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Iron-based metal-organic frameworks (MOFs) stand out as promising catalysts for heterogeneous electro-
Fenton (HEF) treatment of micropollutants, yet their performance is often constrained by the limited ac-
cessibility of active sites and sluggish electron transfer. Herein, a facile phosphine-assisted amorphization
strategy was proposed to convert crystalline MIL-88B(Fe) into a P-coordinated amorphous counterpart
(aMIL-88B(Fe)-P) featuring abundant asymmetric P-Fe-O moieties. The amorphous architecture ensures
abundant exposure of active sites and enhanced mass transport, while the asymmetric coordination en-
vironment upshifts the Fe d-band center toward the Fermi level, thereby lowering the energy barrier for
H,0, activation. Notably, the aMIL-88B(Fe)-P-catalyzed EF system attained complete naproxen removal
within 90 min, with a pseudo-first-order Kinetic rate constant of 0.038 min-!, outperforming all compar-
ative trials and many reported HEF systems. Moreover, the system demonstrated broad-spectrum mi-
cropollutant removal, favorable catalyst reusability, and remarkable scalability in a flow-through electro-
chemical device, confirming strong practical applicability. This work highlights the potential of combining
structural amorphization with precise coordination engineering to fully unlock the catalytic potential of

MOFs for advanced EF applications.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The electro-Fenton (EF) process, which involves in-situ H,0,
generation followed by hydroxyl radical (‘OH, E0=2.8 V vs. SHE)
production via Fenton chemistry, has emerged as a promising
technology for the degradation of recalcitrant organic pollutants
owing to its high efficiency, environmental compatibility, and low
operating cost [1,2]. In particular, heterogeneous EF (HEF) systems
have gained increasing attention, as they circumvent several inher-
ent limitations of homogeneous counterparts, including the need
of acidic reaction pH (~3.0), generation of secondary iron sludge,
and difficulty in catalyst reuse [3,4]. An ideal HEF catalyst should
not only enable efficient and sustainable H,0, activation but also
maintain robust structural stability under long-term operation.
Among various iron-based materials, metal-organic frameworks
(MOFs), a class of porous crystalline materials composed of metal
nodes and organic linkers, have recently emerged as promising
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candidates [5]. Their tunable architectures, high specific surface
areas, and versatile coordination environments make them partic-
ularly attractive for enhancing mass transport and H,0, activation
in EF [6,7]. Specifically, iron-based metal-organic framework (Fe-
MOFs), particularly MIL-88B(Fe), have demonstrated considerable
potential in catalyzing heterogeneous Fenton and EF reactions due
to the well-dispersed iron active sites and favorable water stability
[8]. However, the catalytic performance of pristine MOFs remains
unsatisfactory, largely owing to the intrinsic structural drawbacks
such as close-ended polyhedron frameworks, pore blockage by
guest molecules, overly rigid metal-ligand coordination, and poor
electron transfer capacity [9]. These limitations underscore the
urgent need for rational modification strategies to develop ad-
vanced Fe-MOF-based materials with enhanced catalytic activity
and durability.

Benefiting from the high structural tunability of MOFs, two pri-
mary modification strategies have been extensively explored. The
first is chemical functionalization, such as introducing electron-
donating/withdrawing groups (e.g., -NH,, -COOH, -SO3H), which
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can alter the local electronic structure of Fe sites and potentially
boost electron transfer during EF [10-12]. The second involves
high-temperature pyrolysis, transforming MOFs into Fe-based car-
bonaceous materials with improved conductivity and greater avail-
ability of active modification often fails to overcome the inher-
ently low catalytic activity of Fe centers constrained within the
rigid crystalline active sites [13,14]. Although these approaches
have achieved notable progress, they still present significant lim-
itations. Chemical modification often fails to overcome the inher-
ently low catalytic activity of Fe centers constrained within the
rigid crystalline framework [15]. Pyrolysis is energy-intensive and
typically results in metal site aggregation and the loss of intrin-
sic porosity and spatial architecture of MOFs [16]. Recently, amor-
phous MOFs have emerged as compelling alternatives to challenge
the overwhelming dominance of crystalline counterparts [17,18].
These materials retain the basic building blocks and short-range
connectivity of MOFs while eliminating the long-range periodicity,
resulting in unique properties such as disordered atomic networks,
absence of grain boundaries, high exposure of catalytic centers, and
abundant structural defects [19]. Although still in an early stage
of exploration, amorphous MOFs have shown considerable poten-
tial in electrocatalytic applications. For instance, Xu et al. [20] con-
structed an amorphous bimetallic MIL-88B with Zn-O-Fe linkages
via a ligand-competition strategy. The resulting amorphous struc-
ture enhanced the accessibility of active sites, while the Zn-O-
Fe secondary building units facilitated Fe3*/Fe?+ redox cycling in
EF process. Nevertheless, the transition to amorphous structures
also introduces new challenges. The lack of crystallinity leads to
structural heterogeneity, undefined active site configurations, and
non-optimized charge transport pathways, which collectively hin-
der catalytic precision and long-term durability.

Recent advances have focused on the rational design of the co-
ordination environment surrounding metal active centers through
heteroatom doping and bimetallic node construction. The local
electronic structure of metal sites can be finely tuned by engineer-
ing coordination asymmetry, thereby enhancing electron transfer
efficiency and regulating the adsorption and transformation behav-
ior of key reaction intermediates during the EF process [21-23].
For instance, Tan et al. [24] developed a hollow spherical carbon-
supported asymmetric FeN,0, single-atom catalyst, in which the
substitution of nitrogen atoms with oxygen induced local charge
redistribution and a downshift of the Fe d-band center compared
to the FeN4 moiety, thereby lowering the energy barrier for H,0,
activation. Qin et al. [25] proposed a Fe-Co dual-atomic-site cata-
lyst to facilitate "OH generation in EF, where the adjacent Co and
Fe sites synergistically optimized the binding energies of key reac-
tion intermediates. Notably, phosphorus (P) doping has been con-
sidered a particularly effective approach due to its larger atomic
radius and lower electronegativity compared to N or O. The for-
mation of unique metal-P coordination may break the symmetry
of conventional Fe-O moieties in Fe-MOFs, potentially modulating
the localized electronic states of Fe and thereby optimizing the ad-
sorption behavior of the reactants and key intermediates during
catalytic reactions [26,27].

Inspiringly, we have developed a novel P-coordinated amor-
phous MIL-88B(Fe) catalyst featuring abundant asymmetric P-Fe-
O moieties (aMIL-88B(Fe)-P) via stepwise phosphine treatment and
low-temperature heat treatment of the crystalline MIL-88B(Fe) pre-
cursor. The resulting aMIL-88B(Fe)-P was employed to construct a
robust EF system for the degradation of naproxen (NPX) and other
refractory micropollutants. The amorphization process enriched the
density of accessible active sites and opened extensive mass trans-
port channels. Meanwhile, the asymmetric P-Fe-O coordination
modulated electron distribution and shifted the d-band center of
Fe atoms, significantly enhancing electron transfer and lowering
the energy barrier for H,0, activation. As expected, these synergis-
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tic effects endowed the aMIL-88B(Fe)-P-catalyzed EF system with
superior catalytic performance for micropollutant treatment. In ad-
dition, P incorporation contributed to stabilizing iron active sites,
thereby compensating for the loss of crystallinity-induced struc-
tural robustness. The practical viability of the EF system was com-
prehensively demonstrated through pollutant degradation tests un-
der varied water matrices and repeated operational cycles, together
with scalable flow-through device integration and ecotoxicologi-
cal evaluation of the treated effluent. Further electrochemical tests
and theoretical calculations elucidated the underlying atomic-level
mechanisms responsible for the enhanced H,0, activation and pol-
lutant degradation. Overall, this study highlights the promising
strategy of integrating structural amorphization with precise coor-
dination modulation to fully unlock the catalytic potential of MOFs
for EF applications.

The synthetic process of aMIL-88B(Fe)-P is illustrated in Fig. 1a.
Pristine MIL-88B(Fe) was fabricated via a hydrothermal method
using a DMF solution containing ferric chloride (FeCl;-6H,0) and
terephthalic acid (H,BDC). Phosphine-functionalized MIL-88B(Fe)
(MIL-88B(Fe)-P) was subsequently obtained by treating MIL-
88B(Fe) with an ethanol solution of triphenylphosphine (PPh3). The
coordination of PPhs to Fe nodes enabled heterogeneous grafting
of organic ligands, thereby modifying the local microenvironment
within the framework [28]. Upon heat treatment at 350 °C, solvent
molecules were rapidly removed from the pores of MIL-88B(Fe)-
P, generating internal capillary forces at the liquid-gas meniscus.
These forces triggered structural collapse, inducing a crystalline-
to-amorphous phase transition to form aMIL-88B(Fe)-P. The scan-
ning electron microscopy (SEM) image of MIL-88B(Fe) reveals a
uniform spindle-like morphology with an average particle length
of approximately 1.0pm and a diameter of 196 nm, indicative of
its well-defined crystalline structure (Fig. 1b). Direct heat treat-
ment of MIL-88B(Fe) disrupted its hexagonal morphology, yield-
ing elongated spindle-shaped rods of similar size (Fig. 1c). Notably,
numerous spherical particles are observed on the surface, likely
due to the aggregation of Fe nodes in the absence of dispersion-
stabilizing interactions during thermal treatment [29]. Neverthe-
less, high-resolution transmission electron microscopy (HRTEM)
still reveals signatures of crystalline-to-amorphous transition. In
contrast, aMIL-88B(Fe)-P exhibits pronounced structural disorder
and a notable reduction in size (~703 nm in length and ~193 nm
in width), without visible surface spherical particles (Fig. 1d). This
significant size shrinkage is mainly attributed to the hydropho-
bic nature of PPhs, which disrupts hydrogen bonding between sol-
vent molecules and MOF framework, thereby weakening solvation
forces and promoting structural contraction toward a more com-
pact configuration [30]. Moreover, the strong coordinating ability
of PPh3 stabilizes the internal coordination environment, effec-
tively suppressing the aggregation of surface-localized Fe species
[31]. The corresponding HRTEM image and selected area electron
diffraction (SAED) pattern show no distinct lattice fringes, confirm-
ing the successful formation of the amorphous phase. Elemental
mapping in Fig. le further verifies the uniform distribution of Fe,
P, O, and C, suggesting the absence of Fe aggregation during the
heat treatment.

The thermal behavior of MIL-88B(Fe)-P was investigated by
thermogravimetric analysis (TGA) over a temperature range of 50
to 800°C. As illustrated in Fig. 1f, the TGA profile reveals four
distinct weight-loss stages. The first stage, occurring between 50
and 338°C, shows a weight loss of 19.2%, attributed to the gradual
evaporation of physically adsorbed solvents and water molecules.
The second stage, from 338 to 424 °C, accounts for a loss of 18.4%,
corresponding to the removal of chemisorbed solvent molecules
and uncoordinated organic ligands, accompanied by the progres-
sive transition from a crystalline to an amorphous structure. The
third stage, between 424 and 566°C, features a weight loss of
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Fig. 1. (a) Schematic illustration of aMIL-88B(Fe)-P fabrication. (b) SEM image of MIL-88B(Fe). HRTEM images of (c) aMIL-88B(Fe) and (d) aMIL-88B(Fe)-P. (e) Elemental
mapping of Fe, P, O and C in aMIL-88B(Fe)-P. (f) TG and DTG curves of MIL-88B(Fe)-P. (g) XRD patterns and (h) FTIR spectra of MIL-88B(Fe), MIL-88B(Fe)-P, aMIL-88(Fe), and

aMIL-88B(Fe)-P.

16.1%, associated with the significant collapse of the frameworks
and the formation of iron oxides. Upon further heating to 800 °C,
an additional weight loss of 13.7% is observed, resulting from
the extensive carbonization of organic components. Accordingly,
350°C is validated as a viable temperature for the amorphization
process.

The crystal structure and phase composition of the as-prepared
materials were characterized by powder X-ray diffraction (XRD).
As shown in Fig. 1g, the diffraction pattern of MIL-88B(Fe) closely
matches the simulated spectrum (CCDC-285810), confirming its
high crystallinity [32]. MIL-88B(Fe)-P exhibits an XRD pattern
similar to that of the MIL-88B(Fe) precursor, indicating that PPhs
functionalization does not induce lattice distortion. After heat
treatment, the disappearance of the main Bragg peaks in both
aMIL-88B(Fe) and aMIL-88B(Fe)-P suggests the loss of long-range

order, evidencing successful amorphization [33]. The Fourier
transform infrared (FTIR) spectra of the synthesized samples are
shown in Fig. 1h. The sharp peaks at 1392 and 1600cm™ in
MIL-88B(Fe) correspond to the stretching vibrations of carboxyl
groups (-COO-) in the organic ligands, while the band at 545
and 750cm™! is attributed to the Fe-O vibrational mode arising
from coordination between Fe nodes and H,BDC [34,35]. These
vibrational modes are retained in both MIL-88B(Fe)-P and the
amorphous derivatives, indicating that neither phosphine func-
tionalization nor amorphization disrupts the basic building blocks
and connectivity. The nitrogen adsorption-desorption isotherms in
Fig. S1a (Supporting information) illustrate a higher surface area
of aMIL-88B(Fe)-P than that of the crystalline precursor (30.2 m?/g
vs. 25.4 m2/g). Moreover, the amorphization treatment generated a
higher amount of mesopores (10-40 nm), which can favor greater
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Fig. 2. (a) High-resolution XPS spectrum of P 2p for aMIL-88B(Fe)-P. (b) High-resolution XPS spectra of Fe 2p for aMIL-88B(Fe) and aMIL-88B(Fe)-P. (c) Fe K-edge XANES
spectra and (d) Fourier-transformed (FT) k3-weighted EXAFS spectra of aMIL-88B(Fe)-P and reference samples (Fe foil, Fe,03). (e) Wavelet transform (WT) contour plots of

Fe K-edge for Fe foil, Fe;03; and aMIL-88B(Fe)-P.

exposure of active sites and enhanced molecular diffusion (Fig. S1b
in Supporting information).

As a strong electron-donating organophosphate ligand, PPh;
can undergo ligand exchange with coordinatively unsaturated sites
in the MIL-88B(Fe) framework [36,37]. This coordination substitu-
tion disrupts the original Fe3*-carboxylate bonds and alters the
local coordination environment around the Fe centers in aMIL-
88B(Fe)-P [38]. Thus, the chemical states and coordination na-
ture of aMIL-88B(Fe)-P are further explored by X-ray photoelectron
spectroscopy (XPS) and X-ray absorption spectroscopy (XAS). As il-
lustrated in the P 2p XPS spectrum (Fig. 2a), two broad peaks at
131.1 and 134.9 eV are assigned to P-O and P-C bonds, respec-
tively, while distinct peaks located at 129.1 and 130.8 eV corre-
spond to the P component of Fe-P coordination [39]. Addition-
ally, a peak centered at 709.0eV in the high-resolution Fe 2p XPS
spectrum of aMIL-88B(Fe)-P further confirms the presence of Fe-
P bonding (Fig. 2b) [40]. Two other sets of fitting peaks corre-
sponding to Fe 2pq;, and Fe 2p;;, bands are attributed to Fe(lIl)
species. Specifically, the peaks at 724.9 and 711.4 eV are assigned
to Fe(Ill) of Fe-O-C (BDC), while those at 727.6 and 714.0 eV
are ascribed to Fe(Ill) ofps-OFe clusters [41]. Notably, all Fe(IIl)-
related peaks exhibit slight positive shifts (~0.54 eV), indicating
an increase in electron density around the Fe centers due to the
electron-donating nature of the coordinated P atoms. The normal-
ized Fe K-edge X-ray absorption near edge structure (XANES) spec-
tra of aMIL-88B(Fe)-P and several standard references are shown
in Fig. 2c. A distinct pre-edge peak at 7100.1 eV is observed for
aMIL-88B(Fe)-P, corresponding to the dipole-forbidden Fe 1s— 3d
transition. This feature indicates that P doping induces local struc-
tural distortion and disrupts the original symmetric Fe-O coordi-
nation environment [42]. Moreover, the average oxidation state of
Fe in aMIL-88B(Fe)-P is estimated to be approximately 3.0, con-
sistent with the Fe 2p XPS results in Fig. 2b. The corresponding
Fourier-transformed (FT) k3-weighted extended X-ray absorption
fine structure (EXAFS) spectra reveal a dominant peak at ~1.7 A

in aMIL-88B(Fe)-P, with no detectable Fe-Fe scattering (Fig. 2d).
This peak lies between the typical backscattering distances for Fe—
O and reported Fe-P bonds, suggesting the coexistence of both
coordination paths [43-45]. Further wavelet transform (WT) EX-
AFS analysis reveals a contour maximum centered at 7.0 Al for
aMIL-88B(Fe)-P, significantly different from that of the Fe,Os ref-
erence (8.1 A1). The broadened and shifted intensity relative to
Fe,03 suggests local geometric distortion, likely induced by P in-
corporation, which leads to the formation of asymmetric P-Fe-O
configurations (Fig. 2e). These findings confirm that aMIL-88B(Fe)-
P not only retains the basic metal-ligand blocks but also introduces
P-based local coordination environments. The lower electronega-
tivity of P facilitates electron donation to the Fe centers, thereby
modulating the local electronic structure and potentially enhanc-
ing H,0, activation performance.

To evaluate the catalytic performance of the synthesized cata-
lysts in the EF system under near-neutral pH 5.0, NPX, a widely
used non-steroidal anti-inflammatory drug, was selected as the
model pollutant. As illustrated in Fig. S2 (Supporting informa-
tion), the electro-oxidation process with in-situ H,O, generation
(denoted as EO-H,0,) using an IrO,-based dimensionally stable
anode (IrO,-DSA) only achieved a modest NPX removal of 20.1%,
which can be attributed to the limited oxidative capacity of surface
IrO,(*OH) species [22]. Additionally, the physical adsorption of NPX
by aMIL-88B(Fe)-P remained unsatisfactory (28.9 %). Although PPh;
functionalization and heat treatment of MIL-88B(Fe) slightly im-
proved NPX pre-adsorption, likely due to the partial replacement
or removal of solvent and water molecules originally confined
within the pristine pores (Fig. 3a). The MIL-88B(Fe)-catalyzed EF
process showed enhanced NPX degradation (46.3%), benefiting
from *OH generation via the Fenton’s reaction. Nevertheless, the
limited availability of unsaturated Fe active sites in MIL-88B(Fe)
hindered effective H,0, activation for *OH production. Despite
incorporating PPhs to tune Fe coordination, MIL-88B(Fe)-P exhib-
ited even lower catalytic activity than its precursor, achieving only
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Fig. 3. (a) Normalized concentration decay of NPX in 160 mL of 0.05mol/L Na,SO4 solution under EF treatment with different catalysts. (b) NPX removal efficiency and
corresponding observed rate constants (k,ps) from the trials in (a). (c) Comparison of degradation kinetics for EF treatment of micropollutants with different catalysts
[1,4,46-50]. (d) Leached iron concentrations after 120 min of electrolysis from trials shown in (a). (e) Effect of radical scavengers on NPX degradation in the aMIL-88B(Fe)-
P-catalyzed EF system. (f) Influence of synthesis temperature on catalytic performance. (g) NPX removal efficiency and corresponding reaction rate constants under dif-
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30.3% NPX removal (Figs. 3a and b). This performance decline is
attributed to the compact crystalline nature of the MOF and the
presence of bonded/adsorbed PPh; molecules, both of which re-
strict access of HyO, and NPX to the Fe sites. In contrast, the aMIL-
88B(Fe)-based EF system showed a more substantial NPX removal
of 97.6%, owing to enhanced active site accessibility and improved
mass transport. Notably, the aMIL-88B(Fe)-P-catalyzed EF process
outperformed all the prior systems, attaining complete NPX abate-
ment within 90 min. The pseudo-first-order kinetic rate constant
(kops) Oof NPX degradation over aMIL-88B(Fe)-P reached 0.038 min-!,
approximately eight times higher than that of the EF with aMIL-
88B(Fe) (0.005min!), and surpassing the performance of many
reported HEF systems (Figs. 3b and c) [1,4,46-50]. Importantly,
aMIL-88B(Fe)-P also exhibited excellent stability, with Fe leaching
as low as 0.08 mg/L after 120 min treatment (Fig. 3d). This value is
not only markedly lower than that observed in other catalytic sys-
tems but also well below the European Union standard of 2 mgj/L.
The superior catalytic activity and stability of aMIL-88B(Fe)-P
result from the synergistic effects of structural amorphization
and local coordination modulation. Amorphization increases the
surface area and porosity, facilitating greater exposure of Fe active
sites and enhancing mass transport. Meanwhile, P incorporation

introduces Fe-O-P moieties, which modulate the electronic struc-
ture of the Fe centers and stabilize the catalytic sites, thereby
improving both catalytic efficiency and long-term durability.
Generally, ‘OH generated at catalytic sites can either diffuse
into the bulk solution as free radicals (i.e., "OHg,e) to react with
pollutants or remain adsorbed on the surface (ie., "OH,4). To
identify the dominant reactive pathway, radical scavenging ex-
periments were performed using n-butanol and KI as quenching
agents. n-Butanol is capable of quenching both *OHj... and "OH ,q4;,
whereas KI selectively scavenges "OH.qs [4]. As shown in Fig. 3e,
the addition of either n-butanol or KI significantly suppressed NPX
degradation, resulting in a similarly reduced removal efficiency
of approximately 40%. This indicates that the ‘OH,4 plays a
predominant role in NPX degradation. This finding supports the
earlier hypothesis that the amorphous structure of aMIL-88B(Fe)-P
promotes the enrichment of H,O, and NPX within the catalyst,
thereby facilitating direct NPX oxidation by "OH .4 without rad-
ical diffusion into the bulk phase. Moreover, the negligible iron
leaching from aMIL-88B(Fe)-P corroborates this mechanism, as
it excludes the possibility of a significant contribution of homo-
geneous EF to NPX degradation. In addition, probe experiments
using nitro blue tetrazolium (NBT) excluded the generation of
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superoxide radicals (*O,~) in the aMIL-88B(Fe)-P-based EF system,
while scavenging trials with furfuryl alcohol (FFA) confirmed the
negligible contribution of singlet oxygen (10,) to NPX degradation
(Figs. S3 and S4 in Supporting information).

The temperature applied during material amorphization pro-
foundly influences EF performance. As illustrated in Fig. 3f, the
sample subjected to 150°C heat treatment exhibited a limited
NPX removal efficiency of 72.7%, though still outperforming the
pristine MIL-88B(Fe)-P. This temperature corresponds to the first
weight-loss stage in the TGA profile, where physically adsorbed
solvents and water molecules are gradually evaporated, but sig-
nificant amorphization has yet to occur (Fig. 1f). Raising the tem-
perature to 350°C resulted in the formation of well-amorphized
aMIL-88B(Fe)-P, which achieved the most rapid NPX degradation
in the EF system. However, further increasing the temperature to
550°C adversely affected NPX removal, yielding an efficiency of
only 47.1 %. High-temperature treatment not only disrupts the crys-
talline structure of MOF but also induces phase transformation of
Fe species into crystalline Fe3Q4, as evidenced by XRD analysis in
Fig. S5 (Supporting information), which typically shows poor ac-
tivity for H,O, activation. As demonstrated by Fig. S6 (Support-
ing information), the commercial Fe304-based EF system attained
only 47.1% NPX removal within 120 min. Moreover, such thermal
treatment often causes structural collapse and severe aggregation
of Fe species, further diminishing the density of accessible active
sites (Fig. S7 in Supporting information). To clarify the role of PPhs
loading, the effect of PPh3/MIL-88B(Fe) molar ratios on NPX de-
cay was systematically examined. As shown in Fig. S8a (Supporting
information), the catalytic performance exhibited a strong depen-
dence on the PPh; amount, with maximum NPX removal achieved
at a ratio of 2:1. A moderate increase in the PPh3/MIL-88B(Fe) ra-
tio promoted the formation of P-Fe-O moieties, thereby enhancing
the intrinsic catalytic activity, whereas excessive PPh; hampered
the amorphization of MIL-88B(Fe) due to its heat insulation effect
(Fig. S8b in Supporting information)

The effects of key operational parameters, including catalyst
dosage and applied current density and pH, on NPX decay were
investigated in the aMIL-88B(Fe)-P-catalyzed EF system (Fig. 3g).
As expected, both NPX removal efficiency and the correspond-
ing k,ps value initially increased with catalyst dosage, peaking at
0.15 g/L. Beyond this optimum, a noticeable decline was observed
(Fig. 3g and Fig. S9 in Supporting information). This trend can be
attributed to the increased availability of active sites at moder-
ate catalyst loadings, which enhances *‘OH generation and subse-
quent pollutant oxidation. However, a higher dosage of 0.20 g/L
may lead to the scavenging of ‘OH by excess iron species [51,52].
As can be seen in Fig. 3g and Fig. S10 (Supporting information),
increasing the applied current density positively influenced NPX
degradation, with complete removal achieved within 90 min at 25
and 30 mA/cm?. Higher current densities enhance cathodic H,0,
generation, thereby promoting *OH production for NPX destruction
(Fig. S11 in Supporting information). Nevertheless, an excessively
high H,0, concentration can also quench *OH, leading to a slightly
reduced kg, value of 0.029min! [53]. Furthermore, lower initial
pH values favored NPX degradation, with the highest removal rates
observed at pH 3.0 and 5.0, yielding k,, values of 0.039 min"! and
0.038min™!, respectively (Fig. 3¢ and Fig. S12 in Supporting infor-
mation). However, operation at pH 3.0 resulted in significant iron
leaching (6.8 mg/L after 120 min), undermining catalyst reusabil-
ity and increasing the contribution of homogeneous Fenton reac-
tion (Fig. 3h). Fortunately, aMIL-88B(Fe)-P maintained high stabil-
ity and activity at near neutral pH 5.0. In contrast, its performance
declined notably at pH 7.0 and 9.0, which is consistent with the
pH-sensitive nature of “OH-based degradation due to the dimin-
ished oxidative potential and accelerated H,0, decomposition un-
der alkaline conditions [54]. Notably, the solution pH in all trials
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tended to decrease due to the formation of acidic intermediates
like carboxylates (Fig. 3h).

Subsequently, the practical applicability of the aMIL-88B(Fe)-
P-catalyzed EF system was comprehensively examined. As shown
in Fig. 4a, over 80% removal efficiency was achieved for each
pollutant after 120 min treatment at pH 5.0, with observed kg,
values ranging from 0.015min™! to 0.032min! (Fig. S13 in Sup-
porting information). The relatively high degradation performance
across diverse pollutants is ascribed to the non-selective nature
of *OH-mediated oxidation, underscoring the broad applicability.
The variations in degradation kinetics may arise from the differ-
ing physicochemical properties of individual pollutants [55]. The
system flexibility was further assessed by introducing typical an-
ions (NO3~, CO32~ and Cl7) into the electrolyte. As depicted in
Fig. 4b, the presence of Cl~ significantly enhanced NPX removal,
achieving nearly complete degradation within only 60 min. This is
attributed to the generation of additional reactive chlorine species
(e.g., Cly, HCIO, CI'~ and Cl,"~) at the DSA surface, which can syn-
ergistically promote NPX oxidation [3]. In contrast, the presence
of CO32~ and NO;~ inhibited the degradation performance, likely
due to their scavenging effects on *OH [1]. Additionally, NPX degra-
dation was evaluated in various water matrices, including urban
wastewater, deionized water, tap water, lake water, and river water.
The urban wastewater was collected from the secondary effluent of
the Jiguanshi Wastewater Treatment Plant (Chongqing, China), with
detailed water quality parameters provided in Table S1 (Support-
ing information). As illustrated in Fig. 4c, over 90% NPX removal
was achieved in all cases after 120 min, though slight performance
inhibition was observed in urban wastewater and lake water due
to the competitive consumption of “OH by coexisting natural or-
ganic matter. These results highlight the excellent environmental
adaptability of the aMIL-88B(Fe)-P-catalyzed EF system. Further-
more, the system durability was assessed over ten consecutive NPX
degradation cycles at initial pH 5.0. as shown in Fig. 4d, the re-
moval efficiency remained above 90% during the first eight cycles
and declined slightly to 81.3% by the tenth cycle, demonstrating fa-
vorable recyclability of aMIL-88B(Fe)-P. However, a gradual decline
in kops was observed, decreasing from 0.038 min! in the first cy-
cle to 0.013min! by the tenth (Fig. 4e). This mild deactivation is
ascribed to inevitable active-site blockage and slight iron aggrega-
tion during prolonged operation, as evidenced by the appearance
of weak crystalline peaks in the XRD pattern of the used cata-
lyst (Fig. S14 in Supporting information). Notably, the reusability
of aMIL-88B(Fe)-P still surpasses that of many previously reported
HEF systems (Fig. 4f) [4,20,40,46,48,55-60]. Although the amor-
phization process disrupts the MOF's compact crystalline struc-
ture, phosphorus incorporation further stabilizes the iron centers
by forming new P-Fe-O coordination bonds. In addition, the su-
perior mineralization performance of the aMIL-88B(Fe)-P-catalyzed
EF system was confirmed by TOC measurements (Fig. S15 in Sup-
porting information). After 6 h of treatment, the aMIL-88B(Fe)-P-
based system achieved an 84.5% TOC removal, markedly higher
than that obtained with the aMIL-88B(Fe) counterpart (38.3 %).

The electron transfer capacity of the catalysts was systemat-
ically evaluated through chronoamperometry (i-t), linear sweep
voltammetry (LSV), and electrochemical impedance spectroscopy
(EIS). As shown in Fig. 5a, aMIL-88B(Fe)-P exhibited markedly
enhanced cathodic current responses compared to aMIL-88B(Fe)
upon the sequential addition of H,0, and NPX, indicating supe-
rior electron transfer efficiency during the EF process. The sharp
increase in cathodic current upon H,0, injection reflects the rapid
reduction of H,0, to form ‘OH. The subsequent current response
following NPX addition results from the strong interaction between
NPX and ‘OH,q,, highlighting the powerful pollutant degradation
capability of the aMIL-88B(Fe)-P-catalyzed EF system. Consistently,
the LSV profiles reveal pronounced increases in current for aMIL-
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Fig. 4. (a) Degradation performance of aMIL-88B(Fe)-P-catalyzed EF system toward various micropollutants, including naproxen (NPX), sulfamethoxazole (SMX), bisphenol
A (BPA), sulfadiazine (SDZ) and tetracycline (TC). Effects of (b) inorganic anions and (c) water matrices on NPX degradation in the aMIL-88B(Fe)-P-catalyzed EF system. (d)
Cycling experiments for NPX degradation and (e) corresponding observed rate constants in the aMIL-88B(Fe)-P-catalyzed EF system. (f) Comparison of micropollutants degra-

dation performance in cycling experiments across various heterogenous EF systems

[4,20,40,46,48,55-60]. General conditions: [Pollutants]=10 mg/L, [Catalyst]=0.15g/L,

[Current density]=25 mA/cm?, Initial pH 5.0, and 0.05 mol/L Na,SO4 electrolyte unless otherwise specified. For (b): [Na;CO3]=0.03 mol/L, [NaNO3;]=0.03 mol/L,

[NaCl] =0.03 mol/L.

88B(Fe)-P upon sequential addition of H,0, and NPX, further con-
firming the efficient electron transfer between aMIL-88B(Fe)-P and
the reactants (Fig. 5b). In addition, Nyquist plots and the corre-
sponding equivalent circuit diagrams were shown in Fig. 5¢. aMIL-
88B(Fe)-P exhibited a significantly smaller semicircle diameter and
lower charge transfer resistance (R.;) compared to aMIL-88B(Fe)
(100 2 vs. 124 Q2), underscoring its enhanced interfacial electron
transfer kinetics.

Moreover, DFT calculations were performed to gain deeper in-
sights into the underlying catalytic mechanism. The projected den-
sity of states (DOS) for Fe sites in aMIL-88B(Fe) showed notable
changes upon P-incorporation (Fig. 5d). In aMIL-88B(Fe), the DOS
near the Fermi level is largely suppressed, forming a pseudo-
bandgap indicative of poor electronic conductivity and a localized
electronic structure. In contrast, the Fe d-band center in aMIL-
88B(Fe)-P shifts upward toward the Fermi level, potentially facil-
itating stronger interactions between the Fe sites and reaction in-
termediates [61]. Upon H,0, adsorption, this electronic advantage
of aMIL-88B(Fe)-P is retained, with both catalysts exhibiting in-
creased DOS near the Fermi level (Figs. 5e and f). This suggests that
H,0, adsorption induces further electronic redistribution, enhanc-
ing orbital hybridization and charge transfer, which is conducive to
accelerating the cleavage of the 0-O bond in H,0, for *OH pro-
duction. To further clarify the origin of the enhanced catalytic ac-

tivity, the adsorption behavior of H,O, on both aMIL-88B(Fe) and
aMIL-88B(Fe)-P was investigated. As illustrated in Figs. 5g and h,
H,0, exhibits a stronger binding affinity to the asymmetric P-Fe-
O coordination structure, with a more negative adsorption energy
(-1.31eV) compared to that on aMIL-88B(Fe) (-0.55eV). This sug-
gests that P-incorporation thermodynamically favors H,0, interac-
tion with the Fe site. These findings align with the DOS results,
where the upshifted d-band center and increased DOS promote
electron transfer from Fe sites to the H,0, antibonding orbital.

Collectively, the amorphous structure of aMIL-88B(Fe)-P pro-
motes the rapid diffusion of H,O, and NPX toward accessible ac-
tive sites. In addition, P-induced modulation of the local coordi-
nation environment enhances both the internal metal-nonmetal
electron transfer and the interfacial electron exchange between the
catalyst and reactants. These synergistic effects collectively acceler-
ate *OH production and subsequent NPX degradation (Fig. 5i).

To further elucidate the practical application capability of aMIL-
88B(Fe)-P-catalyzed EF system, a flow-through electrochemical de-
vice with a custom-designed circular cathode with a diameter of
5cm, an IrO,-DSA anode was established (Fig. 6a). The cathode
was fabricated via the hot-rolling method, with carbon cloth act-
ing as the substrate to support the catalysts. A Ni mesh next
to the cathode was employed as the current collector. The solu-
tion was recirculated within an external reservoir at the flow rate
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Fig. 5. (a) Chronoamperometry and (b) linear sweep voltammetry (LSV) curves for aMIL-88B(Fe) and aMIL-88B(Fe)-P upon the addition of H,0, and NPX. (c) EIS plots of
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aMIL-88B(Fe) and aMIL-88B(Fe)-P with and without H,0, adsorption. Optimized H,0, adsorption configurations and corresponding adsorption energies on (g) aMIL-88B(Fe)
and (h) aMIL-88B(Fe)-P, respectively. (i) Proposed catalytic mechanism of the aMIL-88B(Fe)-P-catalyzed EF process.

of 10 mL/min and continuously treated by pumping air to en-
sure sufficient O, supply. As depicted in Fig. 6b, the superior per-
formance of aMIL-88B(Fe)-P-catalyzed EF system was replicated,
achieving complete NPX abatement within 90 min treatment, while
the aMIL-88B(Fe)-based counterpart only attained 73.5% removal
even after 120min. This result implies the superior scalability
of aMIL-88B(Fe)-P-catalyzed EF system for larger-scale wastewater
treatment.

The potential environmental impact of the aMIL-88B(Fe)-P-
based EF wastewater treatment system was further assessed via
LC-MS analysis and toxicity assessment. Eleven intermediates iden-
tified by LC-MS analysis enabled the proposal of a detailed NPX
degradation pathway (Fig. S16 in Supporting information). NPX un-
derwent successive hydroxylation, decarboxylation, ring-opening,
and dealkylation reactions to yield a series of intermediates
(P1-P11), which were ultimately mineralized into CO, and H,O.
Toxicity evaluation was performed using a barley seed germina-
tion assay. As depicted in Fig. 6c, a natural control (NC) group
and a pollution control (PC) group were first established. The PC
group that exposed to untreated NPX solution exhibited markedly
suppressed barley seed germination, highlighting the pronounced
phytotoxicity of NPX. Time-course observations revealed that
barley seeds in the aMIL-88B(Fe)-P/EF-treated group exhibited
earlier germination onset and faster root and shoot elongation
compared to those in the aMIL-88B(Fe)/EF-treated groups. By
day four, seedlings in the aMIL-88B(Fe)-P/EF-treated group had
developed visibly longer roots and shoots, whereas those in the PC

and aMIL-88B(Fe)/EF-treated groups either failed to germinate or
showed stunted growth. As shown in Fig. 6d, the germination rates
in the PC (50%) and aMIL-88B(Fe)/EF-treated (55%) groups were
significantly lower than that of the NC group (95%), indicating
residual phytotoxicity due to incomplete NPX degradation. In con-
trast, the germination rate in the aMIL-88B(Fe)-P/EF-treated group
reached 85%, comparable to that of the NC group, suggesting
minimal residual phytotoxicity and effective detoxification. A more
detailed analysis of root and shoot length inhibition rates revealed
statistically significant differences among the treatments (Figs. 6e
and f). The aMIL-88B(Fe)/EF-treated group showed inhibition
rates of 87.7% for roots and 87.3% for shoots, whereas treatment
with the aMIL-88B(Fe)-P-based system significantly enhanced root
(49.2%) and shoot (31.1 %) growth. This improvement is attributed
to the efficient decomposition of NPX into less toxic intermediates
or its complete mineralization into CO, and H,0. These findings
highlight the remarkable degradation and detoxification perfor-
mance of the aMIL-88B(Fe)-P-based EF wastewater treatment
system, underscoring its promising environmental applicability.
Based on the optimized operating parameters of the HEF sys-
tem, an economic evaluation was conducted using NPX-containing
wastewater as the target matrix. The synthesis cost of aMIL-
88B(Fe)-P was estimated to be 0.51 USD/g (Table S2 in Support-
ing information), and the corresponding unit water treatment cost
was 0.132 USD/L (Table S3 in Supporting information), which is
comparable to similar reported electrochemical systems [62]. The
overall cost was further assessed by considering the energy con-
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Fig. 6. (a) Photograph of the practical NPX degradation device and schematic illustration of the flow-through electrochemical cell (1, Peristaltic pump; 2, Beaker reactor;
3, Aeration diffuser; 4, Magnetic stirrer; 5, Magnetic stir bar; 6, Air pump; 7, Retort stand; 8, Electrochemical reactor; 9, DC Power; 10, Connecting wires). (b) Normalized
NPX concentration decay in aMIL-88B(Fe)- and aMIL-88B(Fe)-P-catalyzed EF systems using the setup shown in (a). Volume: 100 mL, [NPX]= 10 mg/L, [Current density]=4
mA/cm?, initial pH=5.0. (c) Photograph of the wheat seed germination experiment. (d) Comparison of seed growth across different systems. (e) Shoot length and (f) root

length of wheat seedlings exposed to various effluents.

sumption, catalyst dosage, and supporting electrolyte under opti-
mized conditions. Notably, the aMIL-88B(Fe)-P-catalyzed EF exhib-
ited a markedly lower treatment cost of 13.71 USD/g, compared
with 22.96 USD/g for the aMIL-88B(Fe)-based system, highlighting
its superior economic feasibility.

In summary, we have developed a P-coordinated amorphous
MIL-88B(Fe) catalyst via stepwise phosphine-functionalization and
low-temperature heat treatment to construct a robust EF system
for micropollutant degradation. The amorphization of MIL-88B(Fe)
disrupted its compact hexagonal structure, resulting in greater
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active site exposure and enhanced diffusion of H,0, and NPX
toward accessible catalytic centers. Moreover, the P-induced asym-
metric local coordination environment significantly modulated the
electron distribution, upshifting the Fe d-band center toward the
Fermi level. This electronic fine-tuning enhanced H,0, adsorption
and lowered the activation energy barrier. In addition, P-doping
stabilized the iron active sites, partially compensating for the
reduced structural robustness caused by the loss of crystallinity.
Consequently, the aMIL-88B(Fe)-P-catalyzed EF system achieved
complete naproxen abatement within 90 min, outperforming all
comparative trials and many reported heterogenous EF systems.
Furthermore, the system demonstrated excellent durability, robust
resistance to complex water matrices, and broad applicability for
diverse micropollutants degradation. Analysis of the NPX degrada-
tion pathway and toxicity assays further confirmed its high poten-
tial for practical applications in refractory wastewater treatment.
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