methods

2.1. Materials

Sodium periodate (NaIO4, 99.8%) was purchased from Sigma- 
Aldrich. Methylene Blue (98%), methyl orange (98%), and tetracy
cline (99.5%), L-histidine (L-His, 99.5%), tert-butanol (TBA, 99.5%), p- 
benzoquinone (p-BQ, 99%), phenol (99.5%), sodium hydroxide (NaOH, 
97%), 5,5-dimethyl− 1-pyrroline-N-oxide (DMPO), 2,2,6,6-tet
ramethyl− 4-piperidone (TEMP, 97%), methyl phenyl sulfoxide (PMSO, 
98%), methanol (MeOH, 99.5%), sodium sulfate (Na2SO4), and iso
propanol (IPA, 99.5%) were purchased from Macklin (Shanghai, China). 
Sulfuric acid (H2SO4, 98%) was obtained from Xilong Chemical 
(Guangdong, China), while ultrapure water was used as the reaction 
medium for all catalytic degradation experiments. The preparation 
process of the Fe78Si9B13 amorphous alloy ribbons using the single-roller 
melt-spinning technique is illustrated in Fig. 1. The Fe-Si-B crystalline 
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alloy ribbons were prepared by annealing the as-synthesized amorphous 
ribbons in a vacuum furnace at 873.15 K (600 ◦C) for 1 h, followed by 
furnace cooling to room temperature to ensure complete crystallization. 
Detailed fabrication protocols for the Fe-ARs and Fe-Si-B crystalline 
alloy (Fe-C) ribbons are provided in Text S1 of the Supporting 
Information (SI). Commercial Fe powder (99%, 100 mesh) was ob
tained from Macklin (Shanghai, China).

2.2. Materials characterization

X-ray diffraction (XRD, Rigaku MiniFlex600) with Cu Kα radiation 
was employed to distinguish the broad diffuse halo of the Fe-AR from the 
sharp diffraction peaks of the Fe-Si-B crystalline ribbon (Fe-CR) and Fe 
powder (Fe-P), thereby confirming its amorphous structure. X-ray 
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha) was used 
to probe the surface elemental composition, chemical valence states, 
and their evolution under different reaction conditions, thereby eluci
dating their correlation with the catalytic activity of Fe-AR. X-ray ab
sorption fine structure (XAFS) measurements were conducted using a 
Rapid XAFS 2 M (XAFS Tech) instrument. A field-emission scanning 
electron microscope (FE-SEM, FEI QUANTA FEG 650) was used to 
characterize the surface morphology, microstructure, and defect fea
tures of the three Fe-based materials. Energy-dispersive X-ray spec
troscopy (EDS) further revealed the microscale elemental distribution 
and clarified the relationship between elemental migration and catalytic 
behavior. Electrochemical measurements were performed to evaluate 
the electron-transfer characteristics, kinetics, and underlying mecha
nisms of the three Fe-based materials during catalysis. Density func
tional theory (DFT) calculations were conducted to compare the 
adsorption energies (Eads) of PI on the Fe-Si-B amorphous alloy, Fe-Si-B 
crystalline alloy, and pure Fe. Detailed computational methods are 
provided in Text S2 of the SI.

2.3. Experimental setup

The photocatalytic degradation experiments were carried out in cy
lindrical borosilicate glass reactors with a working volume of 40 mL. 
The outer surface of each reactor was wrapped with a high-thermal- 
conductivity silicone pad, and a constant-temperature cooling fan was 
employed to maintain the reaction temperature at 26 ± 1 ◦C. The initial 
concentrations of methyl orange (MO), methylene blue (MB), and 
tetracycline (TC) were set as 20 mg L− 1, 20 mg L− 1, and 40 mg L− 1, 
respectively. The dosage of Fe-AR was fixed at 1.0 g L− 1. Both of the UV 
light source and the reactor were placed in a dark box, with the distance 
between the reactor and the lamp maintained at 5 cm. Irradiation was 
provided by a UV lamp (LG UV6565, South Korea) with a maximum 
emission wavelength of 365 nm. The light intensity was measured using 

a UV power meter (LinShang LS137, China). Before each experiment, 
the UV lamp was operated for 15 min to ensure a stable light intensity. 
To evaluate degradation performance under different operating condi
tions, experiments were conducted with different NaIO4 dosages (1, 2, 
and 5 mmol L− 1) and UV intensities (30, 60, and 90 mW cm− 2). The 
initial pH was adjusted with sodium hydroxide or sulfuric acid solution, 
and the pH of the reaction system was monitored using a pH meter 
(STARTER 3100, PerkinElmer). All degradation experiments were per
formed in triplicate, and the reported results represent the average 
values.

2.4. Analytical methods

The concentrations of MO, MB, and TC during the catalytic degra
dation process were determined using a UV–visible spectrophotometer 
(UVmini− 1280, SHIMADZU). Their concentrations were quantified 
from the corresponding UV–visible absorption spectra using the char
acteristic absorption wavelengths of 464 nm for MO, 664 nm for MB, 
and 366 nm for TC, respectively. According to the linear relationship 
between absorbance and concentration based on the Lambert–Beer law, 
calibration curves were established to calculate the actual pollutant 
concentrations (Fig. S1). The degradation kinetics were analyzed using a 
pseudo-first-order kinetic model: 

ln(Ct/C0) = -kt                                                                                    

where C0 is the initial concentration, Ct is the concentration at reaction 
time t; k (min− 1) is the pseudo-first-order reaction rate constant, and t 
(min) is the reaction time. In addition, the total organic carbon (TOC) 
was measured using a TOC analyzer (SHIMADZU TOC-L) to evaluate the 
mineralization efficiency of the pollutants.

2.5. Electron paramagnetic resonance analysis

Electron paramagnetic resonance (EPR) spectroscopy combined with 
spin-trapping is a powerful technique for identifying reactive species. 
EPR measurements were performed using an EPR spectrometer 
(EPR200M, Chinainstru & Quanttech, China). DMPO and TEMP were 
used as spin-trapping agents for the detection of short-lived reactive 
species. For real-time detection of spin adducts, a reaction system con
taining sodium periodate (PI, 1 mmol L− 1) and Fe-AR (1 g L− 1) in 20 mL 
of ultrapure water was irradiated with 365 nm UV light at an intensity of 
30 mW cm⁻2 for 5 min. The resulting solution was then rapidly mixed 
with DMPO (100 mmol L− 1) or TEMP (20 mmol L− 1) to ensure efficient 
spin trapping. Subsequently, a small aliquot of the mixture was trans
ferred into a capillary tube, sealed with vacuum grease, and immediately 
placed in the EPR resonant cavity for analysis. The EPR spectra were 

Fig. 1. Preparation of Fe78Si9B13 amorphous alloy ribbons by single-roller melt spinning.
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recorded at room temperature under the following operating conditions: 
center field, 3490.000 G; stabilization delay time, 10 ms; sweep width, 
80.000 G; modulation amplitude, 2 G; microwave power, 1 mW; and 
power attenuation, 20.0 dB.

3. Results and discussion

3.1. In situ surface nanoengineering of Fe-AR

To investigate the surface morphological evolution of Fe-AR, SEM 
was employed to examine the changes induced by PI exposure under UV 
irradiation. A distinct in situ nanoengineering process driven by 

oxidative etching was observed on the surface of Fe-AR. Previous studies 
have shown that the catalytic performance of amorphous alloys is 
closely related to their unique disordered atomic structure and dynamic 
surface behavior [31,32]. In the synergistic Fe-AR/UV/PI system, the 
ribbon surface underwent a dynamic transformation from a smooth, 
hydrophobic state to a three-dimensional hierarchical active interface. 
During this process, the initially smooth surface was progressively 
converted into a hydrophilic interface covered with nanoflower-like 
structures, demonstrating that the UV/PI system can effectively induce 
the surface reconstruction of the amorphous catalyst.

As shown in Fig. 2a, the pristine Fe-AR exhibited a smooth and flat 
surface at the microscale, with an initial water contact angle of 88.7◦, 

Fig. 2. (a) SEM image of pristine Fe-AR. (b-d) SEM images of Fe-AR exposure to 1, 2, and 5 mmol L− 1 PI under UV irradiation (30 mW cm− 2). (e) Water contact angle 
of Fe-AR exposure to 1, 2, and 5 mmol L− 1 PI under UV irradiation (30 mW cm− 2).
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indicating hydrophobicity (Fig. 2e). However, in the Fe-AR/UV/PI sys
tem, this metastable surface is rapidly activated. At the initial stage of 
the reaction, predominantly driven by the corrosive oxidation of PI, 
oxidative etching triggered by the reactive species generated in the 
system serves as the starting point for surface evolution [33]. After 
treatment with a low PI concentration (1 mmol L− 1), the ribbon surface 
became roughened and very fine nanoflower-like structures emerged 
(Fig. 2b).

As the reaction proceeded or the PI concentration increases (Fig. 2c 
and Fig. 2d), the surface evolution became markedly more pronounced. 

These in situ generated nanostructures establish a potential difference 
relative to the surrounding amorphous matrix, thereby inducing a 
micro-galvanic effect. Subsequently, this micro-galvanic couple serves 
as the primary driving force for the accelerated growth of the nano
structures, which is concurrently further promoted by a photo- 
electrochemical effect induced by UV irradiation on the newly formed 
semiconducting oxide layer. Driven by these synergistic effects, local 
corrosion and product deposition are further accelerated, promoting the 
growth of the nanostructures into micron-scale oxide clusters and the 
gradual formation of large reaction pits. Under higher PI concentrations, 

Fig. 3. Degradation performance of the Fe-AR/UV/PI synergistic system towards MO. (a) Degradation process of MO in different systems. (b) Pseudo-first-order 
kinetic fits of (a). (c) UV absorption spectra changes of MO solution during the degradation process (0–60 min). (d) Comparison of reaction constants for degra
dation of MO by different treatment groups. (e) Photo of MO solution decolorization over time. (f) Total organic carbon removal efficiency during MO degradation by 
Fe-AR/UV/PI synergistic system. Experimental conditions: [MO]0 = 20 mg L− 1. [Fe-AR] = 1.0 g L− 1. [PI] = 1 mmol L− 1. UV intensity = 30 mW cm− 2.
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the continuous growth, rupture, and partial exfoliation of these oxide 
clusters continuously expose fresh amorphous matrix and generate new 
active sites. As a result, a complex hierarchical interface composed of 
extensive nanoflower-like features and deep reaction pits was eventually 
constructed (Fig. 2d).

This dramatic morphological evolution fundamentally changes the 
physicochemical properties of the Fe-AR surface. The most prominent 
change is the substantial enhancement in wettability. As shown in 
Fig. 2e, the treated Fe-AR surface rapidly transformed from a hydro
phobic state (88.7◦) to a highly hydrophilic one, where the water droplet 
spreaded almost completely and the contact angle decreased to as low as 
12.0◦. This wettability transition can be attributed to two main factors. 
First, the in situ formed nanostructures significantly increase the surface 
roughness. Second, the newly formed surface layer was possibly 
composed of hydrophilic iron oxides/oxyhydroxides.

Overall, the surface reconstruction driven by oxidative etching, 
micro-galvanic coupling, and photo-electrochemical effects transformed 
the initially inert Fe-AR into a structurally complex active interface. This 
highly hydrophilic interface, with its enlarged specific surface area, 
facilitated contact between pollutants and the catalyst, thereby 
enhancing interfacial mass transfer. More importantly, it could provide 
abundant reactive sites for efficient PI activation, ensuring the sustained 
generation of dominant reactive species for pollutant degradation. 
Therefore, this unique in situ dynamic evolution is central to under
standing the origin of the catalytic performance of this amorphous alloy- 
based catalysis degradation system.

3.2. The degradation performance of MO

To systematically evaluate the catalytic performance of the Fe-AR/ 
UV/PI synergistic system and verify the synergy among its compo
nents, a series of degradation experiments were conducted on the 
degradation of azo dye MO [34,35]. As shown in Fig. 3a and b, within 
60 min, the single-component systems containing only Fe-AR (1 g L− 1) 
or PI (1 mmol L− 1) exhibited negligible MO degradation, indicating that 
the direct reducing ability of Fe-AR and the intrinsic oxidizing capacity 
of unactivated PI were both very limited. In comparison, the 
dual-component systems displayed moderate catalytic activity. The 
degradation of MO by Fe-AR activated by PI (Fe-AR + PI) achieved a 
final degradation efficiency of only 12.09%, which may be attributed to 
the role of Fe-AR as a zero-valent iron source that continuously releases 
Fe(II) through surface corrosion, thereby activating PI to generate 
oxidative species. The degradation of MO by PI under UV irradiation (PI 
+ UV) showed a slightly higher degradation rate of 27.61%, which can 
be ascribed to the photolysis of PI under UV irradiation, producing 
reactive species such as ⋅OH and IO3⋅ [36]. Notably, when Fe-AR, PI, and 
UV irradiation were combined, the degradation efficiency of MO 
increased dramatically, reaching 98.10% within 50 min.

From the kinetic perspective (Fig. 3b), the apparent reaction rate 
constant (k) of the ternary synergistic system in the later stage of the 
reaction reached 0.1378 min− 1, which was 68.9 times and 26.5 times 
higher than those of the Fe-AR + PI system (k = 0.0020 min− 1) and the 
PI + UV system (k = 0.0052 min− 1). This non-linear enhancement in 
catalytic activity clearly demonstrated a strong synergistic effect among 
Fe-AR, PI, and UV irradiation. It’s noteworthy that the degradation ki
netics of MO exhibited a distinct two-stage behavior. In the initial stage 
(0–30 min), the apparent rate constant was relatively low 
(k = 0.0262 min− 1), which is typical of catalytic systems treating highly 
colored wastewater. This behavior can be mainly attributed to the strong 
inner filter effect (IFE), a phenomenon of light attenuation caused by 
competitive absorption of UV photons by MO molecules in solution [37, 
38]. Because MO strongly absorbs UV light, a substantial portion of the 
incident photons is consumed by the pollutant itself, thereby reducing 
the effective light flux reaching the catalyst surface and limiting the 
generation of reactive species. As the reaction proceeded, the concen
tration of MO gradually decreased, the solution color faded (Fig. 3e), 

and the IFE was correspondingly weakened. As a result, the effective 
penetration depth of UV light increased, the light-driven activation 
process became more efficient, and the reaction rate increased markedly 
in the later stage, ultimately leading to near-complete degradation.

In addition to rapid decolorization, the capability of the Fe-AR/UV/ 
PI synergistic system for partial mineralization was evaluated by TOC 
analysis. While decolorization primarily reflects the destruction of 
chromophoric groups, TOC removal indicates the cleavage of the 
organic backbone and its eventual mineralization [39]. As shown in 
Fig. 3f, the TOC content gradually decreased during MO degradation, 
and a mineralization efficiency of 42.91% was achieved after 12 h of 
reaction. This result indicated that the synergistic system was able not 
only to rapidly eliminate the chromophoric structure of MO, but also to 
decompose its organic carbon skeleton. The TOC removal rate demon
strated the considerable potential of this system for pollutant detoxifi
cation, further confirming the partial mineralization of Fe-AR in PI (UV) 
activation.

The rate constant comparison shown in Fig. 4d further highlighted 
the remarkable advantage of the ternary synergistic system by different 
degradation systems towards MO degradation. The observed degrada
tion rate constant for MO (k = 0.1378 min− 1) by Fe-AR/UV/PI reflected 
good catalytic activity and was higher than those reported for many 
recently developed heterogeneous catalytic systems, including plas
monic Au/TiO2 under visible light (k ≈ 0.0385 min− 1) [40], Z-scheme 
heterojunction Zn3In2S6/FCN (k ≈ 0.0345 min− 1) [41], carbon 
dot-modified TiO2 composites (k ≈ 0.022 min− 1) [42], 
microwave-assisted nZVI@N-rGOA system (k ≈ 0.0163 min− 1) [43], 
S-scheme g-C3N4/ZnO/CNT nanocomposites (k ≈ 0.0088 min− 1) [44], 
and Tm3+-doped TiO2 coatings (k ≈ 0.0028 min− 1) [45]. These com
parisons clearly demonstrated the superior catalytic efficiency of the 
established in situ self-activated Fe-AR/UV/PI system.

3.3. Influencing factors of the Fe-AR/UV/PI synergistic system

3.3.1. Effect of UV light intensity
As a key parameter in photo-assisted advanced oxidation processes 

(photo-assisted AOPs), light intensity serves as the direct driving force 
for the generation of reactive species [46]. In the Fe-AR/UV/PI syner
gistic system, increasing the UV light intensity markedly enhanced the 
degradation efficiency of pollutants. As shown in Fig. 4a and b, when the 
light intensity was increased from 30 to 60 and 90 mW cm− 2, the 
pseudo-first-order rate constant in the later stage of MO degradation (k2) 
correspondingly increased from 0.1378 to 0.1680 and 0.2384 min− 1, 
respectively. This positive correlation indicated that photon flux is one 
of the key factors governing the catalytic reaction rate. The enhance
ment can be attributed to two main aspects. UV irradiation can accel
erate the photoreduction of Fe(III) to Fe(II) during the catalytic reaction, 
thereby continuously regenerating active Fe(II) species for PI activation 
[47,48]. Furthermore, UV photons can excite the semiconducting iron 
oxyhydroxide layer formed in situ. Combined with the metastable 
electronic structure of amorphous alloy, the interfacial electron excita
tion and transfer are further accelerated [21,22].

3.3.2. Effect of PI concentration
As the precursor of reactive species, the initial concentration of PI is 

another key factor affecting the degradation performance of the system. 
As shown in Fig. 4c and d, increasing the PI concentration markedly 
accelerated the degradation of MO. At a concentration of 1 mmol L− 1, 
more than 98% of MO was degraded within 50 min. When the PI con
centration was increased to 2 mmol L− 1, the required reaction time was 
shortened to 40 min, and further increasing the concentration to 
5 mmol L− 1 reduced the degradation time to within 30 min. Corre
spondingly, the pseudo-first-order rate constant in the later stage of the 
reaction increased substantially from 0.1106 min⁻¹ at 1 mmol L− 1 to 
0.3190 min⁻¹ at 5 mmol L− 1. These results clearly demonstrated that the 
PI concentration played a decisive role in controlling the generation rate 
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of reactive species. It should be noted that although a positive effect of 
increasing PI concentration was observed within the investigated range, 
excessively high oxidant dosages in other AOP systems may induce self- 
quenching of reactive radicals, thereby inhibiting the overall reaction 
rate [10].

3.3.3. Effect of pH
To evaluate the practical applicability of the Fe-AR/UV/PI syner

gistic system in water treatment in terms of pH value, the effect of the 
different pH on MO degradation was systematically investigated. As 
shown in Fig. 4e and f, the system exhibited excellent pH tolerance over 

a wide range. At initial pH values of 3, 5, 7, and 9, the removal efficiency 
of MO remained above 87% after 60 min, while the corresponding later- 
stage pseudo-first-order rate constants (k2) were all maintained at 
relatively high levels of 0.07–0.1 min− 1. This behavior overcame the 
limitation of conventional Fenton reactions, which are typically effec
tive only under strongly acidic conditions.

However, when the initial pH was increased to 11, the reaction was 
almost completely suppressed. This inhibition can be attributed to two 
main factors. First, under strongly alkaline conditions, PI tended to 
convert into dimeric species such as H6IO6

2-, which exhibited lower 
oxidation potential and reduced reactivity [10]. Second, elevated pH 

Fig. 4. (a, b) Effect of UV light intensity on degradation of MO by Fe-AR/UV/PI synergistic system and corresponding kinetic fits. (c, d) Effect of initial PI con
centration on degradation of MO by Fe-AR/UV/PI synergistic system and corresponding kinetic fits. (e, f) Effect of initial pH on degradation of MO by Fe-AR/UV/PI 
synergistic system and corresponding kinetic fits. Experimental conditions: [MO]0 = 20 mg L− 1. [Fe-AR] = 1.0 g L− 1.
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promoted the rapid precipitation of iron ions as hydroxides, which can 
accumulate on the catalyst surface, block active sites, and hinder 
interfacial electron transfer, ultimately leading to catalyst deactivation 
[49]. Overall, the Fe-AR/UV/PI system does not require strict pH 
adjustment and can maintain efficient performance over a broad pH 
range from acidic to weakly alkaline conditions (pH 3–9), which greatly 
enhanced its potential for practical application in water treatment.

3.4. Characterization of surface structure and chemical state

3.4.1. EDS analysis
To elucidate the compositional changes associated with the 

morphological evolution during the in situ activation process, detailed 
SEM-energy dispersive spectrometry (EDS) analysis was performed on 
the catalyst surface. According to the quantitative EDS results, the sur
face of pristine Fe-AR (Fig. 5a) was relatively clean and exhibited little 
oxidation, consisting mainly of Fe (89.14 at%) and Si (9.66 at%). with 
only 1.20 at% oxygen. At this stage, the Fe:Si atomic ratio is approxi
mately 9.2:1, which is consistent with the designed composition of the 
alloy (Fe78Si9B13). However, after reaction in the Fe-AR/UV/PI system, 
the surface composition of the catalyst surface underwent a clear and 
systematic evolution. After exposure to 1 mmol L− 1 PI, the surface 
became heavily oxidized, with the oxygen content increasing sharply 
from 1.20 to 53.55 at%, while the Fe and Si contents decreased to 42.45 
and 4.00 at%, respectively. As the PI concentration was further 
increased to 2 and 5 mmol L− 1, this trend became even more pro
nounced, with the oxygen content reaching 58.03 at% and the Fe con
tent correspondingly decreasing to 37.18 at%.

Combined with the corrosion pits observed in Fig. 5, these results 

suggested a complex surface reconstruction process. At the initial stage 
of the reaction, Si may underwent preferential and rapid dissolution, in a 
manner analogous to dealloying, which has been demonstrated to be an 
effective strategy for generating porous surfaces on amorphous catalysts 
[50]. Subsequently, iron oxides/oxyhydroxides, such as FeOOH, are 
gradually formed and deposited on the surface, eventually giving rise to 
the active surface layer and further lowering the relative proportion of 
Fe detected by EDS.

Overall, the progressive evolution revealed by the EDS data 
confirmed that the three-dimensional nanoflower-like structures 
observed in Fig. 5b-d are not merely the result of physical surface 
roughening, but instead represent a newly formed chemically active 
interface enriched in oxygen and iron, generated through preferential 
oxidation of iron and selective migration or dissolution of silicon. These 
results provided strong evidence for the in situ self-activation behavior of 
the catalyst, indicating that a truly active surface layer is spontaneously 
constructed under reaction conditions.

3.4.2. XPS analysis
To clarify the chemical basis of the catalyst’s in situ self-activation at 

the atomic and electronic levels, the evolution of the surface chemical 
states of Fe-AR before and after reaction was systematically investigated 
by XPS (Fig. 6). The Fe 2p spectra reveal the valence-state evolution of 
the catalytically active Fe sites. As shown in Fig. 5a, the pristine Fe-AR 
surface contained three Fe species: metallic Fe0 (706.78 eV, 14.54%), 
Fe2+ (710.88 eV, 56.68%), and Fe3+ (712.88 eV, 28.78%). This result 
indicated that the metallic matrix is initially covered by a native oxide/ 
passivation layer, which is commonly observed for Fe-based alloys 
exposed to air. After exposure to PI under UV irridiation, the 

Fig. 5. (a) The SEM and EDS spectra of pristine Fe-AR with elemental distribution of O, Fe, and Si. (b-d) The SEM and EDS spectra of Fe-AR by exposure to 1, 2, and 
5 mmol L− 1 PI under UV irradiation (30 mW cm− 2).
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characteristic Fe0 peak was no longer detectable in samples treated 
under the combined action of UV and PI (Fig. 6b-d). This provided direct 
evidence that the surface metallic Fe fully participated in the oxidative 
surface reconstruction process [51]. More importantly, the recon
structed surface layer stabilized the Fe species in a dynamic equilibrium 
enriched in Fe2+, with its relative content remaining at a high level of 
63–65% under different PI concentrations. The sustained presence of 
abundant Fe2+ is essential for the efficient and continuous activation of 
PI. In addition, the appearance of a distinct satellite peak at approxi
mately 719 eV in the reacted samples was characteristic of iron oxy
hydroxides, confirming FeOOH as one of the major components of the 
newly formed active layer.

The O 1 s spectra provided further insight into the composition and 
evolution of the reconstructed surface layer. In the pristine sample, the O 
1 s signal can be deconvoluted into two components assigned to Fe-O 
(31.46%) and Si/B-O (68.54%). After treatment with 1 mmol L− 1 PI 
under UV irradiation, the relative proportion of the Fe-O component 
decreases by 15.97%, suggesting the active involvement of iron oxide 
species in the initial oxidation process. As the PI concentration increased 
further, the Fe-O proportion remained relatively stable, indicating that a 

stable surface layer was gradually established and that the catalyst 
maintained good structural stability during reaction.

The Si 2p and B 1 s spectra further revealed the evolution of metal
loid species on the catalyst surface. The Si 2p results showed that the 
total surface Si content remained nearly unchanged after reaction. When 
considered together with the overall decrease in Si content detected by 
EDS, this observation suggested a dissolution-reprecipitation process of 
Si-containing species at the surface. Because XPS is highly surface- 
sensitive, probing only the top 2–5 nm, whereas EDS reflected the 
average composition over a much larger sampling depth on the micro
meter scale, thereby capturing both bulk Si depletion and surface 
redeposition. Importantly, this selective Si leaching acted as an in situ 
dealloying process, creating the initial nanoporosity that served as a 
crucial spatial template for the subsequent growth of Fe-oxyhydroxide 
nanoflowers. Meanwhile, the B 1 s spectra showed that the proportion 
of metallic B-B bonds decreased from 32.85% to 28.74%, while that of 
oxidized B-O bonds increased from 67.01% to 71.26%, indicating 
further oxidation of boron during the reaction. Boron is believed to play 
an important role in suppressing the formation of a dense passivation 
layer and serving as an electron donor to facilitate the Fe(III)/Fe(II) 

Fig. 6. The XPS spectra of (a) O 1 s, Si 2p, B 1 s and Fe 2p for the pristine Fe-AR, (b) O 1 s, Si 2p, B 1 s and Fe 2p for the Fe-AR exposure to 1 mmol L− 1 PI under UV 
irradiation (30 mW cm− 2), (c) O 1 s, Si 2p, B 1 s and Fe 2p for the Fe-AR exposure to 2 mmol L− 1 PI under UV irradiation (30 mW cm− 2), (d) O 1 s, Si 2p, B 1 s and Fe 
2p for the Fe-AR exposure to 5 mmol L− 1 PI under UV irradiation (30 mW cm− 2).
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redox cycle [33].
Overall, the XPS results clearly elucidated the chemical nature of the 

in situ self-activation process. During catalysis reaction, the catalyst 
surface was transformed into a functional interface dominated by iron 
oxyhydroxides such as FeOOH, which stabilized the surface Fe species in 
a Fe2+-rich state favorable for PI activation. This active Fe-based layer 
was likely covered by an ultrathin, hydrophilic outer shell enriched in 
Si/B oxides or hydroxides formed through a dissolution-reprecipitation 
process. The resulting chemically integrated and functionally synergistic 
interface constituted the key structural basis for the highly efficient 
operation of the catalytic system.

3.4.3. XAFS analysis
To further elucidate the in situ self-activation mechanism at the 

atomic scale, Fe K-edge XAFS measurements were performed on the Fe- 
AR before and after reaction. The X-ray absorption near-edge structure 
(XANES) spectra (Fig. 7a) showed that the absorption edge positions of 
the reacted and pristine Fe-AR samples largely overlap and remain close 
to that of standard Fe foil, suggesting that the bulk phase of the catalyst 
retains its predominantly metallic character (Fe0) before and after 
catalysis reaction. A closer examination showed that the reacted Fe-AR 
exhibited a slight positive shift in the near-edge absorption energy, 
accompanied by an increase in white-line intensity. This change indi
cated an increase in the unoccupied states of Fe 3d orbitals and partial 
outward electron transfer from local Fe centers during reaction, result
ing in a slight increase in the average valence state of Fe in the material. 
This observation is consistent with the XPS results, which indicate 
attenuation of the outermost Fe0 signal together with enrichment of 
oxidized Fe species at the surface [52].

The Fourier-transformed R-space spectra (Fig. 7b) provided further 
insight into the coordination reconstruction induced by reaction. The 
pristine Fe-AR exhibited coordination peaks at approximately 1.4 and 
2.2 Å, which can be assigned to Fe-B and Fe-Fe/Fe-Si interactions, 
respectively, reflecting the composite coordination network character
istic of its metastable amorphous structure. After catalysis reaction, the 
Fe-AR not only retained the metallic-bond-related feature at 2.2 Å, but 
also showed an increased intensity around 1.4 Å together with the 
emergence of a shoulder peak near 1.8 Å. The enhancement at 1.4 Å can 
be attributed to the overlap between newly formed surface Fe-O bonds 
and the intrinsic Fe-B coordination shell, while the shoulder peak at 
1.8 Å was likely associated with Fe-O/OH coordination in the recon
structed iron oxyhydroxide layer, such as FeOOH. The coexistence of a 
preserved metallic bulk network and newly generated surface Fe-O co
ordination suggested the formation of a heterogeneous interface con
sisting of a zero-valent metallic core and an active oxidized surface 

layer. Such an interfacial configuration is expected to facilitate direc
tional electron transfer and thereby support efficient catalytic cycling.

3.5. Catalytic advantages of the amorphous structure

3.5.1. Comparison of amorphous, crystalline, and powdered Fe-based 
materials

To clarify the critical role of the amorphous structure in achieving 
high catalytic activity, the structural characteristics and surface evolu
tion of Fe-AR, its crystallized counterpart (Fe-CR), and commercial Fe 
powder (Fe-P) were systematically compared before and after reaction 
(Fig. S2). This comparison was intended to reveal the intrinsic structural 
advantages of the amorphous state.

The three Fe-based materials exhibited distinctly different initial 
states. As shown in the XRD patterns in Fig. S2g, Fe-AR displayed a 
typical broad diffuse peak centered at approximately 45◦, indicative of 
its long-range disordered atomic structure. In contrast, both the crys
talline ribbon and Fe powder exhibited sharp diffraction peaks corre
sponding to α-Fe crystal planes, confirming their well-ordered 
crystalline structures. These intrinsic structural differences were also 
reflected in their initial surface morphologies. The Fe-AR surface 
(Fig. S2a) was smooth and homogeneous, whereas the crystalline ribbon 
(Fig. S2c) exhibited clear grain-boundary features, and the Fe powder 
(Fig. S2e) consisted of irregular polyhedral particles.

After exposure to identical UV/PI reaction conditions, the three 
materials showed markedly different surface evolution behaviors, 
directly highlighting the uniqueness of the amorphous structure. As 
described above, Fe-AR underwent the most pronounced surface 
reconstruction (Fig. S2b), with its initially smooth surface being trans
formed into a complex three-dimensional active layer composed of 
nanoflower-like structures, corrosion pits, and microcracks. In contrast, 
the crystalline ribbon (Fig. S2d) and Fe-P (Fig. S2f) exhibited only 
limited corrosion or slight surface deposition after reaction, while their 
overall morphology and structural features remained largely un
changed. This striking difference in reactivity originated from the 
fundamental distinctions between amorphous and crystalline materials. 
From a thermodynamic perspective, amorphous alloys are metastable 
materials produced by rapid quenching and possessed higher free energy 
than their crystalline counterparts [26,27]. This metastability provided 
a stronger thermodynamic driving force for surface activation and made 
them more susceptible to oxidative etching under strongly oxidizing 
conditions. In addition, in terms of structural and compositional uni
formity, amorphous materials lacked the grain boundaries, dislocations, 
and other long-range defects commonly present in crystalline solids 
[31]. In crystalline materials, such defects often serve as preferential 

Fig. 7. (a) Normalized Fe K-edge XANES spectra and (b) Fourier-transformed EXAFS spectra in R-space of the standard Fe foil, as-received Fe-AR, and post-reacted 
Fe-AR ([PI] = 1 mmol L− 1. UV intensity = 30 mW cm− 2).
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corrosion sites, but they can also be rapidly blocked by corrosion 
products, leading to local passivation and suppression of further reac
tion. By contrast, the uniform surface and random atomic distribution of 
Fe and Si in Fe-AR allowed the initial oxidative attack to occur more 
homogeneously across the entire surface. This uniformity was likely a 
prerequisite for the subsequent spontaneous and organized formation of 
nanoflower-like structures, rather than the irregular localized pitting 
typically observed in crystalline materials.

Importantly, the XRD pattern in Fig. S2h indicated that although the 

surface of Fe-AR underwent pronounced reconstruction, the bulk ma
terial still retained the broad diffuse peak characteristic of the amor
phous state. This result suggested that the in situ self-activation process is 
mainly confined to the surface region of the catalyst, while the amor
phous matrix remained intact as a stable structural support and a 
continuous source of active Fe species. This behavior was in sharp 
contrast to the relative surface inertness of the crystalline materials.

Overall, this comparative study established a clear link between the 
amorphous structure and the unique self-activation capability of Fe-AR. 

Fig. 8. (a-c) MO degradation performance and kinetics comparison for Fe-AR, Fe-CR, Fe powder (material dosage = 1 g/L, [PI] = 1 mmol L− 1. UV intensity =
30 mW cm− 2). (d, f, h) DFT calculation results of adsorption energy of Fe-Si-B amorphous alloy, Fe-Si-B crystalline alloy, and pure Fe over PI. (e, g, i) Electrochemical 
analysis (CV curves, Nyquist plots and Tafel curves) of Fe-AR, Fe-CR, Fe ribbon, ([Na2SO4 electrolyte]0 = 0.05 mol L− 1).
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The long-range disordered structure and high-free-energy state of the 
amorphous alloy appeared to be the fundamental prerequisites for 
reaction-driven surface nanoengineering and the resulting enhancement 
in catalytic performance.

3.5.2. Catalytic performance, theoretical calculations, and electrochemical 
analysis

To correlate the structural and morphological differences discussed 
above with the pronounced disparity in catalytic performance, the three 
Fe-based materials were further systematically compared from three 
aspects: degradation efficiency, theoretical adsorption energy, and 
electrochemical behavior (Fig. 8).

First, the catalytic degradation results (Fig. 8a) clearly quantify the 
differences in performance among the three Fe-based materials. Fe-AR 
exhibited far superior degradation performance toward MO compared 
with its crystallized counterpart and commercial Fe powder. According 
to the pseudo-first-order kinetics fitting (Fig. 8b), the reaction rate 
constant (k) of Fe-AR reached 0.1378 min− 1, which was 21.2 and 30.0 
times higher than those of the crystalline ribbon (0.0065 min− 1) and Fe 
powder (0.0046 min− 1), respectively (Fig. 8c), demonstrating its pro
nounced catalytic advantage. This large performance difference can first 
be attributed to the different interaction strengths between the catalyst 
surface and reactant molecules. To clarify this, density functional theory 
(DFT) calculations were performed to determine the adsorption energies 
of IO4

⁻ on the surfaces of the three materials. DFT is a powerful tool for 
elucidating the interactions between the unique electronic structure of 
materials and reactants [25]. The calculated adsorption energy (Eads) of 
IO4

⁻ on the amorphous alloy surface was − 2.301 eV (Fig. 8d), which is 
more negative than that on the crystalline alloy surface (− 2.219 eV, 
Fig. 8 f) and pure Fe (− 1.998 eV, Fig. 8 h). A more negative adsorption 
energy indicated stronger chemical adsorption, which not only pro
moted the enrichment of IO4

⁻ on the catalyst surface but may also 
facilitated its activation through stronger interfacial electronic interac
tion, thereby lowering the energy barrier for subsequent reaction steps. 
These results suggested that the unique disordered atomic arrangement 
and high-energy active sites of the amorphous structure were more 
favorable for capturing and activating PI species.

In addition to its theoretical adsorption advantage, the superior 
electron-transfer capability of Fe-AR was another key factor underlying 
its high catalytic activity, as confirmed by a series of electrochemical 
measurements. The Nyquist plots obtained from electrochemical 
impedance spectroscopy (EIS) (Fig. 8 g) show that Fe-AR exhibits the 
smallest semicircle diameter among the three Fe-based materials, indi
cating the lowest charge-transfer resistance (Rct). This result suggested 
that electron transfer at the catalyst-solution interface is more efficient, 
thereby providing a more favorable pathway for catalytic cycling. The 
Tafel polarization curves (Fig. 8i) further quantified the electrochemical 
activity of the three Fe-based materials. Fe-AR exhibited the highest 
corrosion current density (icorr = 2.137 × 10− 3 mA cm− 2), far exceeding 
that of the crystalline ribbon (icorr = 4.187 × 10− 4 mA cm− 2) and Fe 
ribbon (icorr = 1.876 × 10− 4 mA cm− 2). In the specific context of 
advanced oxidation catalysis, the notably higher icorr of the amorphous 
alloy fundamentally reflects its superior intrinsic surface electroactivity 
and highly accelerated interfacial charge transfer kinetics. This robust 
electrochemical property signifies that the catalyst can more efficiently 
facilitate continuous electron exchange with PI molecules, significantly 
boosting the regeneration of active surface sites and accelerating the 
overall catalytic redox cycle [53]. This interpretation was also consistent 
with the polarization behavior shown in Fig. 8e, where Fe-AR exhibited 
the highest current response.

Overall, the superior catalytic performance of Fe-AR can be regarded 
as a macroscopic manifestation of its intrinsic structural advantages. Its 
outstanding activity arose from the synergistic combination of stronger 
reactant adsorption, as supported by DFT calculations, and faster 
interfacial electron transfer, as confirmed by electrochemical analysis. 
Together, these features account for why the catalytic activity of Fe-AR 

far exceeded that of the crystalline ribbon and Fe powder, further 
highlighting the great potential of amorphous alloys as high- 
performance heterogeneous catalysts.

3.6. EPR and synergistic catalytic mechanism

To elucidate the underlying mechanism of pollutant degradation in 
the Fe-AR/UV/PI system, electron paramagnetic resonance (EPR) 
spectroscopy and reactive-species quenching experiments were sys
tematically performed and comprehensively analyzed.

In the EPR measurements using DMPO as the spin-trapping agent, 
multiple radical signals were detected, featuring the typical DMPO-⋅OH 
characteristic peaks with an intensity ratio of 1:2:2:1 (Fig. 9a) [54]. As a 
control, the pure DMPO solution and the system with only Fe-AR 
showed negligible radical signals. When PI was introduced alone, 
typical DMPO-⋅OH characteristic peaks appeared, indicating the gener
ation of a certain amount of ⋅OH by PI. The addition of Fe-AR to the PI 
system further increased the signal intensity. Ultimately, the ternary 
Fe-AR/UV/PI system exhibited the highest multiplet radical signals, 
demonstrating a synergistic enhancement in radical generation. Reac
tive iodine radicals such as IO4⋅ and IO3⋅ generated during PI activation 
are known to be unstable in aqueous solutions [55,56]. These species 
can rapidly undergo hydrolysis and spontaneous transformation, 
yielding secondary reactive oxygen species such as ⋅OH together with 
more stable iodate species [7]. In addition, the DMPO adducts of 
iodine-centered radicals may exhibit spectral features similar to those of 
DMPO-⋅OH, making signal overlap likely [57]. Such species trans
formation and spectral superposition may account for the complex 
multiplet signals observed in Fig. 9a. Consistently, the addition of iso
propanol (IPA), a scavenger for ⋅OH, only partially suppressed pollutant 
degradation (Fig. 9c), suggesting that ⋅OH participated in the reaction 
but was not the dominant oxidizing species.

The absence of a clear EPR signal for O2⋅- may be attributed to the 
short lifetime of the DMPO-OOH adduct in aqueous solution, which can 
rapidly decompose or convert into the DMPO-OH adduct (Fig. S3) [57]. 
Nevertheless, p-benzoquinone (p-BQ) used as a scavenger for O2⋅-, 
partially inhibited MO degradation (Fig. 9c), indicating that superoxide 
radicals were also involved in the reaction process. In the present sys
tem, O2⋅- may not only act as an auxiliary reactive species, but also serve 
as a potential intermediate that can further transform into singlet oxy
gen (1O2) through subsequent oxidation pathways.

When TEMP was used as the spin-trapping agent, a characteristic 
1:1:1 triplet signal was observed, confirming the generation of singlet 
oxygen 1O2 (Fig. 9b) [58]. This result is in good agreement with the 
quenching experiments. The addition of L-histidine (L-His), a selective 
scavenger for 1O2, or phenol, a broad-spectrum quencher for reactive 
oxidizing species, inhibited the degradation reaction, with only 1.65% 
and 0.21% of MO removed after 60 min, respectively. It should be noted 
that the EPR signal intensity mainly confirms the formation of specific 
ROS, but it cannot be directly correlated with their relative contribution 
to MO degradation because of the different trapping efficiencies and 
spin-adduct stabilities of DMPO and TEMP. Taken together, these results 
suggested that 1O2 is the dominant reactive species responsible for 
pollutant degradation in the Fe-AR/UV/PI system.

Based on the identification of the reactive species and the quenching 
results, a synergistic catalytic mechanism involving photo-assisted and 
heterogeneous activation pathways is proposed (Fig. 9d). The process is 
initiated by the in situ surface nanoengineering of the Fe-AR catalyst. 
This dynamic reconstruction is synergistically driven by initial PI- 
induced corrosive etching, subsequent micro-galvanic coupling, and 
UV-excited photo-electrochemical effects. Consequently, the surface 
underwent reconstruction, releasing Fe2+ active sites (Eq. 1). It is 
important to note that while the pristine bulk Fe-Si-B amorphous ribbon 
is highly metallic in nature, the in situ generated surface passivation 
layer, primarily composed of iron oxyhydroxides such as FeOOH, ex
hibits typical semiconductor characteristics [51]. Therefore, UV 
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irradiation excited the reconstructed semiconducting Fe-AR to generate 
electron-hole pairs (Eq. 2). Photogenerated holes oxidized adsorbed 
water to produce ⋅OH (Eq. 3). A portion of electrons reduced dissolved 
oxygen to O2⋅- (Eq. 4). PI activation followed several pathways as direct 
photolysis cleaved the I-O bond to generate IO3⋅ and O⋅- (Eq. 5) [7]. O⋅- 

reacted with water to yield secondary ⋅OH (Eq. 6). IO4
⁻ reacts with ⋅OH or 

holes to form the IO4⋅ radical (Eq. 7). The reaction between released 
Fe2+ and PI generated 1O2 (Eq. 8) [58]. Furthermore, guided by the 
dynamic metal valence transitions that critically direct reactive oxygen 
species evolution [59], the intermediate O2⋅- generated earlier un
dergoes rapid oxidation to continuously produce abundant 1O2 (Eq. 9). 
This crucial transformation is synergistically driven by the oxidizing 
capability of photogenerated holes and the continuous iron valence 
redox cycle on the catalyst surface. Crucially, a dual pathway sustains 
the continuous Fe2+ regeneration. Internally, the underlying zero-valent 
iron acts as a sacrificial anode, undergoing continuous slow 
micro-galvanic corrosion to supply electrons. Concurrently on the sur
face, UV-excited photoelectrons directly reduce deactivated Fe3+ back 

to Fe2+ (Eq. 10) [60]. This dual regeneration effectively prevents cata
lyst passivation and sustains the iron redox cycle and 1O2 generation. 
The generated reactive species oxidized organic pollutants (Eq. 11). 

Fe0 + IO4
- + 2H+ → Fe2+ + IO3

- + H2O                                           (1)

Fe-AR (surface FeOOH) + hv → e- + h+ (2)

h+ + H2O → ⋅OH + H+ (3)

e- + O2 → O₂⋅-                                                                               (4)

IO4
- + hv → IO3⋅ + O⋅-                                                                    (5)

O⋅⁻ + H2O → ⋅OH + OH-                                                                (6)

IO4
- + ⋅OH → IO₄⋅ + OH⁻                                                                (7)

Fe2+ + IO4
- + H2O → Fe3+ + O2⋅- + IO3

- + h+ + e-                           (8)

O2⋅- + h+ → 1O2                                                                            (9)

Fig. 9. (a) EPR spectra captured by DMPO in different systems ([DMPO]0 = 100 mmol L− 1, [PI]0 = 1 mmol L− 1, [Fe-AR]0 = 1 g L− 1, UV intensity = 30 mW cm− 2). 
(b) EPR spectra captured by TEMP in different systems ([TEMP]0 = 100 mmol L− 1). (c) Effects of different quenching agents on the catalysis degradation of MO by 
Fe-AR/UV/PI system ([phenol]0 = 20 mmol L− 1, [L-His]0 = 20 mmol L− 1, [IPA]0 = 100 mmol L− 1, [p-BQ]0 = 100 mmol L− 1). (d) The schematic diagram of the 
catalytic mechanism.
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Fe3+ + e- → Fe2+ (10)

1O2 / ⋅OH + Pollutants → Degradation Products                           (11)

3.7. Catalyst stability and reusability

The long-term stability and reusability of a catalyst are critical pa
rameters for evaluating its practical applicability [61]. As shown in 
Fig. 10d, Fe-AR exhibited good operational stability over eight reuse 
cycles of MO degradation. Notably, after eight reuse cycles, the catalyst 
still achieved 95.8% MO removal within 60 min, demonstrating highly 
stable and efficient catalytic performance.

The sustained high activity can be attributed to the formation and 
maintenance of a nanoengineered functional layer generated through in 
situ self-activation during reaction, as confirmed by multidimensional 
characterization. At the structural level, SEM images (Fig. 10a-c) clearly 
illustrate this evolution. The initially smooth and hydrophobic surface 
(Fig. 10a) was transformed after the first reaction into a rough three- 
dimensional nanostructure, accompanied by a marked increase in sur
face hydrophilicity (inset of Fig. 10b). This in situ formed nanoporous 
layer is considered essential for maintaining the long-term activity of 
amorphous alloys. Importantly, both the highly active nanostructure 
and the hydrophilic surface characteristics are largely retained even 
after eight reuse cycles (Fig. 10c), thereby providing a favorable inter
face for continuous mass transfer and catalytic reaction. Meanwhile, the 
XRD patterns (Fig. 10e) showed that after both the first and the eighth 
reuse cycles, the catalyst still retained the characteristic broad diffuse 
peak of the amorphous phase, indicating that the amorphous matrix 
remains structurally stable as the underlying support.

Cross-sectional SEM-EDS analysis (Fig. 10g-i) further revealed the 
dynamic nature of this stability from a depth-resolved perspective. After 
the first reaction (Fig. 10 h), a distinct oxygen- and iron-rich oxide layer 
is formed on the catalyst surface. After eight reuse cycles (Fig. 10i), this 
interfacial region evolved into a highly irregular and jagged 
morphology. Such morphological evolution suggested that the catalytic 
process was not limited to the outermost surface, but instead involved a 
dynamic inward progression of the reaction front. The jagged interfacial 
morphology implied that the surface active layer was gradually 
consumed during reaction, while the underlying amorphous matrix was 
continuously converted in situ into a newly active surface layer. In other 
words, the amorphous bulk can be regarded as a sacrificial atomic 
reservoir that continuously supplied Fe species to regenerate surface 
active sites, thereby sustaining the overall catalytic activity at the 
macroscopic level. At the chemical and elemental levels, the catalyst 
also exhibited good stability. The Fe 2p XPS spectrum after eight reuse 
cycles (Fig. 10 f) indicated that the surface still maintained a high pro
portion of active Fe²⁺ species (64.72%). This result suggested that the 
catalyst retained an efficient Fe²⁺ regeneration capability even after 
repeated use, thereby providing a stable chemical basis for long-term 
catalytic performance and sustained Fe2+/Fe3+ redox cycling. More 
detailed quantitative EDS analysis further revealed the elemental evo
lution during long-term cycling. Compared with the pristine surface 
composition (Fe: 89.14 at%, Si: 9.66 at%), after eight used cycles the 
oxygen content increased from 1.20 to 33.20 at%, while the Si content 
decreased from 9.66 to 3.44 at%. As a result, the surface Fe/Si atomic 
ratio increases from 9.2 to 18.0. This substantial change suggested that 
under prolonged oxidative conditions, Si underwent sustained selective 
dissolution, which may facilitate the formation and renewal of the 
porous surface structure and thereby expose additional active sites. Such 
a process is consistent with a surface self-renewal mechanism that 
contributed to the long-term stability of the catalyst.

Overall, the good stability of this amorphous catalyst originated from 
a multidimensional synergistic mechanism. Structurally, it formed a 
highly hydrophilic nanostructured active layer that can be maintained 
during repeated use, while preserving a stable amorphous bulk phase as 

the structural backbone. Chemically, it retains a high proportion of 
active Fe2+ species that support continuous catalytic cycling. The highly 
stable performance observed over the eight reuse cycles highlighted its 
potential as a robust and durable catalytic material.

3.8. Evaluation of broad-spectrum applicability

The Fe-AR/UV/PI synergistic system exhibited high degradation ef
ficiency toward MO. To further verify its broad-spectrum applicability as 
an advanced oxidation technology, degradation experiments were car
ried out using two additional representative organic pollutants with 
distinct structures and properties: the thiazine dye methylene blue (MB) 
and the antibiotic tetracycline (TC).

For MB degradation (Fig. 11a and b), a similarly strong synergistic 
enhancement was observed. The single PI system showed only a negli
gible degradation effect on MB. In the dual-component systems, PI + UV 
and PI + Fe-AR achieved degradation efficiencies of 91.18% and 
23.06% within 60 min, respectively. The relatively high performance of 
the PI + UV system can be attributed to PI photolysis under UV irradi
ation, whereas the modest activity of the PI + Fe-AR system likely 
resulted from the limited activation of PI by Fe-AR. Notably, when Fe- 
AR, PI, and UV irradiation were combined to form the ternary syner
gistic system, MB degradation was further accelerated, reaching a 
removal efficiency of 96.45% within 60 min. The corresponding 
apparent rate constant (k) reached 0.0601 min− 1 ((Fig. 11b), which was 
higher than those of the PI + UV system (0.0412 min− 1) and the 
PI + Fe-AR system (0.0044 min− 1). Because MB mainly absorbs visible 
rather than UV light, the inner filter effect is negligible in this system.

For TC, a typical antibiotic known to be difficult to remove effec
tively by conventional biological treatment processes, the Fe-AR/UV/PI 
system also demonstrated good degradation performance (Fig. 11c and 
Fig. 11d). Within 60 min, the degradation efficiencies of UV irradiation 
alone and PI alone were both below 10%. The dual-component PI + UV 
system exhibited improved activity, achieving a degradation efficiency 
of 54.19% with a rate constant of 0.0253 min− 1. However, upon intro
ducing Fe-AR to construct a ternary synergistic system, TC was almost 
completely degraded within 60 min, and the apparent rate constant 
increased to 0.0488 min− 1 (Fig. 11d), nearly twice that of the PI + UV 
system. These results indicated that even for pollutants that were 
already susceptible to the UV/PI process, the incorporation of the 
amorphous alloy can further enhance the overall degradation efficiency 
via its unique Fe(II)-mediated activation pathway, which operated in 
parallel with the photoactivation pathway.

To further evaluate practical applicability, the catalysis degradation 
was tested in a real water matrix containing NOM and common anions 
(e.g., Cl⁻, HCO3⁻). The system maintained a 98.78% removal efficiency 
(Fig. S5), confirming its anti-interference capability.

As shown in Fig. 11e, within 60 min, the removal efficiencies for the 
azo dye MO, the thiazine dye MB, and the antibiotic TC reached 99.08%, 
96.45%, and 94.09%, respectively. According to the pseudo-first-order 
degradation kinetics fitting results (Fig. 11f), the corresponding 
apparent degradation rate constants (k) for MO, MB, and TC were 
0.1378 min− 1, 0.0601 min− 1, and 0.0488 min− 1, respectively. The dif
ference in degradation rates (kMO > kMB > kTC) can be mainly attributed 
to differences in the molecular structures of the target pollutants and 
their distinct reactivities toward the multiple reactive species generated 
in the system, such as 1O2, and ⋅OH.

Overall, the results obtained for three representative organic pol
lutants with different chemical structures and properties led to a 
consistent conclusion: the degradation capability of any single- 
component system or dual-component combination is relatively 
limited, whereas the synergistic combination of Fe-AR, PI, and UV 
irradiation enabled rapid and efficient pollutant degradation. These 
findings demonstrated the broad-spectrum applicability of the Fe-AR/ 
UV/PI system and further highlighted the potential of this ternary cat
alytic system for practical water treatment applications. Importantly, 
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Fig. 10. (a-c) SEM spectra and water contact angles (inset graph) of as-received, once-reacted and 8th-reacted Fe-AR. (d) Reusability test for MO degradation in 8 
reuse cycles. (e) XRD patterns of as-received, once-reacted and 8th-reacted Fe-AR. (f) XPS spectra of Fe-AR after 8 reuse cycles. (g-i) Cross-sectional SEM-EDS spectra 
of as-received, once-reacted and 8th-reacted Fe-AR. (Fe-AR dosage = 1 g/L, [PI] = 1 mmol L− 1. UV intensity = 30 mW cm− 2).
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the catalyst exhibited no mass loss but a slight mass increase (2.3%) after 
the reaction, confirming its macroscopic integrity and the in situ incor
poration of surface oxygen. Furthermore, the low iron leaching 
(66.32 μg/L, well below the 0.3 mg/L WHO limit) effectively minimizes 
the risk of secondary metal pollution.

4. Conclusion

In summary, a highly efficient Fe-AR/UV/PI system was developed 

for the degradation of organic pollutants in water. Under the optimal 
conditions of 1 mmol L− 1 PI and 30 mW cm− 2 UV intensity, and an 
initial pH of 7.8, the system achieved 98.10% removal of MO within 
(20 mg L− 1) 50 min, with an apparent rate constant of 0.1378 min− 1, 
which was much higher than those of the crystalline ribbon and com
mercial Fe powder. It also showed good applicability toward MB and TC. 
The superior catalytic performance originated from a reaction-driven in 
situ self-activation process. During reaction, the initially smooth Fe-AR 
surface evolved into a nanostructured and highly hydrophilic active 

Fig. 11. (a) Degradation curves of MB in different systems. (b) Pseudo-first-order kinetic fits for MB degradation. (c) Degradation curves of TC in different systems. 
(d) Pseudo-first-order kinetic fits for TC degradation. (e) Degradation curves of the three pollutants (MO, MB, TC) in the Fe-AR/UV/PI synergistic system. (f) Pseudo- 
first-order kinetic fittings of (e), Experimental conditions: [MB]0 = 20 mg L− 1, [TC]0 = 40 mg L− 1. [Fe-AR] = 1.0 g L− 1. [PI] = 1 mmol L− 1. UV in
tensity = 30 mW cm− 2.
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interface. This reconstruction was accompanied by the formation of 
oxygen-rich iron oxyhydroxide species, enrichment of Fe2+ active sites, 
and retention of the amorphous bulk structure. In addition, the catalyst 
maintained over 95.8% degradation efficiency after eight reuse cycles, 
confirming its excellent stability and reusability. Mechanistic studies 
indicated that 1O2 was the dominant reactive species, while ⋅OH and O2⋅- 

served as auxiliary species. Overall, this work provides an effective 
strategy for PI-based advanced oxidation and offers new insight into the 
design of self-activating Fe-based catalytic materials for water 
treatment.
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