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A novel Fe-doping three-dimensional flower-like Bi;Ogl3 microspheres with plasmonic Bi and rich sur-
face oxygen vacancies (Fe-Bi/Bi;Ogl3/OVs) was prepared as catalysts, and further coupled with natural air
diffusion electrode (NADE) to construct the heterogeneous visible-light-driven photoelectro-Fenton (HE-
VL-PEF) process to enhance the degradation and mineralization of tetracycline (TC). Interfacial =Fe sites,
OVs and Bi metal were simultaneously constructed via Fe doping, which effectively improved visible light
absorption and the separation efficiency of photogenerated carriers to further accelerate the transforma-
tion of Fe(Ill) to Fe(Il), achieving Fenton reaction recycling. HE-VL-PEF process could achieve enhanced
treatment of pollutants, thanks to the synergistic effect of electro-Fenton (EF) and photo-Fenton (PF).
NADE exhibited excellent H,0, electrosynthesis without external oxygen-pumping equipment. Under the
irradiation of visible light, Fe-Bi/Bi;Ogl3/OVs could achieve more photoelectrons to accelerate the transfor-
mation of Fe(lIl) to Fe(Il) or directly activate H,0,. DFT calculations also clearly demonstrated that except
for the fast charge separation and transfer, Fe-Bi/Bi;Ogl3/OVs could achieve a faster electron transport be-
tween Fe-O, facilitating Fe site acquire more electron. Consequently, the Fe-Bi/Bi;Ogl3/OVs in HE-VL-PEF
process presented performance superiorities including excellent pollutant removal (91.91%), low electric
energy consumption of 66.34 kWh/kg total organic carbon (TOC), excellent reusability and wide pH adapt-

ability (3-9).
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Nowadays antibiotics has been widely and commonly used in
clinical medicine, animal husbandry and agriculture for their ex-
cellent performance to treat bacterial infections [1,2]. However, the
abuse and emission of antibiotics possesses huge threats to the
ecosystems and human health [3]. Particularly, tetracycline (TC), as
one of the most common antibiotics all over the world, has high
ecotoxicity, environmental durability and been frequently detected
in the surface and ground water [4,5]. Due to its chemical stabil-
ity and solubility in water, TC cannot be easily degraded through
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biological processes and conventional wastewater treatments [6,7].
Therefore, it is indispensable to develop a highly efficient technol-
ogy to remove TC from wastewater.

Advanced oxidation processes (AOPs) based on generating
highly reactive radical species have been considered as an ef-
ficient technology to degrade and mineralize refractory contam-
inants [8,9]. Among many AOPs, Fenton process can generate
strongly oxidizing hydroxyl radicals ("OH) via the decomposition
of hydrogen peroxide (H,0,) by ferrous ions (Fe(Il)) in aqueous
solution, which has been currently widely used in pharmaceuti-
cals wastewater treatment [10,11]. However, the continuous pro-
duction of *OH by conventional Fenton reaction is largely restricted
by the sluggish regeneration of Fe(Il) and the need for continu-
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ous addition of H,0,, which greatly increases the operating costs
[12,13].

Aim to overcome the drawback of conventional Fenton process,
electro-Fenton (EF) process and photo-Fenton (PF) have been pro-
posed [14]. EF can achieve the in-situ electro-generation of H,0,
via the cathodic two-electron oxygen reduction reaction (ORR),
which avoids the storage and transportation of H,0, [15]. But, as
occurs in conventional Fenton process, the transformation rate of
Fe(Ill) to Fe(Il) is the crucial rate-limiting step of the EF [13]. No-
table, the transformation efficiency of Fe(Ill) to Fe(Il) can be im-
proved via the photogenerated electron derived from photocataly-
sis to accelerate Fenton reaction [16]. Hence, the photo-Fenton pro-
cess has attracted great interest in wastewater treatment. However,
it still needs to be additionally added H,0, like conventional Fen-
ton process. As a result, it is important to construct a Fenton-based
process with strong ability to supply electrons and H,0,.

Heterogeneous photoelectro-Fenton (HE-PEF) process combines
the benefits of EF and PF process, achieves the in-situ electro-
generation of H,0, and accelerate the transformation of Fe(III)
to Fe(Ill) by photogenerated electron, successfully improving the
efficiency of the degradation and mineralization of organic mi-
cropollutants. Furthermore, H,0, as photogenerated electron ac-
ceptor also promote the separation of photogenerated charge car-
riers (e~/h*) and generate more reactive oxygen species (ROS)
[17]. Compared with traditional light sources such as mercury or
xenon lamps, light emitting diode (LED) has more environmentally
friendly characteristics such as lower energy consumption, longer
service life, less toxicity, and smaller occupation space. As a result,
PEF process, especially being driven by LED visible light irradiation,
has attracted considerable attentions.

However, the catalytic performance of most of HE-PEF catalysts
has remained limited due to the fast recombination rate of pho-
togenerated electron-hole, the poor chemical stability and insuffi-
cient optical absorption in the visible region [18]. As one of bis-
muth halide oxide (BixOyX;), Bi;Ogl3 has displayed excellent pho-
tocatalytic activity since its excellent layered structure [19]. To ac-
tivate H,O, more efficiently, the introduction of reaction site for
constructing Fenton reaction in the presence of H,0, is crucial
[20,21]. Meanwhile, the existence of oxygen vacancies can promote
the transfer of photogenerated electrons and accelerate the redox
cycling of =Fe(Ill)/=Fe(II) to boost the activation of H,0, for gener-
ating more *OH [19,20]. Furthermore, the existence of surface plas-
mon resonance (SPR) absorption from Bi metal enables the photo-
catalyst to achieve full spectral response, especially enhanced ab-
sorption in the visible light range [22].

Furthermore, as one of H,0,-based electrochemical advanced
oxidation processes (EAOPs), cathode materials that can efficiently
produce H,0, are crucial for HE-VL-PEF process. The most com-
monly used cathode materials are gas diffusion electrodes (GDE)
and graphite felt (GF) due to their high H,0, production efficiency
and low cost [23]. However, both GDE and GF require aeration to
supply sufficient O, for ORR and have extremely low oxygen uti-
lization efficiency (OUE) (usually <1%), which results in the high
aeration energy consumption (0.04-0.5 kWh/m3) [24]. In our previ-
ous research, a natural air diffusion electrode (NADE) with a super-
hydrophobic three-phase interface has achieved better H,O, elec-
trosynthesis performance without external oxygen-pumping equip-
ment, showing great application potential in H,0O,-based EAOPs
[24,25].

Herein in this work, a novel three-dimensional flower-like Fe-
Bi/Bi;Ogl3/OVs microspheres photocatalyst was prepared for effi-
ciently activating H,0, and coupled with NADE, accomplishing ef-
ficient heterogeneous visible light photoelectro-Fenton (HE-VL-PEF)
degradation and mineralization of TC without aeration. For cata-
lyst, interfacial =Fe sites, OVs and Bi metal were simultaneously
constructed in hierarchical Bi;Ogl3 microspheres via a facile Fe
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doping, which introduced Fenton reaction site (=Fe), broadened
the light response range and improved the separation efficiency of
photogenerated carriers to further accelerate the transformation of
Fe(Ill) to Fe(Il), achieving Fenton reaction recycling. HE-VL-PEF pro-
cess could achieve the synergistic of EF and PF under LED visible
light irradiation for enhanced treatment effect on pollutants.

The crystalline structures of as-prepared catalysts were con-
firmed through the X-ray diffraction (XRD) technique. Fig. 1a
showed XRD patterns of the Bi;Ogl3 and Fe-Bi/Bi;Ogl3/OVs sam-
ples. It was obvious that all diffraction peaks could be indexed to
the typical tetragonal structure of BiOI (JCPDS No. 73-2062), but
some peaks shifted slightly to smaller diffraction angles, which
might be attributed to the existence of extra bismuth and oxygen
atoms in the lattice of BiOI, resulting in the lattice distortion of the
crystal structure [19,26]. Notably, it could be seen that the rhombo-
hedral phase of Bi (JCPDS No. 44-1246) was formed in the diffrac-
tion peaks of Fe-Bi/Bi;Ogl3/OVs (Fig. S1 in Supporting information),
which could be explained that thermal reduction of ethylene glycol
(EG) allowed in situ formation of Bi® on the Bi;Ogl3, and Fe3* con-
tributed to the transformation of amorphous to crystalline phase
(Bi3+ to Bi%) [27]. Furthermore, there was no obvious peaks of Fe
oxides in the XRD pattern of Fe-Bi/Bi;Ogl3/0Vs, indicating that Fe
existed in the form of ion doping rather than new substances [20].

The X-ray photoelectron spectra (XPS) was conducted to ana-
lyze the elemental compositions and chemical valance states of as-
prepared catalysts. As shown in Fig. 1b, the XPS spectra revealed
that Bi, O, and I appeared in both Bi;Ogl;3 and Fe-Bi/Bi;Ogl3/OVs.
Notably, Fe-Bi/Bi;Oql3/OVs contained Fe element in addition to Bi,
I and O elements. As seen from the Fe 2p spectrum (Fig. 1c), com-
pared with Bi;Ogls, the Fe 2p spectra of Fe-Bi/Bi;Oql3/0Vs exhib-
ited two characteristic peaks at 710.4eV and 723.9eV, correspond-
ing to the Fe 2p3, and Fe 2p,, orbitals, respectively, which can be
attributed to Fe doping [19,28]. The corresponding high-resolution
XPS spectra of Bi, O and | were demonstrated in Figs. 1d and e
and Fig. S2 (Supporting information). As displayed in Fig. 1d, two
main peaks located at 158.7 eV and 164.0eV were observed in Fe-
Bi/Bi;Ogl3/OVs, which could be assigned to Bi 4f;, and Bi 4fs),
respectively [26]. Compared with Bi;Ogl3, the Bi 4f peaks of Fe-
Bi/Bi;Ogql3/0Vs shifted to a lower binding energy, which could be
attributed to that with the higher electronegativity, Fe(Ill) has a
stronger ability of attracting electrons than Bi3+, resulting in a de-
crease in binding energy of Bi in the composite [20]. Furthermore,
Fe(Ill) has a smaller ionic radius than Bi3*, making it easier for
Fe(1ll) ions to occupy Bi3* sites [20]. As for I 3d spectra (Fig. S2),
two main peaks located at 618.7 eV (I 3d5j,) and 630.25eV (I 3d3,)
were observed in Fe-Bi/Bi;Ogl3/OVs. And compared with Bi;Ogls,
the I 3d peaks of Fe-Bi/Bi;Ogl3/0Vs also shifted to a lower binding
energy, just like the Bi 4f spectra. As displayed in Fig. 1e, the O
1s spectra could be split into three characteristic peaks. For Fe-Bi/
Bi;Ogl3/OVs, the peak at 529.5eV, 531.0eV and 532.6eV could be
attributed to lattice oxygen of Bi-O bond, the defect oxygen at the
vacancy sites and adsorbed oxygen of hydroxyl groups, respectively
[29]. Compared with Bi;Ogl3, the binding energy peak area of oxy-
gen vacancies in the Fe-Bi/Bi;Oql3/OVs was increased, which fur-
ther indicated that the Fe doping promoted the formation of more
oxygen vacancies and the formation of Bi® would accompany the
production of OVs [30].

In order to further prove the existence of more oxygen vacan-
cies, the electron paramagnetic resonance (EPR) spectra were con-
ducted to analyze oxygen vacancies. As shown in Fig. 1f, the sig-
nal intensity of oxygen vacancy was enhanced after Fe doping be-
cause the replacement of Fe(Ill) for Bi3* caused partial distortion
of the Bi;Ogl3 crystal structure to generate more oxygen vacan-
cies, and the formation of Bi® would accompany the production
of OVs [30,31]. Oxygen vacancies in Fe-Bi/Bi;Ogl3/OVs could act
as the trapping center of photogenerated electrons, thus reducing
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Fig. 1. (a) XRD pattern and (b) XPS spectra of Bi;Ogl3 and Fe-Bi/Bi;Ogl3/OVs. (c) The difference XPS spectra of Fe 2p, (d) Bi 4f, and (e) O 1s of Bi;Ogl3 and Fe-Bi/Bi;Ogl3/OVs.

(f) EPR spectra of Bi;Ogl3 and Fe-Bi/Bi;Ogl3/OVs.
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Fig. 2. (a) Field-emission scanning electron microscopy (FESEM) image of Bi;Ogl3
and (b) Fe-Bi/Bi;Ogl5/0OVs. (c)TEM image, (d) HR-TEM image and (e) high-angle an-
nular dark-field scanning transmission electron microscopy (HAADF-STEM) image
and corresponding element mapping of Bi, O, I and Fe of Fe-Bi/Bi;Ogl3/OVs.

the probability of their recombination with photogenerated holes
[32].

The microstructures of prepared catalysts were characterized
by scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM) and high-resoultion TEM (HRTEM). As shown
in Fig. 2a, Bi;Ogl; appeared as flower-like hierarchical architec-
tures. Fe-Bi/Bi;Ogl3/0Vs also shows flower-like microspheres with
a radius of 1 um (Fig. 2b). After Fe doping, the self-assembled
nanosheets aggregated, showing the morphology of microspheres.
TEM images further confirmed the hierarchical flower-like micro-
spheres architecture of Fe-Bi/Bi;Ogl3/OVs (Fig. 2c). Meanwhile, as
displayed in Fig. 2d, the lattice fringes with 0.300 nm and 0.328 nm
lattice spacing are attributed to (012) crystal plane of Bi;Ogl3 and
(012) lattice plane of Bi, respectively. Furthermore, according to
corresponding element mapping results (Fig. 2e), all elements (Bi,
O, I and Fe) could be clearly observed, indicating that Fe ions
had been homogeneously doped into the Bi;Ogl3 crystal structure,
which was consistent with XPS results.

The transient photocurrent responses were carried out to ana-
lyze the photogenerated charge separation of the photocatalysts. As
shown in Fig. 3a, the Fe-Bi/Bi;Oql3/OVs (20.85 pA/cm?) exhibited
higher photocurrent intensity under visible light irradiation com-
pared with Bi;Ogl3 (12.75 pA/cm?), revealing the superior charge
separation dynamics, suggesting that the existence of plasmatic
Bi and oxygen vacancies accelerated the transfer of photogener-
ated e~ and h* [32]. Compared with Bi;Ogl3, Fe-Bi/Bi;Ogl3/OVs
showed much steeper and larger photocurrent density (Fig. 3b),
which also indicated that it possessed superior charge separation
dynamics. The EIS Nyquist curves of Fe-Bi/Bi;Ogl3/OVs and Bi;Ogl3
were shown in Fig. 3c, it is obvious that Fe-Bi/Bi;Ogl3/OVs pos-
sessed smaller semicircle radius compared with pristine Bi;Ogl3,
indicating a faster charge transfer kinetics at Fe-Bi/Bi;Ogl3/OVs
electrolyte interface effective inhibited photogenerated charge re-
combination. The semicircle radius on the EIS Nyquist curves of
Fe-Bi/Bi;Ogl3/OVs measured without visible light irradiation de-
creased obviously (Fig. S3 in Supporting information), implying
a large of number of photogenerated charge generated under il-
lumination [33]. The separation of e~ and h* in different cat-
alysts were demonstrated by combining the analysis of photo-
luminescence spectra (PL). Compared with pure Bi;Ogl3, the Fe-
Bi/Bi;0gl3/0OVs exhibited weaker intensity due to the enhanced
photogenerated carriers separation efficiency (Fig. S4 in Support-
ing information), which was consistent well with the photocur-
rent analysis and EIS analysis. The enhanced photocurrent and less
resistance indicated effective transport of photogenerated carriers
over Fe-Bi/Bi;Ogl3/0OVs, which could be ascribed to the existence
of plasmatic Bi and oxygen vacancies induced by Fe-doping.

The UV-vis adsorption spectra of Fe-Bi/Bi;Oql3/OVs and Bi;Ogl3
were displayed in Fig. 3d. The absorption edges of Bi;Ogl3 and Fe-
Bi/Bi;0gl3/0OVs were 553 nm and 663 nm, respectively. Compared
with Bi;Ogl3, the absorption edges of Fe-Bi/Bi;Ogl3/OVs witnessed
an obvious redshift. The existence of plasmatic Bi (SPR effect)
and oxygen vacancies significantly broaden the range of photore-
sponse, resulting in an enhancement of the utilization of visible
light [34,35]. The bandgap of Bi;Ogl; and Fe-Bi/Bi;Ogl3 could be
calculated using Eq. 1.

ah = A(hv — E)"” (1)
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where o represents absorption coefficient, A represents propor-
tional constant, h represents Planck constant, v represents light
frequency, Eg represents bandgap energy and n is 4 for indirect
band gap semiconductor [36]. The calculated Eg of Bi;Ogl; and
Fe-Bi/Bi;Ogl3/0OVs were 2.31eV and 2.05eV, respectively (Fig. 3e).
As shown in Fig. S5 (Supporting information), it is obvious that
the slope of the Mott-Schottky plots was positive, indicating that
both Bi;Ogl3 and Fe-Bi/Bi;Oql3/0OVs were n-type semiconductors
[37]. The flat band potential of Bi;Ogl3 and Fe-Bi/Bi;Ogl3/OVs ap-
proximately were —0.28 and —0.16eV (vs. Ag/AgCl), corresponding
to 0.15 and 0.27eV (vs. NHE), respectively. Since the conduction
band position of the n-type semiconductor is usually negative ap-
proximated 0.1-0.2V than the flat-band position [38]. Herein, the
conduction band potential (Ecg) of Bi;Ogl3 and Fe-Bi/Bi;Ogl3/OVs
were 0.05 and 0.17eV (vs. NHE) when 0.1 eV was taken. Combined
with the bandgap, the valence band potential (Eyg) of Bi;Ogls
and Fe-Bi/Bi;Ogl3/0Vs were 2.36 and 2.22eV (vs. NHE), respec-
tively. Therefore, the energy band structures of Bi;Ogl3 and Fe-
Bi/Bi;0gl3/OVs were exhibited in Fig. 3f.

The removal of TC in HE-VL-PEF process over Fe-Bi/Bi;Ogl3/OVs
and Bi;Ogl; was further illustrated in Fig. 4a. Fe-Bi/Bi;Ogl3/OVs
exhibited better removal efficiency (91.91%) in HE-VL-PEF process
with the rate constants value of 0.035 min—!, which was almost
2.2 times higher than Bi;Ogl; (0.016 min~!). And when the re-
action time was extended to 2h, the TC could be 100% removed
(Fig. S7 in Supporting information). Furthermore, as shown in
Fig. 4b, Fe-Bi/Bi;Ogl3/OVs also exhibited the higher H,0, utiliza-
tion efficiency (80.16%), which was about 1.77 times higher than
Bi;Ogl3 (45.29%). The excellent catalytic degradation performance
of Fe-Bi/Bi;Ogl3/OVs might be due to its efficient activation of
H,0, to produce more active species. Herein, the concentrations
of *OH produced in the HE-VL-PEF process over Bi;Ogl; and Fe-
Bi/Bi;Ogl3/OVs were further detected. As displayed in Fig. 4c, the
Bi;Ogl3 in HE-VL-PEF process could generate only 59.16 pmol/L
at 90 min, while that of Fe-Bi/Bi;Ogl3/OVs could reach to 244.48
pmol/L (4.13 times as much as Bi;Ogl3). This result indicated that
H,0, could be more efficiently activated and conversed into ‘OH in
HE-VL-PEF process with Fe-Bi/Bi;Ogl3/0OVs. And the superior H,0,
activation performance of Fe-Bi/Bi;Ogl3/OVs might result from the
Fe doping, which supplied active site and constructed Fenton re-
action in the presence of H,0,. In the meantime, the formation
of Bi and oxygen vacancy could effectively improve the separa-
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Fig. 4. (a) The removal performance of TC. (b) the H,0, utilization efficiency. (c)
The total concentrations of *OH produced. (d) EPR spectra of DMPO-"OH in HE-VL-
PEF process over Fe-Bi/Bi;Ogl3/OVs and Bi;Ogls.

tion efficiency of photogenerated carriers to further accelerate the
transformation of Fe(Ill) to Fe(Il), achieving Fenton reaction recy-
cling. Notably, compared with Bi;Ogl3, a significant increased in-
tensity of DMPO-"OH was observed with Fe-Bi/Bi;Oql3/0OVs as cat-
alyst, which was consistent with the H,0, utilization efficiency
(HUE), the concentrations of “OH produced and the performance
of TC removal (Fig. 4d). Moreover, the EPR spectra of DMPO-"0,"
with Fe-Bi/Bi;Ogl3/OVs as catalyst also appeared a significant in-
creased intensity, just like the EPR spectra of DMPO-'OH (Fig. S8
in Supporting information).

TC was removed in HE-VL-PEF process with multiple catalytic
reactions (including photocatalysis, AO-H,0,, AO-VL-H,0,, and HE-
EF). Hence, the comparison of different processes needs to be fur-
ther investigated. As shown in Figs. 5a and b, compared with the
photolysis process with visible light, Fe-Bi/Bi;Ogl3/OVs as catalyst
in photocatalysis process could remove 22.47% of TC with the re-
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action rate constant of 0.003 min~! in 90 min, which indicated Fe-
Bi/Bi;Ogl3/OVs was an effective visible light photocatalyst. For AO-
H,0, process, only 40.09% of TC could be removed, and the accu-
mulation concentration of H,0, could reach to 89.35mg/L, which
attributed to efficient H,0, electrosynthesis performance of NADE
(Fig. 5a and Fig. S9 in Supporting information). Moreover, the com-
bination of AO-H,0, and LED visible light (VL-AO-H,0,) showed
a better TC removal (73.57%) than that of AO-H,0, (Fig. 5a), but
unfortunately its total organic carbon (TOC) removal rate was still
similar to AO-H,0,, indicating the H,0, could be activated and de-
composed under LED visible light illumination with limited ROS
generation. For HE-EF process, approximately 48.27% TC could be
removed after 90 min. However, the HUE of Fe-Bi/Bi;0ql3/OVs in
HE-EF process was not ideal, only 10.90% in 90 min (Fig. S9 and
Fig. 5c). In order to improve H,0, utilization efficiency, TC removal
efficiency and mineralization efficiency, we introduced LED visi-
ble light into HE-EF process to construct HE-VL-PEF process. Sur-
prisingly, HE-VL-PEF process could achieve 91.91% removal of TC
(0.035 min~1), 47.16% removal of TOC and 80.16% of HUE (Figs. 5a-
d), demonstrating the remarkably enhanced catalytic performance
of Fe-Bi/Bi;Ogl3/OVs under the existence of H,O, and visible light
irradiation.

The removal of TOC in different processes was further illus-
trated in Fig. 5d. Obviously, HE-VL-PEF process exhibited the higher
removal efficiency of TOC (47.16%) than that of HE-EF (22.11%),
VL-AO-H,0, (12.43%) and AO-H,0, (11.21%). The major interme-
diate products were identified by HPLC/MS analysis. Based on
the mass/charge ratios (m/z) of the detected species (Table S1 in
Supporting information), the possible degradation pathway of TC
in HE-VL-PEF was proposed in Fig. S10 (Supporting information).
Meanwhile, further calculation in Fig. 5e demonstrated the electric
energy consumption (EEC) of HE-VL-PEF was 66.34kWh/kg TOC,
which was only 21.13% of that in AO-H,0, (313.89 kWh/kg TOC),
23.42% of that in VL-AO-H,0, (283.19kWh/kg TOC) and 41.67% of
that in HE-EF (159.18 kWh/kg TOC), indicating HE-VL-PEF process
was more cost-effective for the treatment of organic wastewater.
The results showed that the introduction of Fe-Bi/Bi;Oql3/OVs and
visible light promoted the mineralization of pollutant and reduced
EEC. The above results clearly demonstrate that HE-VL-PEF process
presented performance superiorities in pollutant removal, miner-
alization, HUE, and EEC (Fig. 5f). Moreover, compared with other
related works (PF, EF and PEF process), HE-VL-PEF process with Fe-

Bi/Bi;0gl3/0Vs as catalyst (LED visible light irradiation) and NADE
as cathode (without aeration) performed lower electric energy con-
sumption and better cyclic degradation performance (Table S2 in
Supporting information), which demonstrated once again that it
was a high-efficiency, low-consumption and promising technology
for wastewater treatment.

To optimize the operational conditions for the degradation of
TC in HE-VL-PEF process, the effects of the applied current, catalyst
dosage, and initial pH on the TC degradation were investigated in
Fig S11. The background constituents in aqueous matrix are usu-
ally complex, thus the influence of inorganic anions (Cl~, NO3~,
HPO42-, and HCO;~) and humic acid (HA) on TC removal in HE-
VL-PEF process was investigated in Fig S12 (Support information).

To investigate the contribution of major active species respon-
sible for TC degradation in HE-VL-PEF process, free radical quench-
ing experiments were carried out. The triethanolamine (TEOA),
methanol (MeOH) and SOD (Superoxide Dismutase) were chosen
for scavenging photogenerated holes (h*), "OH, and superoxide
radical (*0,7), respectively. As shown in Fig. 6a, the degradation ef-
ficiency of TC decreased mildly to 82.21% by addition of SOD, man-
ifesting that the contributions of *0,~ on TC removal was weak. It
was obvious that when MeOH and TEOA were added to the reac-
tion system, the TC degradation efficiency declined by 28.14% and
17.75% along with the corresponding reaction rate constant from
0.035 to 0.012 and 0.016 min"! (Figs. 6a and b), respectively, indi-
cating that ‘OH and h*™ were the predominant reactive species and
*OH played the leading role. In order to clearly verify the contri-
bution of different active species, the contribution rate was further
calculated according to Eq. S3 (Supporting information). As shown
in Fig. 6b, the relative contributions of *OH, h* and *0,~ to the
overall degradation kinetics were determined to be 64.22%, 52.89%,
and 38.64%, respectively. Notably, the total contribution exceeds
100% due to the convoluted radical chemistry involved in photo-
catalysis [39-41]. In short, *OH, h* and "0, all conducted to the
TC removal, while ‘OH played a dominant role in HE-VL-PEF pro-
cess.

The EPR experiments were further conducted to clarify the for-
mation of ‘OH and ‘O,~ in different processes. As displayed in
Figs. 6c and d, compared with AO-H,0,, AO-VL-H,0,, and HE-
EF process, HE-VL-PEF process exhibited the strongest intensity of
DMPO-"0OH signals and the DMPO-'0,~ signals, indicating that Fe-
Bi/Bi;OgqI3/0OVs and visible light could promote the H,0, activa-
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tion to generate more ROS and improve TC degradation efficiency.
We also further compared the generated *OH concentration in HE-
VL-PEF process with that of HE-EF process. The ‘OH concentra-
tion in HE-VL-PEF process (244.48 pmol/L) was much higher that
of HE-EF process (3.51 pumol/L) (Fig. S13 in Supporting informa-
tion). In order to further confirm the transformation of =Fe(Ill) to
=Fe(ll) by photoelectrons during HE-VL-PEF, we investigated the
changes of =Fe(ll) ratio before and after the reaction. As shown in
Fig. S14a (Supporting information), there was no significant change
in =Fe(ll) ratio after HE-EF process (from 0.36 to 0.35). However,
the =Fe(Il) ratio increased from 0.36 to 0.58 after HE-VL-PEF pro-
cess (Fig. S14b in Supporting information). Thus, it could be rea-
sonably concluded that HE-VL-PEF process with Fe-Bi/Bi;Ogl3/OVs
achieved photoelectrons to accelerate the transformation of Fe(III)
to Fe(Il) and directly activate H,0, for the continuous produc-
tion of active species. Moreover, the EPR spectra of DMPO-"OH and
DMPO-"0,~ adduct maintained high intensity at different reaction
time during HE-VL-PEF process with Fe-Bi/Bi;Ogl3/OVs (Figs. 6e
and f), which indicated the continuous production of *OH and ‘O, .

To further reveal the influence of Fe-doping on the excita-
tion and transfer of electrons, the density of states (DOS) of Fe-
Bi/Bi;Oql3/OVs and Bi;Ogl; were calculated using a hybrid DFT
method. After Fe-doping, intermediate levels can be observed in
the forbidden band of Fe-Bi/Bi;Ogl3/OVs comparing with Bi;Ogl3
(Fig. 7a). In this case, photogenerated e~ can be easily excited and
transferred from VB to intermediate levels, which will be more
favorable to inhibit the recombination of photogenerated e~-h*
pairs. Furthermore, the DOS exhibits that the band gap of Fe-
Bi/Bi;Ogl3/0Vs is narrower than that of the Bi;Ogl3, which is con-
sistent with the conclusion obtained by analyzing the band struc-
ture (Figs. 7a and 3f).

Bader charge analysis and charge density difference reveal that
the e~ loss capacity of Fe site in Fe-Bi/Bi;Ogl3/OVs is stronger than
that of Bi site in Bi;Ogl3 (Fig. 7b and Table S3 in Supporting infor-
mation). This result indicates that Fe as the active site can acquire
more electrons in Fe-Bi/Bi;Oql3/0Vs, achieving the transformation
of Fe(Ill) to Fe(Il). Furthermore, the electronic location function
(ELF) exhibits that there is a stronger covalent interaction on the
surface of Fe-Bi/Bi;Ogl3/OVs compared with Bi;Ogl3 (Fig. 7c¢ and
Fig. S15 in Supporting information), and a faster electron transport
channel is formed between O-Fe.
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Fig. 7. (a) Calculated DOS and (b) Charge density difference of Fe-Bi/Bi;Ogl3/OVs
and Bi;Ogls. (c) Electronic location function (ELF) of Fe-Bi/Bi;Ogl3/OVs. (d) Calcu-
lated free energy of H,0, activation to "OH on (inset with the corresponding inter-
mediate structures).

To further explore the activation mechanism of H,0, during the
HE-VL-PEF process of Fe-Bi/Bi;Ogl3/0OVs, the Gibbs free energy of
the reaction was calculated in Fig. 7d. The adsorption process is an
important reaction step for H,0, activation, and the more nega-
tive adsorption energy on the Fe-Bi/Bi;Ogl3/OVs manifests that the
H,0, adsorption efficiency on it is higher. And the correspond-
ing transition energies for activating H,0, into *OH were —1.91eV
(Bi;Ogl3) and —1.98 eV (Fe-Bi/Bi;Ogl3/0Vs), respectively. Hence, Fe-
0-Bi is more prone to O-O fracture (the key rate-limiting step of
H,0, activation), facilitating the formation of *OH. In conclusion,
the introduction of Fe as the active site is more beneficial to acti-
vate H,0, and generate more "OH.

Hence, the possible mechanism of TC degradation in HE-VL-PEF
process was elucidated in Fig. 8. First of all, NADE electrogener-
ated sufficient H,0, without aeration. Under visible light irradia-
tion, the photogenerated electrons on the VB of Fe-Bi/Bi;Ogl3/OVs
were excited to the intermediate defect level formed by the oxy-
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gen vacancies, then a part of the photogenerated electrons at the
defect level could be excited to the CB for directly activating H,0,
to generate 'OH (Eqs. 2 and 3), and another part of photogener-
ated electrons would transfer to the Fe-doped site on the surface
of catalyst to reduce =Fe(Ill) to =Fe(ll) (Eq. 4), overcoming the
rate-limiting step of the EF (Eq. 5). Subsequently, the =Fe(lIl) sites
could efficiently activate H,O, to generate *OH for enhanced pol-
lutant removal and mineralization (Eq. 6), while themselves were
oxidized to =Fe(Ill) (Eq. 6), achieving effective cyclic conversions
of =Fe(Ill)/=Fe(Il). Notably, because of SPR effect of enhancing sur-
face electron excitation and interfacial electron transfer, the photo-
induced electrons generated from Bi also would transfer to the CB
of Fe-Bi/Bi;Ogl3/0Vs for directly activating H,0, (Eq. 3) [42]. The
photogenerated h™ left in VB of Fe-Bi/Bi;Ogl3/OVs could react with
H,0, forming "0, for degradation or directly oxidize TC (Eq. 7)
[43,44]. Moreover, the “OH was also produced by direct photolysis
of H,0, (Eq. 8) [45]. Eventually, with the cooperation of generated
active radicals, TC could be efficiently degraded and further miner-
alized into CO, and H,0 (Eq. 9).

Fe — Bi/Bi;Ogl3/0OVs+ hv — h*+ e~ (2)
e + H,0, - °*OH + OH™ 3)
=Fe(lll) + e~ — =Fe(ll) (4)
=Fe(lll) + H,0, — =Fe(ll) + *O,H + H* (5)
=Fe(ll) + H,0, — =Fe(lll) + *OH + OH~ (6)
h* + Hy0, - *0; (7)
hv + H,0, — 2°0OH (8)

h* 4+ *OH + *0; + TC — CO; + H,0 + small molecules (9)

To evaluate the stability and the reusability of Fe-
Bi/Bi;Ogl3/0Vs, cyclic TC degradation experiments were conducted.
The catalyst was collected by vacuum filtration after reaction,
rinsed with ultrapure water and then dried in an oven at 60 °C
overnight to conduct next photocatalytic cycle. The degradation
efficiency of TC decreased by only 1.49% after ten cycles and all
reached more than 90% (Fig. 9a). In addition, the iron leaching
concentration of Fe-Bi/Bi;Ogl3/OVs was significantly lower than
the European Union environmental standard (2mg/L) during 10
cycles of degradation (Fig. 9b) [46]. The XRD and XPS spectra were
utilized to further evaluate the stability of catalyst. As shown in
Figs. 9c and d, the XRD and XPS spectra of Fe-Bi/Bi;Oql; after
ten cycles was almost identical to that of fresh catalyst except
for a slight decrease in peak intensity, manifesting that it kept

Chinese Chemical Letters 36 (2025) 110136

Cycle numble
1.2 3 4 5 6 7 8 9 10

0.04

al4 b2s
12 HW.\‘\.\\
0.03 ]
-
1 % EU standard
0.2
508 £ ELS
Y] S
. 0.01 = 1
0.4 2
0 os
0.2 | DT T e -
-0.01 0 . ——
0 90 180270360450 540630720810 900 1 2 3 45 6 7 8 910
Time (min) Cycle number
c d
B ¥
- A beh * =
= =
é, Fresh u \ \ * E’,
£ £ Bi 4f
2 2
] e Fe 2pI 3dO 1s
= | Used JI\A E [ Used 4
1 Bion JCPPS#B-ZOGZ
I R
1020 30 40 50 60 70 80 1000 800 600 400 200 0

26 (degree) Binding energy (eV)

Fig. 9. (a) Cycling experiments of TC in Fe-Bi/Bi;Oql3/HE-VL-PEF process. (b) Fe
leaching after each cycle. (c) XRD patterns and (d) XPS spectra of Fe-Bi/Bi;Ogl3 be-
fore and after cycles.

its intrinsically crystal structure during HE-VL-PEF degradation of
TC. The SEM and TEM images of Fe-Bi/Bi;Oql3/OVs after cycling
tests proved that it kept the hierarchical flower-like microspheres
architecture (Fig. S16 in Supporting information).

In summary, a novel three-dimensional flower-like Fe-
Bi/Bi;Ogl3/OVs was prepared, and further coupled with NADE
to construct the HE-VL-PEF process, which significantly promoted
the degradation and mineralization of TC. The synergistic effect
of OVs and Bi with SPR effect significantly improves the pho-
tocatalytic performance of Fe-Bi/Bi;Ogl3/OVs under visible light
irradiation. The existence of Bi broadens the light response range
of Fe-Bi/Bi;Ogl3/OVs. Meanwhile, the generated OVs can improve
the separation efficiency of photogenerated carriers to further
accelerate the transformation of Fe(lll) to Fe(Il), achieving Fen-
ton reaction recycling. Additionally, the HE-VL-PEF process with
Fe-Bi/Bi;Ogl3/OVs as catalyst and NADE as cathode combined the
advantages of EF and PF, achieving excellent H,0, in-situ elec-
trosynthesis performance (no aeration) and activation performance
(visible light). As expected, HE-VL-PEF process presented more
excellent pollutant removal (91.91%) and lower electric energy
consumption (66.34kWh/kg TOC). These results indicated that
Fe-Bi/Bi;Ogl3/0OVs was a promising catalyst and gained a promis-
ing insight towards EF coupled with PF for high-efficiency and
low-consumption degradation of pollutant.
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