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Abstract

Photoelectrocatalytic (PEC) technology is one of the effective methods for degrading
tetracycline (TC) in wastewater. In this work, we designed a doping system by
incorporating Mo atoms into the lattice of y-Fe,O, and achieved a generic characteristic of
superior PEC activity. Mo atoms are proven to be doped into the lattice of y-Fe,O, through
the analysis of X-ray diffraction (XRD), X-ray photoelectron spectra (XPS), transmission
electron microscope energy dispersive X-ray spectroscopy (TEM-EDS) mapping and
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM).
Valence band XPS and ultraviolet photoelectron spectroscopy (UPS) measurements
reveal that the Mo doping can affect the electronic structure of y-Fe,O,, enhancing the
electronic interactions, facilitating the separation and transformation of photogenerated
charges, and resulting in the superior PEC activity. 27% Mo-Fe,O, exhibits excellent
photoelectrochemical properties and reaches the removal efficiency of 100% in 25 min for
degrading TC. Thus, this work provides a feasible strategy for developing doped catalysts
with superior PEC performance by enhancing the electronic interactions.
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INTRODUCTION

Along with the rapid development of the global social economy in recent decades, the consumption of
antibiotics has been continuously increasing""!. Tetracycline (TC) is a typical broad-spectrum antibiotic that
has been widely and increasingly used in human medicine, livestock farming, and aquaculture”*. Generally
speaking, only less than 30% of the administered antibiotic dosage can be absorbed and metabolized by
humans and animals'”, while the rest are excreted into the environment where they persist and spread,
posing a potential threat to the ecosystem and human health. Owing to its high chemical stability, TC
exhibits a prolonged half-life and is difficult to be naturally decomposed in the environment". Conventional
treatment methods are limited by their inherent limitations. For example, physical adsorption and activated
sludge technology primarily rely on adsorption mechanisms and cannot completely remove TC!"*.
Biodegradation technology is an eco-friendly treatment approach, while can not rapidly eliminate TC due to
its slow degradation kinetics''. Therefore, it is urgent to develop a rapid and thorough technology for
removing TC. Photocatalysis, driven by solar energy, is regarded as a promising technology for degrading TC
effectively in wastewater owing to its advantages such as low energy consumption and high efficiency"?\.
However, the photocatalytic technology is constrained by the low utilization rate of solar energy and the
rapid recombination of photogenerated charges* . Photoelectrocatalytic (PEC), combining photochemical
and electrochemical oxidation by applying an external bias, is an effective method that promotes the
separation and transfer of photogenerated charges, reducing recombination losses, and enhancing the
generation of reactive species"?. Some transition-metal oxides such as TiO,, WO,, and ZnO have been widely
researched as photocatalysts, while their large band gap and rapid recombination of photogenerated carriers
lead to low PEC efficiency!"”'*. To overcome these limitations, strategies such as heterojunction

21]

construction!, defect engineering®, and nanostructure regulation® have been employed to enhance their
PEC performance. Yu et al. synthesized an S-scheme 2H-MoSe,/NiFe-LDH heterojunction photoanode
showing excellent TC degradation performance, retained over 95% efficiency across 10 cycles, attributed to
the efficient separation and utilization of photogenerated electrons and holes'”’. Liu et al. constructed a novel
photoelectrocatalysis/photoelectro-Fenton system by coupling a cone-like TiO, photoanode grown on nickel
foam with a natural air-diffusion electrode, achieved complete removal of carbamazepine in 30 min, and
revealed the synergistic mechanism of enhanced H,O, production and direct hole oxidation™. Li et al.
observed the efficient spatial separation and transfer of photoinduced charges in a ferroelectric-polarized
TiO,@BaTiO, heterostructure using single-particle imaging technology directly, revealing the critical role of
the polarization orientation in enhancing the piezoelectric-photocatalytic performance”. Vaghasiya et al.
developed a g-C N -based magnetic soft centirobot that generates reactive oxygen species under black light
illumination to efficiently kill bacteria in water, demonstrating the potential of photoactive materials for
mitigating biological threats"””.. Hu et al. developed a chlorine-doped pentagonal defect-rich nanocarbon
catalyst that enables efficient H,O, electrosynthesis in seawater and achieves rapid degradation of
tetracycline, further demonstrating the potential of electrocatalytic reactive oxygen species generation for
antibiotic removal®’.

Maghemite (y-Fe,0,), an eco-friendly semiconductor material, has been applied extensively in the catalytic
tield because of its appropriate band gap characteristics, high chemical stability, and excellent magnetic
properties. While due to the fast recombination of photogenerated charges, y-Fe,O, has relatively poor
photocatalytic efficiency. To address this issue, the doping strategy provides a novel approach for optimizing
catalyst performance. Compared with cocatalyst loading or heterojunction construction using metal
carbides™, doping offers unique advantages in modulating electronic band structures and introducing stable
active sites within the lattice. Kahng and Kim have reported a SnO,/Mo-doped BiVO, heterojunction
photoanode, in which Mo doping enhances n-type conductivity and the SnO, layer blocks hole
recombination, thereby achieving efficient photoelectrochemical degradation of tetracycline
hydrochloride. Zhang et al. have reported a MoO,/Mo-doped BiOCl Ohmic junction with abundant
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oxygen vacancies, in which the Mo doping induces oxygen vacancies and the MoO, cocatalyst promotes

charge carrier separation, thereby achieving efficient photocatalytic degradation of tetracycline
hydrochloride™.

In this work, we designed a doping system by incorporating Mo atoms into the lattice of y-Fe,O, and
achieved a generic characteristic of superior PEC activity. Mo atoms are proved to be incorporated into the
lattice of y-Fe,O, in the form of doping through the analysis of X-ray diffraction (XRD), X-ray photoelectron
spectra (XPS) and high-angle annular dark-field scanning transmission electron microscopy
(HAADEF-STEM). The modification of Mo doping can affect the electron cloud structure of y-Fe,O,,
enhancing the electronic interactions, facilitating the separation and transformation of photogenerated
charges, and resulting in the superior PEC activity. The 27% Mo-doped y-Fe,O, exhibits excellent
photoelectrochemical properties, such as the lowest onset potential of -0.7 V, an enhanced photocurrent
density as high as -184 mA-cm™ at the potential of -1.5 V versus reversible hydrogen electrode (vs. RHE), and
reaches the removal efficiency of 100% in 25 min for degrading TC. Thus, this work provides a feasible
strategy for developing doped catalysts with superior PEC performance by enhancing the electronic
interactions.

EXPERIMENTAL

Materials

All chemicals were purchased in analytical grade and used without any further treatment.
(NH,).Mo,0,,-4H,0, C,H,0,.2H,0, NaOH, Na,SO,, FeSO,-7H,0, and CH,OH were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). p-Benzoquinone (PBQ, 99%), KBrO,,
ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA-2Na), FeCl,-6H,O, isopropanol (IPA,
99.5%), and tetracycline (TC, CAS: 60-54-8) were purchased from Macklin Biochemical Technology Co., Ltd.
(Shanghai, China). Nafion solution (5 wt%) and hydrophilic carbon cloth were purchased from Suzhou
Sunernuo Technology Co., Ltd. (Suzhou, China).

Syntheses of y-Fe,0, and a-MoO,

The synthesis of y-Fe,O, was carried out using a modified version of a literature method”". The specific
procedures were as follows: 2.70 g of FeCl,-6H,0O and 5.56 g of FeSO,-7H,O were dissolved together in
100 mL of deionized water under vigorous magnetic stirring until completely dissolved, to which 1 mol-L"
NaOH was added under stirring until the pH reached 9 and kept stirring for 2 h. The precipitate was washed
with deionized water three times, separated and collected by centrifugation, and dried at 80 °C for 12 h.
Finally, y-Fe,O, was obtained after being calcined at 300 °C for 3 h in air and 500 °C for 3 h in Ar. a-MoO,

was synthesized by calcining (NH,) Mo.O,-4H,O in air at 500 °C for 3 h.

Syntheses of Mo-Fe,O,
The Mo-Fe,O, were prepared via an impregnation method. Firstly, a certain amount (0.1, 0.2, 0.3, 0.4 and
0.5 g) of (NH,).Mo,0O

under vigorous magnetic stirring at 80 °C until the water was fully evaporated. Then, the mixture was dried

,»-4H, O was dissolved in deionized water, and then y-Fe,O, powder (1.00 g) was added
and calcined according to the synthesis of y-Fe,O,. Finally, the obtained samples were recorded as x%
Mo-Fe,O,. Herein, x% stands for the molar ratios of Mo to y-Fe,O, (x = 9, 18, 27, 36, and 45).

Fabrication of photocathodes

The fabrication method of one photocathode was improved according to the report®. Specifically, 2.0 mg of
sample, 350 pL of ethanol, and 50 uL of Nafion solution (5 wt%) were added to 600 pL of deionized water and
ultrasonicated for 0.5 h to form a homogeneous ink with a mass concentration of 2.0 mg-mL". Then, 250 pL
of the as-prepared ink was coated onto a 1.0 cm x 1.4 cm hydrophilic carbon cloth (the actual exposed area
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mounted on the electrode clamp was exactly 1.0 cm x 1.0 cm). Finally, the fabricated photoelectrode with a
loading amount of 0.357 mg-cm™ was dried at 60 °C for 3 h. For the convenience of description, the
fabricated electrodes with y-Fe,O, and x% Mo-Fe,O, (x =9, 18, 27, 36, and 45) were marked as S,, S, S,, S., S,

and S,, respectively.

Structural characterization
XRD data was collected from 20° to 80° at a scan rate of 20°-min™ on a X-ray diffractometer (Rigaku
SmartLab SE, Japan) under a Cu K, radiation power of 50 kV x 44 mA to identify the crystal structure of
each photoelectrocatalyst. Aberration-corrected high-angle annular dark-field scanning transmission
electron microscopy (AC-HAADF-STEM) was observed by Thermo Scientific Themis Z transmission
electron microscope equipped with dual spherical aberration correctors. Transmission electron microscope
energy dispersive X-ray spectroscopy (TEM-EDS) elemental mapping was performed on a Thermo Scientific
Talos F200S transmission electron microscope. XPS were recorded on a Thermo Scientific ESCALAB Xi+
spectrometer with a monochromatic Al K, source to determine the surface chemical composition. The
high-resolution XPS spectra were acquired at a pass energy of 150.0 eV and a step size of 1.0 eV to analyze
the chemical states of surface elements. All binding energies were calibrated with the adventitious carbon C
1s peak at 284.8 eV. Valence band XPS spectra were also collected on a Thermo Scientific K-Alpha
spectrometer under the same experimental conditions. The valence band maximum (VBM) was determined
by linear extrapolation of the leading edge of the valence band spectrum to the baseline. Ultraviolet
photoelectron spectroscopy (UPS) measurements were performed on a Thermo Fisher Scientific ESCALAB
Xiusing a He I (hv =21.22 eV) source. A silver reference sample was used to calibrate the binding energy
scale (E
The work function (@) was calculated using the formula ® =hv - (E_, - E

=0 eV). UPS spectra were collected under a bias of -5 V for the secondary electron cutoff region.

Fermi
remi)» Where E_ . was determined
by linear extrapolation of the secondary electron cutoff edge™. The ultraviolet-visible (UV-Vis) diffuse
reflectance spectra (UV-Vis DRS) were collected from 300 nm to 800 nm on a Shimadzu UV-2600
spectrophotometer equipped with an integrating sphere, in which BaSO, acts as a reference of 100%
reflectance to analyze the light absorption properties of photoelectrocatalysts. Inductively coupled plasma
optical emission spectrometry (ICP-OES) analysis was carried out on an Agilent 5110 inductively coupled
plasma optical emission spectrometer (Agilent Technologies, USA). The radio frequency power was set to
1,300 W, the nebulizer gas flow rate was 0.6 L-min', the sample uptake delay was 9 s, the instrument

stabilization delay was 7 s, and the replicate read time was 8 s.

Electrochemical characterization

All the electrochemical properties were evaluated in 0.25 M Na,SO, solution on a CHI 660E electrochemical
workstation (Chenhua, Shanghai, China). The three-electrode system was assembled with one photocathode
as working electrode, a Pt plate as counter electrode, and a saturated calomel electrode (SCE) as a reference
electrode. The linear sweep voltammogram (LSV) curves at the scan rate of 10 mV-s™ and I-t curves under
chopped light were obtained under AM 1.5 G illumination (100 mW-cm™). The transient photocurrent
responses (I-t curves) were recorded at a constant applied potential of -0.1 V vs. SCE under chopped light
illumination (light/dark cycles) with the same light source. The electrochemical impedance spectroscopy
(EIS) data was collected at a central potential of 0 V vs. RHE with an AC amplitude of 5 mV in the frequency
range from 100 kHz to 0.1 Hz. The Mott-Schottky analysis was carried out in a potential range from -1.0 V to
0.5 V vs. RHE under a frequency of 1 kHz in dark. The cyclic voltammetry (CV) curves for double-layer
capacitance (C,) were recorded at the scan rates ranging from 10 mV-s" to 100 mV-s" within a non-Faradaic
potential window of 0.665-0.765 V vs. RHE. All measured potentials were converted to the reversible
hydrogen electrode potential (V vs. RHE) according to E,;, = E¢; + 0.241 + 0.059 x pH"**. In this work, the
electrolyte was air-saturated without additional O, bubbling, and its pH was equal to 6.8.
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PEC of TC

The TC degradation performance of each photocathode was evaluated at a potential of -1.5 V (vs. RHE) in a
single-compartment three-electrode quartz electrolytic cell, which was under the magnetic stirring and
exposed to a 300 W Xe lamp with an optical filter (> > 420 nm). The reaction solutions composed of TC (an
initial concentration of 10, 50 or 100 mg-L", namely ppm; an initial volume of 40 mL) and 0.25 M Na,SO,
were taken 1.5 mL every 5 min over the 30 min reaction period. All degradation experiments were performed
in three times under identical conditions. The data are presented as mean =+ standard deviation (SD), and the
error bars in the corresponding figures represent the SD of three independent measurements. The analysis
method for TC was modified based on the previous report”*”. The TC concentration was determined at a
detection wavelength of 365 nm by an UltiMate 3000 high-performance liquid chromatography (HPLC)
system equipped with a C18 column, in which the mobile phase (25 wt% methanol and 75 wt% 0.01 M oxalic
acid aqueous solution) flowed at a rate of 0.8 mL-min™ at 35 °C, and the injection volume of taken reaction
solution was 25 pL. The intermediate products during TC degradation were detected and identified by a
liquid chromatography-mass spectrometry (LC-MS, Agilent 1290 UPLC and Agilent 6550 Q-TOF) under the
the electrospray ionization in positive ion mode (ESI'), equipped with a C18 column (100 mm x 2.1 mm,
1.7 um). This work used a gradient elution program, in which the mobile phase consisted of 0.1 wt% formic
acid in a mixture of 90 mL water and 10 mL acetonitrile and flowed at a rate of 0.3 mL-min™ at 35 °C, and the
injection volume was 3 L.

RESULTS AND DISCUSSION

The XRD patterns of y-Fe,O, and x% Mo-Fe,O, are shown in Figure 1. All diffraction peaks of y-Fe,O, match
well with the standard data of the cubic spinel structure (JCPDS No. 39-1346)", without any impurity peaks.
As the doping amount of Mo increases to 27%, the crystal structure of x% Mo-Fe,O, remains the cubic spinel
structure. Notably, in the magnified patterns of the (311) peak of the y-Fe,O, phase, the diffraction peak shifts
from 35.63° to 35.75°, illustrating that Mo ions successfully insert into the lattice of the y-Fe,O, crystal
structure®”’. When the doping amount of Mo exceeds 27%, the orthorhombic a-MoO, phase (JCPDS No.
73-6497, shown in Supplementary Figure 1) forms, demonstrating that the maximum doping amount of Mo
should not exceed 27% to ensure the existence of Mo as the dopant incorporated into the y-Fe,O, lattice. To
provide the actual Mo doping content, ICP-OES analysis was performed on the 27% sample. As listed in
Supplementary Table 1, the actual molar ratio of Mo to y-Fe,O, is 33.32%, which is slightly higher than the

nominal theoretical ratio of 27%, and this small deviation is attributed to the methodological error of the
ICP-OES analysis.

AC-HAADF-STEM was used to directly observe the surface Mo species in the 27% Mo-Fe,O,. As shown in
Figure 2A, the measured interplanar spacing of 2.5 A was assigned to the (311) lattice plane of y-Fe,0,"*,
consistent with XRD spectra. In AC-HAADF-STEM imaging mode, the image intensity is approximately
proportional to the square of the atomic number (Z*). There are some bright flecks detected in the uniform
arrangement of the y-Fe,O, crystallites, attributed to isolated Mo atoms highlighted by red dashed circles.
Therefore, Mo atoms coordinated with O are doped into the lattice of y-Fe,O, successfully. As further
analyzed by the selected-area intensity surface plot and the corresponding structural model in Figure 2B and
C, there are image intensity variations existed in the y-Fe,O, lattice and all the Mo atoms with high contrast
are located in the lattice sites, confirming the Mo atoms are anchored on the Fe hollow sites in the y-Fe,O,
lattice structure. Moreover, no Mo nanoclusters or nanoparticles are observed in multiple regions of the 27%
Mo-Fe,O,, and the corresponding Mo elemental maps exhibit a uniform distribution [Supplementary Figure
2]. Combined with the AC-HAADF-STEM image in Figure 2, these results indicate that the Mo species are
incorporated into the y-Fe,O, lattice as dopants.
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Figure 1. XRD patterns of y-Fe, 0, 9% Mo-Fe,0,, 18% Mo-Fe,0,, 27% Mo-Fe,0,, 36% Mo-Fe,O,, and 45% Mo-Fe,0,, respectively. In the
panel, the diffraction peaks (¢) are assigned to the a-MoO, phase, and the short vertical lines below the XRD patterns mark all Bragg
positions of y-Fe,O; (black) and MoO, (red). XRD patterns on the right are the magnified of the (311) peak of the y-Fe,O; phase in the
dashed box. XRD: X-ray diffraction.

Figure 2. (A) AC-HAADF-STEM image of 27% Mo-Fe,0;; (B) Surface intensity profile and (C) the corresponding structural model of the
selected area (blue dashed square area in A). Insets in (C): The purple and orange balls represent Mo and Fe atoms, respectively.
AC-HAADF-STEM: Aberration-corrected high-angle annular dark-field scanning transmission electron microscopy.
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Figure 3. High-resolution (A) Fe 2p and (B) O 1s XPS spectra of y-Fe,0; and 27% Mo-Fe,O,. XPS: X-ray photoelectron spectra.

We investigate the surface chemical states of y-Fe,O, and 27% Mo-Fe,O, by XPS [Figure 3 and

Supplementary Table 2]. Figure 3A shows the high-resolution Fe 2p XPS spectra with two spin-splitting
bands of Fe 2p,,, and 2p ,,, both of which are fitted into two peaks: 710.7 (Fe** 2p, ,), 713.0 (Fe** 2p,,), 724.0

(Fe’* 2p,,,) and 726.3 eV (Fe’* 2p, ). By estimating the area ratio (S) of the characteristic peaks of Fe*,
S(Fe**)/S(Fe* + Fe’*), we calculated the relative contents of Fe for both samples [Supplementary Table 2].
Deconvolution of the Fe 2p XPS of y-Fe,O, and 27% Mo-Fe,O, [Figure 3A and Supplementary Table 2]
demonstrates that the molar ratio of Fe’* increases obviously after Mo doping, which is beneficial for
improving the structural stability of y-Fe,O,"*"". Figure 3B shows the O 1s spectra of y-Fe,O, and 27%
Mo-Fe,O,, which are fitted into three characteristic peaks at 532.5, 530.9 and 529.4 eV, corresponding to
adsorbed oxygen species (O,), oxygen vacancies (Op), and lattice oxygen (O,,), respectively'*.. According to
the area ratio of the characteristic peaks provided in Supplementary Table 2, the increase of O,
concentration proves that Mo atoms have successfully occupied the Fe sites in the y-Fe,O, lattice!*”). The
decrease of Og concentration is conducive to capturing photogenerated electrons and inhibiting the
recombination of photogenerated carriers'*”. The concentration of O,, increasing from 14.62% to 16.62%
after Mo doping, is beneficial for the generation of superoxide anion radicals (-O,) at the photoelectrode and
promoting the PEC degradation of TC™*. Furthermore, the electronic states of the Mo species of MoO, and
27% Mo-Fe,O, were also determined by Mo 3d XPS [Supplementary Figure 3]. Obviously, the Mo species of
27% Mo-Fe,O, are dominantly Mo, as judged by the binding energies of the Mo 3d peaks of MoO, and 27%
Mo-Fe,0O,, due to the same ionic radius (in Supplementary Table 3) of Mo and Fe*". By combining the
above XRD and HAADF-STEM results, it is convincing that the Mo species are incorporated into the lattice
of y-Fe,0,, leading to the strong electron interaction between Fe and Mo.
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Figure 4. (A) Nyquist plots under AM 1.5 G illumination, (B) photocurrent responses, (C) LSV curves under AM 1.5 G illumination, (D)
Tafel plots, (E) C,, (F) Mott-Schottky plots of So, S, S,, S, S, and S.. LSV: Linear sweep voltammogram; AM 1.5 G: air mass 1.5 global solar
spectrum; RHE: reversible hydrogen electrode.

Figure 4 displays the Nyquist plots of photocathodes, which further reveal the influence of the doping
amount of Mo on the charge transfer process. The smaller diameter of capacitive loop in the Nyquist plot
means the lower charge transfer resistance (R_,) and the higher separation efficiency of photogenerated
charges'*”. As shown in Figure 4A, 27% Mo-Fe,O, shows the smallest arc radius, meaning it has the smallest
resistance at the electrolyte interface and the best photoelectric properties, owing to the interaction between
Mo and Fe, which promotes the charge transfer at the electrolyte interface. Transient photocurrent testing
was employed to further evaluate the superiority of charge transfer on the Mo-Fe,O, electrode. In Figure 4B,
the photocurrent density of 27% Mo-Fe,0, is -3.45 nA-cm™, 2.35 times higher than that of y-Fe,O,
(-1.47 pA-cm™), verifying the introduction of Mo doping effectively facilitates the separation of
photogenerated charges in y-Fe,O,. Figure 4C presents the excellent photocurrent density of 27% Mo-Fe,O,
photocathode, -184 mA-cm™ at -1.5 V (vs. RHE), reaching 39.4% enhancement compared to y-Fe,O.. As
shown in Figure 4D, the Tafel slopes of y-Fe,0,, 9% Mo-Fe,0,, 18% Mo-Fe,O,, 27% Mo-Fe,0,, 36%
Mo-Fe,O,, and 45% Mo-Fe,O, are -465, -481, -427, -361, -524, and -517 mV-dec™, respectively, in which 27%
Mo-Fe,O, displays the smallest Tafel slope, indicating it possesses the fastest reaction kinetics. This is because
an optimal electronic interactions between Mo and Fe in 27% Mo-Fe,O,, which optimizes the electronic

conductivity of the material and significantly reduces the reaction energy barrier. To characterize the active
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sites of the catalysts, the electrochemical active surface areas of y-Fe,O, and 27% Mo-Fe,O, were measured by
the C,. The current density difference (Aj) at 0.715 V (vs. RHE) is plotted against different scan rates ranging
from 10 mV-s" to 100 mV-s™ to obtain C, [Figure 4E and Supplementary Figure 4]. The C, values of y-Fe,O,
and 27% Mo-Fe,O, were 0.257 and 0.282 mF-cm?, respectively, indicating that 27% Mo-Fe,O, can provide
more active sites during PEC reactions. The Mott-Schottky test is conducted to determine the semiconductor
type, the carrier concentration, and the flat band potential. Therefore, we measured the Mott-Schottky curves
at a frequency of 1,000 Hz for y-Fe,O, and x% Mo-Fe,O, samples under dark conditions to obtain the
conductor types and further explore the charge separation process on the electronic properties. As shown in
Figure 4F, all the samples exhibit positive slopes, indicating they are all typical n-type semiconductors*’. By
extending the straight line to the x-axis, the intercept gives the value of the flat band potential which is
approximately equal to the conduction band (CB) position. The CB positions of y-Fe,O., 9% Mo-Fe,O,, 18%
Mo-Fe,0,, 27% Mo-Fe,0,, 36% Mo-Fe,O, and 45% Mo-Fe,O, are -0.16, -0.02, -0.06, -0.77, -0.02, and -0.06 V
(vs. RHE), respectively, in which 27% Mo-Fe,O, has the most negative CB potential and thus presents the

strongest reduction ability.

As shown in Supplementary Figure 5, UV-vis diffuse reflectance spectroscopy reveals that the optical band
gaps of y-Fe,O, and the Mo-Fe,O, samples with different Mo doping amounts are 1.98, 1.94, 1.95, 1.98, 2.01,
and 2.02 eV, respectively, indicating that the introduction of Mo atoms does not significantly alter the
intrinsic light absorption edge of y-Fe,O,. Combined with the results of EIS and photocurrent density, the
27% Mo-Fe,O, exhibits optimized surface photoelectrochemical properties after Mo doping, which is

beneficial for promoting the PEC process.

The valence band edges of y-Fe,O, and 27% Mo-Fe,O, were measured by valence-band XPS [Supplementary
Figure 6A]. The VBM was determined by linear extrapolation of the leading edge of the spectra. The VBM
values are 0.70 and 0.60 eV for y-Fe,O, and 27% Mo-Fe,O,, respectively. The work functions of the two
samples were further characterized by UPS, as shown in Supplementary Figure 6B and C. The work function
decreases from 3.56 eV for y-Fe,O, to 3.45 eV upon Mo doping. The concurrent decrease in both VBM and
work function indicates that the incorporation of Mo elevates the surface Fermi level of y-Fe,O,, inducing a
downward band bending of approximately 0.1 eV and forming an electron-accumulation layer at the surface.
This electronic modification lowers the thermodynamic barrier for photoexcited electrons to migrate from
the bulk to the surface and further into vacuum®?, thereby facilitating charge transfer to the surface. In
combination with the LSV results, the observed band structure engineering well explains why 27% Mo-Fe,O,
exhibits a significantly higher photocurrent density than y-Fe,O..

Finally, the PEC degradation of TC using the as-prepared photocathodes were evaluated. As shown in Figure
5A, 27% Mo-Fe,O, reaches the removal efficiency of 100% in 25 min, while other catalysts achieve the

removal efficiency of 100% in 30 min. The first-order rate constant (k) for the reaction was determined using
the equation In(C,/C) = kt, where C, is the initial TC concentration and C, is the concentration at time t"*’).
All degradation experiments were performed three times, and the reported k values are the averages of three
independent measurements. The k values of y-Fe,O,, 9% Mo-Fe,O,, 18% Mo-Fe,O,, 27% Mo-Fe,0,, 36%
Mo-Fe,0,, 45% Mo-Fe,O, are 0.245, 0.214, 0.174, 0.294, 0.199 and 0.172 min", respectively [Figure 5B]. The
recycling PEC degradation experiments of TC by 27% Mo-Fe,O, are shown in Figure 5C, quite important for
the catalysts. The 27% Mo-Fe,O, still achieved the removal efficiency of 100% in 30 min after 5 consecutive
cycles. In addition, the PEC degradation of TC with high initial concentration by 27% Mo-Fe,O, were also
investigated [Supplementary Figure 7]. When TC initial concentration increased to 50 and 100 mg-L", the
removal efficiency of TC after 30 min decreased to 86.32% and 67.76%, respectively, which may be attributed
to competitive adsorption and accumulation of intermediate products occupying the active sites. The
superior PEC property of 27% Mo-Fe,O, could be attributed to the strong interaction between Mo and Fe,
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Figure 5. (A) PEC degradation of TC under simulated sunlight by catalysts and (B) the corresponding kinetic linear simulation curves; (C)
Recycling PEC degradation of TC by 27% Mo-Fe,0,; (D) The influence of different quenchers on the PEC degradation of TC by 27%
Mo-Fe,0,. Error bars in the corresponding figures represent the SD of three independent measurements. TC: Tetracycline; PEC:
photoelectrocatalytic; SD: standard deviation; PBQ: p-benzoquinone; IPA: isopropanol; EDTA-2Na: ethylenediaminetetraacetic acid
disodium salt dihydrate.

which can promote the separation and migration of photogenerated carriers, and then react with the
adsorbed reactants effectively. To elucidate the reaction mechanism, the main active groups in the
photocatalytic degradation of TC using 27% Mo-Fe,O, were conducted by radical capture experiment [Figure
5D]. Four different quenchers (5 mmol-L™" each) were used to target specific active species: PBQ can capture
superoxide anion (-O*), IPA can capture hydroxyl radical (-OH), EDTA-2Na can capture holes (h*), and
KBrO, can capture electron (e’). The removal rate of TC decreases significantly in the presence of PBQ,
suggesting that -O* is the primary active species. Secondly, the removal rate of TC decreases moderately in
the presence of EDTA-2Na and IPA, implying that h* and -OH are the secondary active species. In contrast,
KBrO, has little impact on the removal rate, indicating that e is not the main active species.

To shed light on the possible degradation pathways of TC by 27% Mo-Fe,O,, we conducted a test on the

reaction intermediates employing LC-MS analysis [Supplementary Figure 8] and proposed two possible
degradation pathways mainly driven by the synergistic action of -O, and h*according to Figure 6. The TC


https://file.oaecenter.com/published/pdf/3909cb37ad3bde11a84ae4977ebb2191/1779352408/em6017-SupplementaryMaterials.pdf

Xia et al. Energy Mater. 2026, 6, 600052 Page 11 of 15

HsC.,,.CHs
Ho_ CHy N
OH
NH,

oo ot o

TC m/z = 445

I II
oH NH,
Ol
Ho oft o

"y
CH, Ho_ cH, N OH o
- OH H -
-0, h* h* -0, h* OH
- NH, — > NH, — > OH
OH O OH OH oo ot o ol oH o o

P2 miz = 291 Pl miz=417 PS5 miz = 403 P6 miz = 349
-0;7, h* 07"
\J
CH, OH
OH
OH O OH O DHOHO
P3 miz =227 P7 miz =291
-0y~ 0"
\J
CHy CHy OH
-0, h* -0;”
0 < 0
OH OH OH O OH OH O OH
P4 miz =218 P9 miz = 262 P8 miz = 275
o o o
HO OH OH
Ho OH OH CH;
NH; OH OH OH OH
P10 miz =216 P11 miz = 165 P12miz=155  P13m/z=139

v eCo

H,0 CO,

Figure 6. Possible degradation pathways of TC by 27% Mo-Fe,0,. TC: Tetracycline.

molecule (m/z = 445) initially is attacked by h*, yielding demethylation intermediate P1 (m/z = 417)"°.
Subsequently, intermediate P1 undergoes a ring-opening reaction to generate intermediate P2 (m/z = 291)
and at the same time undergoes demethylation to form intermediate P5 (m/z = 403), respectively, which
correspond respectively to reaction pathways I and II. In pathway I, intermediate P2 transforms into P3 (m/z
= 227) after undergoing simultaneous elimination of -CH,, -OH and -CH,OH groups, then P3 undergoes a
ring-opening reaction to generate P4 (m/z = 218). While in pathway II, intermediate P5 (m/z = 403) loses
-OH and -NH, under the concerted action of -O, and h* to yield P6 (m/z = 349). P6 undergoes elimination of
a -COOH mediated by -O, to form P7 (m/z = 291). Subsequently, P7 loses -OH to form P8 (m/z = 275).
Thereafter, P8 undergoes ring-opening with -O, to yield P9 (m/z = 262). The intermediates (P4 and P9)
progressively convert into smaller molecular intermediates (P10, P11, P12, P13) under the continuous action
of -0, and h", and finally generate harmless substances CO, and H,O.

Based on the above results, we propose the possible PEC mechanism of 27% Mo-Fe,O, [Figure 7], including

the oxidation reaction at the anode and the reduction reaction at the cathode. When the photocathode
absorbs solar energy, photogenerated electrons (e’) transition to the CB, leaving holes (h*) in the valence
band (VB) at the same time. Under an applied external bias potential, e flow to the cathode through the
external circuit, while h* migrate to the surface of the photocathode!**.. A portion of the h* recombine with
electrons, while the remaining h* participate in reactions. On the one hand, h* can directly undergo oxidation
reactions with the TC molecules adsorbed on the surface of the photocathode, thereby decomposing TC. On
the other hand, h* can also react with the electrolytes in the solution, generating corresponding active free
radicals (such as -OH) and participating in the oxidation of TC indirectly'”. The dissolved O, in the solution
can also capture e to generate active species such as -O, thereby participating in the degradation process of
TC. This path effectively separates the photogenerated electrons and holes and meanwhile inhibits their
recombination, resulting in excellent PEC activity.
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Figure 7. Schematic description of the PEC mechanism of 27% Mo-Fe,O,. PEC: Photoelectrocatalytic.

CONCLUSIONS

In summary, Mo-doped y-Fe,O, was successfully synthesized via a facile co-precipitation combined with
impregnation method. Combined with the analysis of XRD, XPS, TEM-EDS mapping and HAADE-STEM,
Mo atoms are doped into the lattice of y-Fe,O,. And the modification of Mo doping has an impact on the
electronic structure of y-Fe,O,, facilitating the separation and migration of photogenerated carriers, and
resulting in superior PEC activity. Herein, we provide a feasible strategy for developing doped catalysts with
superior PEC performance by enhancing the electronic interactions.
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