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Hydroxyl radicals (-OH) is one of the most important reactive oxygen species

(ROSs) for organic pollution controlling in advanced oxidation processes,
while its production suffers from numerous H,0, addition and narrow pH
range in generally used Fenton reaction. Herein, we demonstrate a BiOlO;
(BIO) piezo-catalyst loaded with y-FeOOH nanoparticles (FNPs) (BF) that can
convert O, to ‘OH in a wide pH condition without external H,O, addition under
ultrasonication. It is found that the robust interfacial interaction facilitates
rapid electron migration from BIO to FNPs, enabling two-electron O, reduction
into H,0, at the FNPs site, while the leaving behind piezo-holes to perform
two-electron water oxidative H,0, generation on BIO. Because the electron-
rich nature of FNPs favors the H* adsorption that contributes a surface acidic
micro-environment, the produced H,O, can be in-situ catalyzed into -OH in
either neutral or even alkaline conditions with a great stability. Finally, the
optimal BF can achieve either an impressive -OH yield of 38.1uM h™ or a high
H,0, yield of 522.0 uM h* by regulating the FNPs loading mass, which enables
dual capabilities of rapid organic pollutants degradation and H,O, production
in a wide pH condition.

M Check for updates

Hydroxyl radicals (-OH), are among the most powerful reactive oxygen
species (ROS), offering exceptional potential in environmental reme-
diation due to their high oxidation potential (2.8 V) and near-diffusion-
limited reaction kinetics'>. However, traditional -OH generation stra-
tegies, such as Fenton and Fenton-like systems, face critical limitations
due to their strict reliance on acidic conditions (pH 2-4) and con-
tinuous external supplementation of hydrogen peroxide (H,0,), driv-
ing up operational costs and limiting scalability®®. Overcoming the
dual dependency on pH and H,0, to achieve efficient -OH synthesis
remains a pivotal challenge.

To address these issues, advanced catalytic approaches, including
photocatalysis and piezocatalysis, have been investigated”®, which
theoretically enable direct -OH generation through water splitting
(H,0 + energy > -OH + -H)" or water oxidation (H,O + h* > -OH, (238 V
vs. RHE))! under energy input (e.g., light irradiation, mechanical stress).
Yet these approaches are constrained by slow reaction rates, high
reaction energy barriers, and low radical yields'>. Another emerging
approach focuses on in-situ H,O, production via two-electron water
oxidation reactions (2 WOR) (2H,O+2h* > H,0,+2H" (1.76 V vs.
RHE))" or two-electron oxygen reduction reactions (2 ORR) (O, +2e”
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+ 2H" > H,0, (0.68V vs. RHE))*, followed by H,0, activation to
produce -OH®. Clearly, an efficient self-Fenton catalyst should theo-
retically possess both 2e” WOR and 2e” ORR to maximize the yield of
H,0,, but its development faces challenges. Besides, while some self-
sustaining systems avoid external H,O, consumption, the slow kinetics
of high-valent Fenton-active metals (e.g., Fe",Cu",Co") transitioning to
their low-valent states (Fe", Cu', Co")""?’ still constrains H,0, activation
efficiency, ultimately impairing pollutant degradation performance.
Herein, we present a BiOlO3/FeOOH (BF) piezo-catalyst fabricated
via an impregnation hydrolysis process that achieves one-step -OH
generation with high efficiency and pH-tolerance. Robust interfacial
interaction between BiOIO; (BIO) and FeOOH nanoparticles (FNPs)
promotes rapid electron transfer, rendering the FNPs electron-rich
during piezo-catalysis. Under mechanical stress, adsorbed O, on FNPs
is reduced to H,0, via a 2e” transfer pathway, while leaving behind
holes on BIO that are responsible for 2e" WOR to produce H,0,. The in
situ-generated H,0, is then directly activated by FNPs to produce -OH,
eliminating the need for additional metal ion. Moreover, the electron-
enriched FNPs induce localized H* accumulation, creating an acidic
microenvironment that enables efficient pollutant removal across a

wide pH range. This innovative approach not only simplifies the
reaction pathway but also enhances catalytic efficiency, offering a cost-
effective and versatile solution for environmental applications.

Results and discussion

Synthesis and characterization

A straightforward one-step hydrothermal method was used to prepare
BIO nanosheets (Supplementary Fig. 1a, b and Supplementary Fig. 2)%.
X-ray diffraction (XRD) spectrum indicates its crystal configuration as
pure phase BIO (Supplementary Fig. 3b). The well-aligned diffraction
spots and atomic phases in the selected area electron diffractogram
(SAED) and inverted fast Fourier transform (FFT) in Supplementary
Fig. 1c reveal the perfect single-crystal structure of the BIO nanosheets.
The layer spacing with d-spacing of 0.283 and 0.287 nm is assigned to
the (200) and (002) crystal surfaces of BIO, respectively. BIO/y-FeOOH
(BF) was synthesized from BIO through a convenient impregnation
hydrolysis strategy (Fig. 1a). It originates from the controllable
hydrolysis of Fe" in an acidic medium, which initially forms critical
nuclei containing a small number of iron atoms on BIO in the limitation
of pH and further polymerizes to 3-5nm FeOOH nanoparticles with
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Fig. 1| Synthesis and characterization of BiOlO;/y-FeOOH (BF) catalysts.

a Schematic synthesis of BiOIO5/y-FeOOH (BF) catalysts. b Transmission electron
microscope (TEM) and c high resolution transmission electron microscopy
(HRTEM) images of BFL.5 (inset, the selected area electron diffractogram (SAED) of
BFL.5). d Corresponding inverse fast Fourier transform (FFT) pattern of yellow box

area in (c), and elements mapping of Bi, I, O and Fe elements in BFL.5. e X-ray
diffraction (XRD), f Fourier transform infrared spectroscopy (FTIR) and g surface-
enhanced Raman spectroscopy (SERS) spectra of BIO and BFL.5. X-ray photoelec-
tron spectroscopy (XPS) spectra of h Fe 2p and i O 1s in BFLS.
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Fig. 2 | Characterizations of charge redistribution and piezoelectric perfor-
mance. aBi4 fand b3 d XPS spectra of BIO and BFL.5. ¢ The planar average charge
density differences of BF. Yellow denotes electron accumulation; blue indicates
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elevated temperatures (Fig. 1b, ¢ and Supplementary Fig. 3a)***2. The
limited size of FeOOH nanoparticles can markedly decrease the
transport distance of piezo-electron to the surface reaction sites,
favoring the catalytic activity®>°. The lattice fringes corresponding to
the (200) and (002) crystal planes of BIO are observed in inverse FFT
spectra of the BF (Fig. 1d), indicating that the surface loading of FeOOH
does not alter the single-crystal structure of BIO. This finding is further
corroborated by the XRD test results in Fig. 1e and Supplementary
Fig. 3b. The highly ordered lattice structure is conducive to the mac-
roscopic superposition of piezoelectric polarity.

Elemental mapping reveals the uniform distribution of Fe ele-
ments across the BIO nanosheets in Fig. 1d. Inductively coupled plasma
optical emission spectroscopy (ICP-OES) analysis revealed that the Fe
content in BFLS5 is about 0.43 wt%. Fourier transform infrared (FTIR)
and surface-enhanced Raman spectroscopy (SERS) confirmed the
presence of iron on the BIO surface in the form of y-FeOOH. Specifi-
cally, in the FTIR spectra (Fig. 1), the peaks at 1156 and 1022 cm™
correspond to the O-H bending vibrations of y-FeOOH, while the peaks
at 591 and 475 cm™ are attributed to the Fe-O bond vibrations of y-
FeOOH™. Given the low Fe loading, the SERS was employed to amplify
the Fe-species signal on the BIO surface. As shown in Fig. 1g, the new
characteristic peaks at 245, 526, 1176 and 1361 cm™ in BF are consistent
with y-FeOOH*. Besides, X-ray photoelectron spectroscopy (XPS)
measure was conducted to explore the surface chemical state of the
samples. As expected, the XPS survey spectra of BF reveal character-
istic peaks for Fe 2p, along with peaks for Bi 4 f,13 d and O 1 s belonging
to BIO (Supplementary Fig. 4). Notably, the Fe 2p core-level spectrum
of BFL5 (Fig. 1h) shows two major Fe" peaks at about 711.4 and
724.8 eV, as well as two minor Fe'" satellite peaks at around 718.4 and
731.8 eV¥. In Fig. 1i, the O 15 XPS spectrum of BF was divided into four
diffraction peaks located around 529.91, 530.55, 531.96 and 533.17 eV,
which correspond to the binding energies of Bi-O, 1-O, Fe-O and a
surface hydroxyl group (OH), respectively***'. Obviously, the intro-
duced Fe" is bonded to the O elements. Accordingly, the as-prepared

BF is composed of single-crystalline BIO and surface y-FeOOH nano-
particles (FNPs), where the long-range well-ordered crystal structure of
BIO can facilitate the superposition of piezo-polarization, while the
surface FNPs are expected to provide more highly active sites for
catalytic reaction***,

Charge transfer properties and piezoelectricity analysis

The strongly coupled interface between BIO and FNPs in BF was first
investigated by XPS fine spectra. It is evident that the incorporation of
FNPs induces shifts toward higher binding energies in the character-
istic peaks of Bi4 f,13 d, and O 1s (Fig. 2a, b and Supplementary Fig. 5),
indicating a decrease in the electron cloud density surrounding these
elements. This implies a robust interfacial interaction between BIO and
FNPs, driving interfacial electron redistribution from BIO to FNPs. To
gain insight into the charge transfer patterns at the BIO-FNPs interface,
the planar average charge density differences were plotted. In Sup-
plementary Fig. 6, the optimized electronic structure of the BF shows
that FNPs are tightly bound to BIO through Fe-O bonds, consistent with
the FTIR and XPS O 1s spectra of BF1.5. Figure 2c illustrates the accu-
mulation (yellow) and depletion (blue) of electrons at FNPs and BIO,
respectively. Clearly, the interfacial interaction results in electron
modulation in BF, wherein FNPs extract electrons from BIO, becoming
an electron-rich entity. This feature is beneficial for the subsequent O,
reduction and H,0, activation with FNPs as the reactive site.

Given that the piezo-catalytic reactivity of the samples is directly
related to their piezoelectric response, the intrinsic piezoelectricity of
BIO and BF was evaluated by piezoelectric force microscopy (PFM). In
Fig. 2d and Supplementary Figs. 7, 8, under applied bias voltages from
-10 to 10V, both BIO and BF underwent continuous surface defor-
mation, accompanied by the formation of localized hysteresis loops
and pronounced 180° phase inversion, evidencing the piezoelectric
properties of the materials. The maximum effective piezoelectric
coefficient (d33) values based on the amplitude loops BIO and BF are
2.31and 2.96 pm/V, respectively (Supplementary Fig. 8c), clarifying the
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Fig. 3 | Dual-channel H,0, synthesis performance and mechanism analysis.

a Time profiles of H,0, evolution within 20 min in different systems. b H,0, yield of
BIO and BFL.5 in pure water/air and pure water/Ar in a sealable reactor at 20-min
reaction time. ¢ Impact of various capture reagents on H,0, evolution by BF1.5. (1,4-
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triethanolamine (TEOA), tert-butanol (TBA), sodium bromates (NaBrOs) and ben-
zoquinone (p-BQ) for piezo-holes, -OH, piezo-electrons and ‘O, capture, respec-
tively). d Mechanism of H,0, generation over BF1.5. The error bars in (a, b, ¢)
represent the standard deviations from two parallel measurements.

significantly enhanced piezo-response of BF with the introduction of
FNPs. Moreover, the surface potential of catalysts under mechanical
stress was tested using Kelvin Probe Force Microscopy (KPFM). In
Fig. 2e, f, the KPFM results reveal that BF1.5 exhibits a significantly
higher surface potential compared to pristine BIO. This enhancement
is likely attributed to interfacial charge redistribution between FeOOH
and BIO, which induces additional dipole formation and strengthens
the overall polarization. Such enhanced polarization not only pro-
motes efficient separation of piezo-induced charge carriers but also
contributes to the improved piezo-catalytic activity of the material.

In-site H,0, generation activity

The in situ HO,-production activity of the as-prepared samples was
systematically investigated. As shown in Fig. 3a, the H,0, yield of BIO in
pure water was approximately 116 uM in 20 min. In contrast, the
introduction of electron-rich FNPs resulted in increases in the H,0,
yields of BF systems, with BF1.5 reaching 174 uM in 20 min (1.5 times
that of BIO), demonstrating FNPs as efficient H,0, production sites.
Control experiments in a customized sealable reactor were then con-
ducted to reveal the origin of H,0,. As depicted in Fig. 3b, the H,0,
yield of BIO in pure water/air is approximately 103 uM. When the air
was completely replaced by Ar, the H,0O, yield remained nearly
unchanged at 105 uM, indicating that BIO is highly selective for the 2e~
WOR pathway (Supplementary Fig. 11), as proved in our previous
studies**. Nothworthily, BFLS5 exhibited much high H,0, yields in pure
water/air (157 uM), while also maintaining high activity for H,0, gen-
eration in pure water/Ar (91 uM). It can be inferred that in addition to
H,0 molecules, dissolved O, is another crucial feedstock for H,0,
synthesis in the BFL.5 system.

To give more details of the BFLS5 for H,O, production, a series of
capture experiments were conducted. In Fig. 3¢ and Supplementary
Fig. 13, the addition of TEOA significantly inhibited H,O, production,
confirming the 2e° WOR capacity for H,O, production in BFLS5.

Additionally, the addition of TBA slightly suppressed the H,0, gen-
eration of BFL.5, indicating that H,O, is not generated by the 1e WOR
(H,0 + h" > -OH, -OH + -OH > H,0,). Moreover, H,0, yield decreased
remarkedly when NaBrOs; and p-BQ were used to capture electrons and
‘05, respectively. This confirms that indirect 2e” ORR is another vital
pathway for H,0, synthesis by BF1.5, where -O,” serves as a key inter-
mediate (O, + € > 0,7, -0y + € + 2H" > H,0,)*.

To further intuitively evaluate the electron transfer behavior of
BFL5 during the H,0, synthesis process, rotating ring-disk electrode
(RRDE) measurements were conducted. The oxygen reduction path-
way of BFL.5 was first examined*°. As shown in Supplementary Fig. 14a,
b, a cathodic reduction current was detected at the disk electrode
during the negative potential sweep, while a corresponding anodic
current was simultaneously observed at the ring electrode. This indi-
cates that H,0, generated at the disk rapidly diffused to the ring,
where it was oxidized. The calculated average electron transfer num-
ber (n) and H,0, selectivity for BF1.5 were 2.37 and 81.3%, respectively,
suggesting that the ORR proceeds predominantly via a 2e’ pathway. To
elucidate the water oxidation behavior of BF1.5, RRDE measurements
were also performed under anodic conditions*. In this setup, the
potential of the rotating disk electrode was scanned from 0.8 to 2.1V
(vs. Ag/AgCl), while the Pt ring electrode was held at a constant
potential of -0.23 V to monitor potential O, generation via 4¢- WOR.
As shown in Supplementary Fig. 15a, the disk current began to increase
when the applied potential exceeded 1.2V, indicating the onset of
water oxidation on the BF1.5-modified disk. Notably, no cathodic cur-
rent was detected at the ring electrode under these conditions, ruling
out the occurrence of the four-electron pathway that leads to O,
evolution. However, when the ring potential was adjusted to +0.6 V (vs.
Ag/AgCl), a distinct anodic current was observed, which is attributed
to the oxidation of H,0, at the Pt ring (Supplementary Fig. 15b).
Obviously, H,0, synthesis in BFL.5 primarily occurs through dual
channels process, where H,O molecules are oxidized on BIO
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aRhodamine B (RhB) degradation with different catalysts and b the corresponding
pseudo-first-order kinetic constant (k) within 15 min. ¢ Comparison of k values for
RhB degradation by catalysts in recent studies. The data points (arranged from left
to right) correspond to the reference numbers 7-16 provided in the supplementary
information, and more detailed parameters are given in Supplementary Table 1,
including sample names, k values, etc. d Impact of various capture reagents on RhB
degradation by BFLS5 (tert-butanol (TBA), catalase (CAT), 1,4-triethanolamine

Magnetic Field (G)

(TEOA) and benzoquinone (p-BQ) for -OH, H,0,, piezo-holes and -O,™ trapping,
respectively). e Contribution of different reactive oxygen species to RHB degra-
dation in BF1.5 system. f -OH yield within 20 min in different systems. g Linear
correlation between -OH yield and k values in BIO and BF systems. h ESR spectra of
DMPO--OH in BIO and BF1.5 system. i -OH yield within 20 min in the BF1.5 system
under various reaction conditions. The error bars in (a, d) represent the standard
deviations from two parallel measurements.

nanosheets for 2e WOR, and O, molecules are reduced on electron-
rich FNPs for indirect 2e ORR (Fig. 3d). The emerging indirect 2e ORR
can be attributed to the introduction of electron-rich FNPs sites.

Hydroxyl radicals-dominated pollutant removal

The piezo-catalytic performance of catalysts was then evaluated with
RhB as the model pollutant. As shown in Fig. 4a, the degradation rate of
RhB was only 12.3% in 15 min without catalysts. With the addition of
BIO, the degradation rate increased to 47.1%. In stark contrast, the
degradation efficiencies of RhB in BF systems were significantly higher,
with BF1.5 achieving nearly complete RhB degradation (99.6%) within
15min. Its degradation kinetic constant (0.311min™) was approxi-
mately 7.6 times that of BIO (Fig. 4b and Supplementary Fig. 16),
outperforming most reported piezo-catalytic systems and even some
photo-piezo-coupled systems (Fig. 4c and Supplementary Table 1).
Apparently, massive reactive species are generated in BF1.5 system,
primarily due to the electron-rich FNPs centers, which serve as active
sites for catalytic reactions.

To identify the most active reactive species, trapping experiments
were conducted. As shown in Fig. 4d, e, the addition of TBA sig-
nificantly inhibited RhB degradation, confirming that -OH is the pri-
mary active species, contributing 96% to the overall degradation. The
inhibition observed with catalase (CAT) followed a similar trend,
highlighting the crucial role of H,0,, which contributes 94%, nearly
equal to that of -OH. Additionally, TEOA and p-BQ reduced the
degradation contributions to 86% and 75%, respectively, suggesting
smaller but still significant effects from piezo-holes and -O,". Con-
sidering the decisive role of ‘OH in pollutant degradation, we per-
formed -OH quantitative experiments to explore the sources of
performance differences across catalytic systems. As shown in Fig. 4f
and Supplementary Fig. 18, FNPs significantly facilitates the -OH pro-
duction, with BFL5 exhibits the highest yield of 12.7uM in 20 min
(38.1uM h), 4.1 times greater than that of BIO. Intriguingly, linear fit-
ting revealed a positive correlation between -OH yield (x) and the
pollutant degradation rate of catalysts (y) (Fig. 4g) (y=0.02x), vali-
dating BIO and BFs as -OH-dominated systems. EPR analysis further
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assess the DMPO--OH signal intensity in different systems. As depicted
in Fig. 4h, the DMPO--OH peak intensity of BFL.5 was significantly
boosted compared to that of BIO, further implying that the introduc-
tion of FNPs centers initiates rapid and efficient generation of -OH.

Total organic carbon (TOC)analysis revealed a high mineralization
efficiency of 53.9% for RhB within 15 min in the BFL.5 system (Supple-
mentary Fig. 19), demonstrating its excellent degradation capability.
Additionally, liquid chromatography-mass spectrometry (LC-MS) was
employed to identify possible intermediate products formed during
RhB degradation (Supplementary Fig. 20, 21). Based on further Fukui
function calculations (Supplementary Fig. 22, 23 and Supplementary
Table 3), a plausible degradation pathway was proposed (Supple-
mentary Fig. 24). As illustrated, RhB undergoes a series of degradation
steps including N-demethylation, deamination, dealkylation, dec-
arboxylation, chromophore cleavage, ring opening, and eventual
mineralization. These results clearly indicate that RhB is efficiently
decomposed through -OH-driven oxidative processes, highlighting the
promising application potential of the BFL5 system in pollutant
degradation.

To identify the origin of -OH in BF1.5 systems, a series of con-
trolled experiments were conducted. The -OH yield from cavitation in
pure water (without catalyst) was first measured. In Fig. 4i, ultrasonic
cavitation in pure water generates trace amounts of -OH (0.57 uM in
20 min, H,0 +))) > -OH +-H), demonstrating that the cleavage of H,O
molecules contributes minimally to -OH generation in BF1.5. The role
of H,0, in -OH production was then assessed by adding CAT, which
specifically catalyzes the decomposition of H,0, into H,O and O,
(2H,0, > 2H,0 + 0,)"". As shown, the decomposition of H,0, by CAT
caused a dramatic reduction in -OH yield, from 12.68 to 1.02 uM, con-
firming that H,0, activation is the primary pathway for -OH generation.
This also explains the sharp decline in the pollutant degradation rate
upon H,0, capture.

In addition, to elucidate the role of FeOOH in H,0O, activation, we
introduced CAT into the BF1.5 system to compete with FeOOH for

H,0, decomposition. Since CAT rapidly decomposes H,0,, it serves as
a useful probe to evaluate the involvement of Fe species in the H,0,
activation process*>*’. If the variation in Fe valence state is more sig-
nificant without CAT than with CAT, this would indicate that Fe species
participate in H,O, activation. As shown in the Fe 2p XPS spectra, after
the reaction, the Fe" content in RBFL.5 decreased from 46.5 to 37.3%,
while the Fe" content increased from 53.5% to 62.7% (Supplementary
Fig. 25a, b and Supplementary Table 2), indicating that Fe" was con-
sumed during the reaction, likely by donating electrons to activate
H,0,. In contrast, when CAT was added to the BF1.5 system (Supple-
mentary Fig. 25¢ and Supplementary Table 2), the alterations in the
contents of Fe" and Fe" in the post-reaction sample (BFL5-CAT) were
not more obvious than that without adding CAT, further confirming
that Fe" in FeOOH is efficiently reduced to Fe" and participates in the
activation of H,0,. Accordingly, in the BFL.5 system, H,O, can be
activated by FeOOH to generate -OH. Thus, ‘OH in BFL.5 is mainly
derived from the activation of H,O0, by FNPs. The quantitative
experiment of -OH in a closed reactor in Supplementary Fig. 26 further
indicates that H,0, generated by 2e° WOR and 2e" ORR can be both
activated by FQD to generate -OH.

Mechanism of efficient hydroxyl radical formation

To investigate the key role of FNPs in enhancing H,0, activation, the
surface reactivity of the catalyst was assessed through cyclic voltam-
metry (CV) and linear sweep voltammetry (LSV). In Supplementary
Fig. 27b, a pair of Fe"'/Fe" redox peaks were observed in the CV curve of
BF, indicating that FNPs in BF possess superior redox reactivity com-
pared to pure BIO (Supplementary Fig. 27a). More importantly,
negative-sweep LSV of BF revealed a decrease in overpotential and a
notable increase in Fe" reduction current under ultrasonic stress
(Supplementary Fig. 27¢), suggesting that the produed piezo-potential
can further inject electrons into Fe" in FNPs***, This rapid conversion
of Fe'" is expected to overcome the low activation efficiency of the
conventional Fenton technique. The charge transfer properties of
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Fig. 6 | Investigation of pH-independent catalytic activity. a Effect of water
quality and pollutant type on degradation efficiency of BFL.5. The pH adaptability
for b RhB degradation and ¢ H,0, synthesis by BFL.5. d H,0, production of BIO

under different pH conditions. e Zeta potential of BFL5 and BIO under different pH
conditions. f Scheme of H'* species adsorbed on the surface of BF under macro-
neutral conditions.

catalysts were further investigated by photoluminescence (PL), Mott-
Schottky and piezo-current response tests. In Supplementary Fig. 28,
PL tests displayed a lower peak intensity of BF than that of BIO, indi-
cating a significant suppression of electron-hole recombination,
allowing more charge carriers to participate in the piezo-catalytic
reaction. Furthermore, the gentler slope of BF1.5 than BIO in the Mott-
Schottky diagram (Supplementary Fig. 12) demonstrates the higher
charge density (Nd) and faster charge transfer in BFL5". Besides,
piezo-electrochemical tests visualized the piezo-current response of
BIO and BF1.5 under ultrasonic vibration (Supplementary Fig. 29). BF1.5
exhibits a much higher current density, indicating the piezo-carrier can
be excited and transferred to the catalyst surface more efficiently
under ultrasonic stress. Clearly, the construction of spatially separated
active sites accelerates carrier migration, which enable rapid electron
transfer to FNPs, thus promoting the formation and activation of H,0,.

Density functional theory (DFT) calculations were employed to
uncover the underlying mechanism of high -OH-generating activity of
BF1.5. The electronic structure of BIO and BF were initially analyzed
based on DOS calculations. In Fig. 5a, the emergent Fe and O orbitals in
BF resulted in electron filling around the Fermi level (E¢), which favors
the ORR process™*. Further investigation into the adsorption and
activation of O,, prerequisites for the 2e” ORR, was conducted through
adsorption energy assessments and Bader charge analysis. Obviously,
the negative adsorption energy of O, on BF (E,4s =-1.12 eV) (Fig. 5c)
was well below that on BIO (E 45 =-0.02 eV) (Fig. 5b), demonstrating
that the FNPs substantially promote O, adsorption. Notably, unlike the
negligible charge transfer from BIO to O, (n=0.007 e), substantial
charge transfer from BF to surface-adsorbed O, occurs (n=0.66 e),
facilitating 2e” ORR, consistent with the experimental results. Conse-
quently, electron-rich FNPs serve as active sites, adsorbing O, and
supplying electrons, thus enabling the 2e” ORR process. The process of
H,0; activation was then studied in depth by Bader charge calculations
and reaction Gibbs free energy analysis. The charge density difference
diagram (Fig. 5d, e) shows the electron transfer and redistribution
between H,0, and catalyst. Obviously, FNPs exhibit more pronounced
charge redistribution after H,O, adsorption than BIO at the same iso-

surface density, indicating a stronger interaction with H,O,, which is
conducive to H,0, activation. Meanwhile, the number of electrons
transferred to H,0, from FNPs (0.039 e) is 3.5 times that from BIO
(0.011 e), suggesting that FNPs in BF donates more electrons to the O
atom in H,0,, facilitating its dissociation. Additionally, Fig. 5f illus-
trates the free energy change against the reaction coordinate for H,O,
activation, revealing that FNPs in BF are more favorable for the H,0,
decomposition into ‘OH. Thus, BF is a promising candidate for piezo-
self-Fenton catalysts, as its electron-rich FNPs serve as the bifunctional
active center, continuously facilitating 2e ORR as well as the dis-
sociation of H,0, to -OH.

Environmental adaptability of BF1.5 in pollutant remediation
The environmental suitability of the -OH-dominated catalytic system is
a key concern. Figure 6a and Supplementary Fig. 31 illustrate the
impact of actual environmental water quality on RhB degradation by
BFL.5, using tap water, Mochou Lake water, and Yangtze River water
respectively. BFL5 achieved degradation efficiencies of about 84-96%
within 30 min across varying water sources, demonstrating its robust
resistance to environmental interference. We further selected phenol
(PhOH, a -OH probe pollutant, k (+OH, PhOH) =2.1x10° M §15°¢0),
along with representative recalcitrant pollutants, including
benzophenone-3 (BP-3,a UV absorber), atrazine (ATZ, a pesticide), and
ibuprofen (IBU, a non-steroidal anti-inflammatory drug), as target
contaminants to comprehensively evaluate the pollutant degradation
performance of BF1.5. The system achieved outstanding degradation
efficiencies of approximately 81-93% for these pollutants within just
20 min (Fig. 6a and Supplementary Fig. 32), confirming the strong
oxidizing capability of -OH against organic pollutants.

More importantly, BF1.5 maintained a RhB degradation efficiency
of over 96% across a wide pH range of pH =3-10 (Fig. 6b), highlighting
its excellent pH adaptability. This performance could be attributed to
the effective H,0, synthesis of BFL5 within this pH range (Fig. 6c¢),
which provides ample feedstock for -OH generation. In contrast, BIO
showed a sharp decline in H,O, yield under alkaline conditions
(Fig. 6d). This discrepancy may be attributed to the electron-rich FNPs
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in BFLS, which tend to adsorb massive H* species on their surface,
thereby creating a surface acidic micro-environment for stable gen-
eration and activation of H,0,°'. However, the accumulation of OH on
the surface of BIO under alkaline conditions would lead to the
decomposition of H,0,, resulting in poor catalytic activity. Zeta
potential tests corroborated the above inference (Fig. 6e), showing
BF1.5 remained positively charged across pH 3-10, while BIO exhibits a
negative surface charge at pH >8.8%. Figure 6f illustrates the potential
mechanism for the pH universality of electron-rich FNPs. The Stern
layer, located around the catalyst surface, consists of anion adsorption
layer formed by electrostatic attraction and van der Waals forces. The
slipping layer, the outer diffusion layer of the Stern layer, is influenced
by the electrode electric field, forming a loosely bound charge layer.
The Zeta-potential represents the electric potential at the slipping
plane. The high electron density on the surface of the FNP enhance the
adsorption of hydrogen ions, thereby creating an acidic micro-
environment on the catalyst surface. As a result, at pH 3-10, the BF1.5
surface exhibits a positive surface zeta potential, indicating significant
adsorption of positively charged H" ions around the FNPs, which helps
resist the effects of pH fluctuations.

Supplementary Fig. 33 demonstrates the piezo-catalytic stability
of BF1.5, which retained over 90% of its piezo-degradation perfor-
mance after five cycles, indicating excellent durability. Besides, the
XRD and SERS spectra of the used BF1.5 catalyst show no significant
changes as compared to pristine BFL5 (Supplementary Fig. 34),
demonstrating its good chemical stability. To address the challenge of
recovering powder catalysts, BF1.5 was supported on nonwoven fab-
rics to test its piezoelectric catalytic performance. As depicted in
Supplementary Fig. 35-37, the supported BFLS5 still exhibited
impressive H,0, yield and RhB degradation efficiency, with its per-
formance remaining stable over multiple reaction cycles, significantly
expanding its application scenarios. The exceptional water purification
capacity, environmental adaptability and cyclic stability highlight the
promising practical application prospects of BFL.5.

In summary, BF1.5 has been successfully developed as a piezo-self-
Fenton catalyst via a controlled impregnation hydrolysis process,
demonstrating high -OH yield and impressive pollutant degradation
rates over a wide pH range. The charge redistribution between FNPs
and BIO, along with continuous electron injection from piezo-catalysis,
transforms FNPs into electron-rich sites. These sites continuously
supply electrons to adsorbed O, and H,0,, facilitating the 2e” ORR for
H,0; production and its subsequent activation to -OH. Additionally,
the electron-rich FNPs promote H* adsorption, creating a surface-
acidic microenvironment. As a result, BFL5 excels at efficiently
removing hard-to-degrade pollutants over a broad pH range. This work
underscores the significance of designing environmentally adaptable
catalysts capable of generating and swiftly activating H,O, to drive
effective environmental remediation processes.

Methods

Chemicals

All chemicals used in this work are of analytical grade and utilized
without further treatment. All aqueous solutions were prepared using
ultrapure water. Bismuth nitrate (Bi(NO3);-5H,0), potassium iodate
(K103), nitric acid (65% HNO3), tert-butanol (TBA), sodium bromates
(NaBrOs), 1,4-benzoquinone (p-BQ), triethanolamine (TEOA) were
obtained from Sinopharm Chemical Reagent Co., Ltd. Iron triper-
chlorate (Fe(ClO,)3 « XH,0), Rhodamine B (RhB), benzophenone-3 (BP-
3), atrazine (ATZ), phenol (PhOH) and ibuprofen (IBU) were supplied
by Aladdin regent (Shanghai) Co., Ltd., perchloric acid (HCIO,) was
obtained from Sigma-Aldrich.

Synthesis of BIO
The BiOlIO3 (BIO) nanosheets were synthesized via a one-step hydro-
lysis method. Briefly, Bi (NO3)5:5H,0 (2.1 mmol) and KIO; (0.7 mmol)

were dispersed in a mixture of deionized water (33 mL) and 65% HNO;
(2mL), then stirred for 1h at room temperature. The resulting sus-
pension was transferred into a 50 mL Teflon-lined stainless autoclave
and hydrothermally treated at 180 °C for 14 h in an electric heating
oven. The sample was collected by centrifugation, washed alternately
with ethanol and water, and subsequently dried at 60 °C for 10 h,
yielding the white BiOlO; powder denoted as BIO.

Synthesis of BF

BIOIOs/FeOOH (BF) was synthesized by a facile impregnation hydro-
lysis process in acidic aqueous solution. Specifically, 50 mL deionized
water was added to a beaker, then the pH was adjusted to 2.5 with
perchloric acid. Next, a certain amount of ferric perchlorate was added
to the above solution, following which the pH was continued to be
adjusted to 2 with perchloric acid. Subsequently, 150 mg of BiOIO;
catalyst was added to the above solution, dispersed homogeneously,
and placed in an oil bath at 90 °C with stirring for 2 h. The powder
obtained were washed to near neutrality by filtration and dried in a
vacuum oven at 60 °C. The obtained samples are denoted as BFO.5,
BF1.5 and BF2.5, where 0.5-2.5 indicated the mmol concentration of Fe"
during the preparation of BF.

Characterization

The morphology and structure of the samples were analyzed
employing scanning electron microscopy (SEM, Zeiss Supra 55) and
transmission electron microscopy (TEM, JEOL, JEM-2100F). X-ray
diffraction (XRD, Rigaku, Smart-Lab) was utilized to determine the
crystalline phase. Fourier transform infrared (FTIR) spectroscopy
(Thermo Scientific Nicolet iS20) was used to study the surface
functional group structure. Surface-enhanced Raman spectroscopy
(SERS, LabRAM HR Evolution) was employed to analyze the chemical
structure, with 514 nm laser as the excitation source. To investigate
the surface states, X-ray photoelectron spectroscopy (XPS, ESCA-
LAB250XI) was employed. Steady-state photoluminescence (PL) was
performed using a fluorescence spectrophotometer (Hitachi,
F-7000) with an excitation wavelength of 300 nm. Electron spin
resonance (ESR, JES-FA200 EER) with 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) acting as a spin trap was used to identify active
species in the samples. The diffuse reflectance absorption spectra
(DRS) of the samples were examined using a UV-visible spectro-
photometer (UV-3600, Shimadzu Corporation, Tokyo, Japan), with
BaSO, as a reference. Additionally, surface potentials and piezo-
electric properties of the produced samples were investigated using
piezoelectric force microscopy (PFM) and a Kelvin probe force
microscope (KPFM, Dimension Fast Scan, Bruker, America).

Quantification of hydroxyl radicals (-OH)

The -OH was quantified using the terephthalic acid (TA) method. The
procedure involves the reaction of TA with hydroxyl radicals to form
2-hydroxyterephthalic acid (HTA), which can be measured using
fluorescence spectroscopy.

The specific steps are as follows: 20 mg of catalyst was dispersed
in 50 mL mixed solution of terephthalic acid (TA) and sodium hydro-
xide (NaOH), with concentrations of 0.5 mM and 2 mM, respectively.
The reaction was carried out under ultrasonic excitation for 20 min. At
intervals, 2 mL of the supernatant was taken and tested using a fluor-
escence spectrophotometer, using 315nm light for excitation. The
relative content of -OH was determined from the fluorescence inten-
sity of the solution at 425 nm.

Piezo-catalytic H,0, generation

For the piezo-catalyzed H,0, synthesis, 20 mg of the piezo-catalyst
was homogeneously dispersed in 50 mL of pure water and stirred for
20 min before the reaction. The mixture was then excited by ultrasonic
waves at 200 W and 40 kHz, with temperature control maintained by
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circulating water during the reaction. At regular intervals, 2 mL of the
clear reaction solution was withdrawn to measure the H,0, yield.

The concentration of hydrogen peroxide was determined using a
colorimetric method with spectrophotometry. Typically, 10 mg of
peroxidase and 100 mg of N, N-diethyl-p-phenylenediamine are dis-
solved in 10 mL of deionized water, referred to as Solution A and
Solution B, respectively. Solution C is a mixture of 10 mL of 0.1M
sodium dihydrogen phosphate (NaH,PO,4) and 90 mL of 0.1M dis-
odium hydrogen phosphate (Na,HPO,). For the test, 1 mL of the cen-
trifuged supernatant is added to a homogeneous mixture containing
3mL of deionized water, 30 uL of Solution A, 30 uL of Solution B,
and 300uL of Solution C. The mixture is then shaken well, and
the absorbance is measured at 551nm using a UV-visible
spectrophotometer.

Piezo-catalytic H,O, generation in Ar

20 mg of piezo-catalyst was homogeneously dispersed in 50 mL of
pure water and added to a sealed reactor. The reaction solution was
evacuated by a vacuum pump for 30 min to remove dissolved oxygen
completely. High-purity argon gas was then injected into the reactor
until the pressure gauge read standard atmospheric pressure. Finally,
the ultrasonic machine was turned on to activate the piezo-catalytic
reaction.

Piezoelectric electrochemical measurements

The Piezoelectric electrochemical properties were tested on a CHI-
660D electrochemical workstation using a standard three electrode
system with Ag/AgCl electrode as the reference electrode, a Pt plate as
the counter electrode, and an FTO glass covered with the prepared
sample as the working electrode. Piezoelectric current, Mott-Schottky,
cyclic voltammetry, and linear scanning voltammetry measurements
were performed in a 0.5M Na,SO,4 aqueous solution.

The working electrode was prepared as follows: 8 mg of the
sample was dispersed in a mixture of 960 L of hydroalcohol (1:1) and
20 uL of naphthol (5 wt.%), and then sonicated for 60 min. Afterwards,
200 L of the well-dispersed mixture was applied to the conductive
side of the FTO glass and dried at room temperature.

Piezo-catalytic degradation of organic pollutants

20 mg of piezoelectric catalyst was homogeneously dispersed in 50 ml
of contaminant solution and stirred for 30 min until adsorption-
resolution equilibrium was reached. The catalyst was then excited by
ultrasonic waves with 200 W at a frequency of 40 kHz for contaminant
degradation. During the reaction the temperature was controlled to
room temperature by circulating water. At intervals, 2 ml of the reac-
tion solution was withdrawn and filtered through a 0.22 um membrane,
followed by ultraviolet spectrophotometry (UV) or high-performance
liquid chromatography (HPLC) to detect changes in pollutant con-
centration during degradation, where the absorbance of RhB at 552 nm
was detected by UV and the remaining several contaminants were
detected by HPLC with the specific test methods shown in Supple-
mentary Table 4. The types and concentrations of pollutants used
were: [RhB] =5 ppm, [BP-3]=5 ppm, [ATZ]=5 ppm, [PhOH] =5 ppm,
[BIU] =5 ppm.

Besides, water samples were collected from the banks of Mochou
Lake and Yangtze River in Nanjing, Jiangsu Province, China, to simulate
the impact of real water conditions on the degradation activity of
catalysts. Tap water samples were taken from the laboratory of Nanjing
Hohai University.

DFT calculation

Density functional theory (DFT) calculation was performed by using
the Vienna Ab-initio Simulation Package (VASP). The energy and
electronic structure analysis were carried out by using VASP®*
employing the projector augmented wave (PAW) method®. The

generalized gradient approximation (GGA) of the Perdew-Burke-
Ernzerh of (PBE) functional was used to treat the electronic
exchange-functional®. Van der Waals (vdW) interaction was described
using Grimme’s semi-empirical dispersion-corrected DFT-D3 method.
A plane-wave basis set with k point of 1x1x1, cutoff energy with
450 eV, and energy convergence criteria with 10°eV, and the forces on
each atom were less than 0.03 eV A™.. The following formula was used
to calculate the free energy (AG) of the piezo-catalytic reaction step:

G(T) = I':ele + Gcorr(T) = Eele +ZPE+ AGO*)T (1)

where Eee, Georr(T), ZPE and Go.,t stand for electronic energy, thermal
corrections to Gibbs free energy, zero-point energy and contribution
by heating the system from OK to 298.15K, respectively.

The load of catalysts on non-woven fabric

The BF1.5-loaded polypropylene non-woven fabric was prepared by
the hot-melt embedding method. Typically, 50 mg of BF1.5 catalyst was
dispersed into 10 mL of ethanol and sonicated for 1 h to form a mixed
solution, which was subsequently filled into small spray bottles. Spray
the mixture solution in the spray bottle evenly onto the square poly-
propylene non-woven fabric (2 x 2 cm), dry naturally, and repeat this
step three times. Afterwards, the iron is heated to about 170 °C to iron
the non-woven fabrics, until the surface of the nonwoven fabrics
appears to be melted, then stop ironing, and the catalyst can be firmly
embedded in the surface of the nonwoven fabrics after cooling natu-
rally. Repeat this operation until the catalyst is fully embedded. Finally,
BF1.5 catalyst-loaded non-woven fabric was washed well with pure
water to remove the surface of unfastened catalysts.

Data availability

The data supporting the plots within this paper and other study find-
ings are available from the corresponding author upon request. The
data generated in this study are provided in the Supplementary
Information/Source Data file. Source data are provided with this paper.
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