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A B S T R A C T   

Introduction of oxygen vacancies (OVs) has been investigated as a promising way to improve the electrical and 
catalytic characteristics of a hematite (α-Fe2O3) based photoelectrode. In this work, we develop a novel method 
for preparing porous Sn-doped α-Fe2O3 (Sn:Fe2O3) thin films with intrinsic OVs. The procedure included spin- 
coating an iron precursor onto a fluorine-doped tin oxide (FTO) substrate, followed by thermal treatment at 
elevated temperatures. The influence of Sn dopant on the optoelectronic properties of α-Fe2O3 was demonstrated 
by X-ray photoelectron spectroscopy and photoelectrochemical (PEC) measurements. The combined effect of OVs 
and Sn doping was found to play a synergistic role in reducing the charge recombination’s. The Sn:Fe2O3 
photoanodes were used as a dual catalyst to oxidise water and break down an anti-inflammatory drug called 2-(4- 
isobutylphenyl)propanoic acid (IBPA). The Sn:Fe2O3 thin film with a 30-minute heat treatment time displayed 
the highest incident photon-to-current efficiency. For the first time, Sn:Fe2O3 thin films were utilised in the 
effective PEC degradation of IBPA employing peroxymonosulfate (PMS) under visible light illumination. The 
hydroxyl radicals (•OH), singlet oxygen (1O2), photogenerated holes (h+), and sulfate radicals (SO4

•− ) were 
discovered to be the main reactive species during PEC degradation. IBPA degradation and the formation of new 
compounds were verified using liquid chromatography-mass spectrometry. The Lepidium sativum L phytotoxicity 
test reveals that PEC-treated wastewater with IBPA exhibits decreased toxicity.   

1. Introduction 

Organic pollutants such as textile dyes, phenolic compounds, and 
antibiotics are typical persistent molecules that pose serious risks to the 
environment [1]. Especially pharmaceutical drugs are, in general, stable 
organic pollutants that remain in nature for a long time. A typical 
example is the anti-inflammatory drug 2-(4-isobutylphenyl)propanoic 
acid (IBPA), commonly found in aquatic and soil environments [2]. 
Bioaccumulation of IBPA poses a serious risk to ecosystems since it can 
result in biological deformities and microbial resistance [3]. Therefore, 
the development of highly efficient techniques for the removal of IBPA 
from wastewater is urgently needed. Photoelectrochemical (PEC) 

methods have been demonstrated as effective advanced oxidation pro
cesses to decompose IBPA. According to the literature, PEC degradation 
of IBPA is mainly limited to the use of Na2SO4 and NaCl as electrolytes. 
After applying a sufficient voltage on the working electrode, in the 
presence of NaCl, reactive chlorine species (RCS) such as chlorine rad
icals (Cl•, Cl2•− ), chlorine (Cl2), hypochlorite ion (ClO− ), and hypo
chlorous acid (HOCl) that take part in IBPA degradation are produced 
[4–7]. However, when RCS reacts with the organics present in water, the 
degradation process may not always lead to complete mineralization, 
but instead toxic chlorination by-products are formed. Other reports 
where the main oxidant is the SO4

•− radical, Na2SO4 electrolyte, have 
been found useful in the degradation of IBPA [8,9]. However, the 
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relatively high standard oxidation potentials of SO4
2− to SO4

•− (2.60 V vs. 
NHE) present a drawback in the PEC oxidation of organic pollutants 
[10]. 

Recently, oxidation of organics using peroxymonosulfate (PMS) via 
non-radical and radical pathways has been investigated as a possible 
technique for water remediation [11–13]. The non-radical mechanism 
using PMS and a catalyst results in the oxidation of organic compounds 
and the formation of sulfate ions (E0(HSO5

− /SO4
2− ) = 1.75 V vs.NHE) 

[14,15]. On the other hand, PMS activation may proceed via the radical 
pathway, which may involve the formation of sulfate radical anions 
(E0(HSO5

− /SO4
•− ) = 2.43 V vs.NHE) [16]. In the past, multiple ap

proaches have been used to activate PMS to SO4
•− species, such as ul

trasonic irradiation [17], UV photolysis [18], photocatalysis (PC) 
[13,19–21], Fenton process [22], electrochemical (EC) [23], and PEC 
[24]. In the Fenton reactions, transition metal oxide catalysts such as 
Co3O4, Fe3O4, etc. have been proven as activators for PMS [25,26]. For 
example, cyclic transformation of the Fe3+/Fe2+ redox couple in iron 
oxides allows efficient activation of PMS to generate SO4

•− and/or •OH 
species [27]. However, leaching of hazardous metal ions (e.g., Co3+) 
during the oxidation reaction can block practical applications for some 
of the catalysts used in the Fenton process [28]. Exploring alternative 
advanced oxidation processes such as PEC offers a safer way for PMS to 
be used in the degradation of organics. 

Hematite (α-Fe2O3) with absorption in the visible range, band gap 
(Eg ~ 1.9–2.2 eV) has been demonstrated as an efficient n-type semi
conductor catalyst for PEC oxidation of water and degradation of 
organic pollutants [29,30]. Doping of α-Fe2O3 with different dopants 
such as Sn4+, Si4+, and Ti4+ was discovered to be a successful method to 
improve light absorption, electrical conductivity, and reduce charge 
carrier recombination [31–33]. Especially, Sn4+ doping is attractive for 
modifying the optoelectronic properties of α-Fe2O3. It was demonstrated 
that Sn:Fe2O3 in the form of thin films shows improved PEC performance 
for different catalytic reactions due to the high charge-carrier density 
[34]. These studies also revealed that the Sn4+ self-doping of α-Fe2O3, 
during thermal treatments at elevated temperatures from the fluorine- 
doped tin oxide (FTO) substrate, also leads to improved photocurrent 
response [35]. In addition to element doping, oxygen vacancies (OVs) in 
metal oxides have been found to be useful tools to tune the activation of 
PMS for the degradation of organics, making their control highly 
desirable [36–38]. Recently, Wang et al. reported that N/C co-doped 
Fe2O3 showed promising PEC activity for the degradation of antibi
otics using PMS [39]. To the best of our knowledge, there is a lack of 
research on PEC activation of PMS using α-Fe2O3 thin films for degra
dation of pharmaceutical drug pollutants. 

Herein, we employed Sn:Fe2O3 thin films with controllable OVs as a 
catalyst for PEC water oxidation and degradation of IBPA in simulated 
wastewater solutions. The X-ray diffraction (XRD) and X-ray photo
electron spectroscopy (XPS) measurements confirmed the presence of 
OVs and Sn doping in Fe2O3 films. Furthermore, adjusting the concen
tration of Sn dopant allowed us to increase the PEC performance of 
α-Fe2O3 thin films. The improved PEC performance of Sn:Fe2O3 films 
was attributed to the higher carrier density and decreased charge 
transfer resistances, as revealed using electrochemical impedance 
spectroscopy (EIS) and Mott-Schottky (M− S) analyses. For the first time, 
Sn:Fe2O3 thin films were employed for efficient PEC degradation of IBPA 
using PMS as an activator. LC-MS was used to monitor the degradation 
of organics and their by-products. Phytotoxicity tests were carried out 
using Lepidium sativum L to evaluate the potential acute toxicity of un
treated and PEC-treated IBPA water solutions. 

2. Experimental details 

2.1. Chemicals and materials 

Furfuryl alcohol (FFA, 99%) was purchased from Fisher Scientific. 
Sodium sulfate (Na2SO4, >99%), sulfuric acid (H2SO4), sodium 

hydroxide (NaOH, 99%), ethylenediaminetetraacetic acid (EDTA), 
methanol (MeOH), and tert-butyl alcohol (TBA) were purchased from 
Sigma-Aldrich. 2-(4-isobutylphenyl)propanoic acid (IBPA, ≥98%), po
tassium peroxymonosulfate (KHSO5, PMS) and coumarin (2H-1-benzo
pyran-2-one) were purchased from Alfa Aesar. 7-Hydroxycoumarin (7- 
HC) was obtained from Acros Organics. FTO on boroaluminosilicate 
glass (Solaronix, Swiss) was used as a substrate. A graphite block 
(99.9%) was purchased from Beijing Great Wall Co., Ltd. (China). 
Deionized water was used in all experiments. 

2.2. Preparation of Sn:Fe2O3 thin films 

Sn:Fe2O3 thin films were prepared by the spin-coating technique 
following the method developed by Machreki et al. [40]. In a typical 
procedure, Sn:Fe2O3 thin films with various OVs were obtained via an 
in-situ two-step annealing step at 750 ◦C for 5 min, followed by post- 
annealing (750 ◦C) at different times for 10, 30, and 60 min (in air) at 
an 8 ◦C min− 1 heating rate. 

2.3. Characterization of the Sn:Fe2O3 thin films 

The XRD patterns were collected within the 2θ range from 10 to 90◦

with a constant step of 0.03◦ using a MiniFlex 600 W (Rigaku) diffrac
tometer with Cu-Kα radiation. Phase identifications were performed 
with the PDXL software using the COD database. Diffuse reflectance 
spectra were recorded on a Lambda 650 UV–VIS spectrophotometer 
(PerkinElmer). The morphology of the Sn:Fe2O3 was studied using a 
scanning electron microscope, JSM 7100F SEM (JEOL) equipped with a 
field-emission electron gun (Oxford Instruments). Transmission electron 
microscopy (TEM) and scanning transmission electron microscope 
(STEM) studies were carried out with a JEOL 2100F. The XPS mea
surements were performed in the analysis chamber of the electron 
spectrometer ESCALAB-Mk II (VG Scientific) with a base pressure of ~5 
× 10− 8 Pa. The samples were mounted on a conductive adhesive tape, 
and C1s, O1s, Fe2p, Sn3d photoelectron, and TiLMM Auger spectra were 
recorded by using AlKα radiation. All spectra were calibrated by using C 
1s peak at 285.0 eV as a reference. The surface composition was eval
uated from the photoelectron intensities divided by the corresponding 
photoionization cross sections taken from Scofield [2]. EC and PEC 
measurements were done in a three-electrode system with a Cappuccino 
cell [40]. An O-ring was used to define the electrode area at 0.283 cm2. 
The potential of the working electrode was controlled by a potentiostat 
(EDAQ SP1). A graphite plate and a Hg/Hg2SO4 electrode were used as 
the counter and reference electrodes, respectively. Experimentally 
measured potentials were converted to the reversible hydrogen elec
trode (RHE) scale using the Nernst equation: ERHE = EHg/Hg2SO4 + E◦

Hg/ 

Hg2SO4 + 0.059 × pH. In this equation, EHg/Hg2SO4 was the measured 
potential against the Hg/Hg2SO4 reference electrode and E◦

Hg/Hg2SO4 
was taken as 0.65 V at 25 ◦C. The EIS of Sn:Fe2O3 thin films was studied 
under light in a 0.1 M Na2SO4 solution. The applied frequency ranged 
from 10 μHz to 1 MHz with an amplitude of 10 mV. The measured EIS 
data was fitted using the Zview software. The M− S studies were carried 
out in a three-electrode system in 0.1 M Na2SO4 solution (in the dark). 
Incident photon-to-current efficiency (IPCE) was obtained by measuring 
the photocurrent at 1.5 V vs. RHE in 0.1 M Na2SO4 solution (pH 5) under 
monochromatic light according to the following equation: IPCE =

(1240 × j)/
(
λ × Plight

)
where, λ represents the incident light wavelength 

(nm), j is the photocurrent density of the film under specific incident 
light (mA/cm2), and Plight is the used power density of monochromatic 
light (mW/cm2). 

2.4. PEC degradation of IBPA 

PEC degradation of IBPA using Sn:Fe2O3 thin films was conducted in 
a two-compartment PEC cell comprising photoanodic (75 mL) and 
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cathodic (55 mL) chambers separated by a proton exchange membrane 
(Nafion-115) [40]. A three-electrode system was used during the PEC 
experiments, where the Sn:Fe2O3 thin film served as the working elec
trode (area 6 cm2), Hg/Hg2SO4 electrode as the reference electrode, and 
a Pt plate as the counter electrode. We studied the degradation of IBPA 
(10 mg L–1) in the presence of PMS (5 mM) as a supporting electrolyte at 
25 ◦C with applied potential 1.5 V vs. RHE. The pH of the reaction so
lution was adjusted by adding 1 M H2SO4 and 1 M NaOH droplets. The 
PEC cell was illuminated by a visible LED during the reaction (7 cm 
away), but this did not result in sample heating. The incident light in
tensity of light (λex, 400 nm, 6 mW cm− 2) was measured using an optical 
power meter (Thorlabs PM320E Dual-Channel Optical Power & Energy 
Meter Console). The IBPA degradation at different reaction times was 
monitored using a Perkin Elmer Lambda 25 UV–vis spectrophotometer. 
The degradation of intermediate products of IBPA during the PEC pro
cess was checked by LC-MS measurements using mass spectrometer Q- 
Tof Premier interfaced to the ultra-performance liquid chromatograph 
(UPLC) system based on Waters Acquity (Waters, Milford, USA). 
Phytotoxicity tests of organic solutions were carried out using Lepidium 
sativum L. Formation of •OH radicals were studied with a photo
luminescence (PLS) spectrometer (FL920 spectrophotometer, Edinburgh 
Instruments) using a coumarin scavenger. LC-MS and phytotoxicity test 
conditions are provided in the Supplementary Information. 

3. Results and discussion 

3.1. Structural characterization 

XRD patterns of the FTO substrate and Sn:Fe2O3 thin films deposited 
onto the FTO/glass are shown in Fig. 1. These intense diffraction peaks 
were indexed to the SnO2 phase typical for tetragonal rutile structure 
(P42/mnm; PDF# 2101853). The diffraction peaks of the α-Fe2O3 sam
ple treated for 10 min which appear at 32.95◦,35.35◦, and 63.96◦ (2θ) 
correspond to the (104), (110), and (300) crystal planes of the hex
agonal α-Fe2O3 (R3c (167); PDF# 21011692). Because of the high 
temperature heat treatment, Sn4+ in the FTO substrate can migrate into 
the α-Fe2O3 lattice, as previously reported [35,41]. With a substantial 
increase of Sn4+ doping level, a slight shift of the (110) peak to lower 2θ 
in the XRD patterns can be observed (Fig. S1). Usually, the greater cation 
sizes of Sn4+ (83 pm) compared to Fe3+ (78.5 pm) causes a lattice 
distortion. This trend could be associated with the incorporation of Sn at 

the Fe lattice sites. Ling et al. have reported that Sn doping of α-Fe2O3 
occurs predominantly at about 800 ⁰C [42]. The effect of heat treatment 
time on crystal structure was recorded as shown in Fig. 1. An increase of 
the diffraction peak for the (300) crystal plane was observed for the 
α-Fe2O3 sample which was heat treated for 60 min. This indicates that 
the crystallinity in the α-Fe2O3 samples improves after heat treatment 
for a longer time. 

Structural analysis of α-Fe2O was achieved using TEM, as shown in 
Fig. 2a. The lattice spacing of 0.185 nm seen in the image can be 
assigned to the (024) crystal plane of hexagonal α-Fe2O3 (Fig. 2b). 
Selected area electron diffraction (SAED) pattern taken from the object 
in (a) shows that these particles are polycrystalline (Fig. 2c) [43]. The 
diffraction rings in the SAED pattern can be indexed to the (104), (110), 
(116), and (214) of α-Fe2O3. The uuniform distribution of Fe and O 
elements in the agglomerate (at. % ratio 2:3) can be seen in Fig. 2d, e as 
revealed using X-ray energy dispersive spectroscopy [40]. 

To estimate the film thickness and achieve better image contrast 
between the different phases, a SEM image was acquired using a back- 
scattered electron detector. Fig. 2f shows a cross-section view of the 
FTO/Sn:Fe2O3 electrode, where the FTO layer appears slightly brighter 
while the α-Fe2O3 layer on top of FTO is a little darker. The Sn:Fe2O3 film 
thickness was found to be about ~300 nm. The voids observed inside the 
Sn:Fe2O3 film are due to the Sn:Fe2O3 layers formed after two subse
quent coatings (Fig. 2g-i). On the other hand, it is obvious that the heat 
treatment affects the morphology of the films [40,44]. 

To confirm the Sn4+ diffusion into the lattice of α-Fe2O3, XPS mea
surements were performed. The core level spectra of the Fe 2p, Sn 3d, 
and O 1s are shown in Fig. 3. The quantitative XPS data are listed in 
Table S1. The binding energies at 711.5 and 725 eV correspond to the Fe 
2p3/2 and Fe 2p1/2 signals typical for Fe3+ ions. The associated satellite 
peak at 719.5 eV is due to the Fe3+ species found in both samples, 
abbreviated as 10 min and 30 min [45,46]. As shown in Fig. 3a, the peak 
intensity for the Fe3+ satellite decreased with the heat treatment time. 
With Sn doping, the intensity of the shakeup satellite decreases, indi
cating the appearance of Fe2+. The calculated iron content of all samples 
from the XPS spectra is given in Table S1. It was found that the con
centrations of iron taken from the Fe 2p3/2 were about 35.88, 35.17, and 
26.12 at. % in the samples at 10, 30, and 60 min, respectively. The Sn 
detected in the α-Fe2O3 thin films annealed at 750 ◦C was found to 

Fig. 1. XRD patterns of FTO (F: SnO2) and α-Fe2O3 coated on FTO substrates at 
different annealing times at 750 ⁰C. 

Fig. 2. (a) Bright-field STEM image of α-Fe2O3 and its corresponding element 
maps of (d) Fe and (e) O. (b) HR-TEM image of Sn-Fe2O3 lattice, and (c) SAED 
pattern taken from (a) in TEM mode. (f) Cross-section of the α-Fe2O3 thin film. 
SEM images taken in top-view from the Sn:Fe2O3 thin film at different heat 
treatment times: (g) 10 min, (h) 30 min, and (i) 60 min. 
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originate from the FTO substrates, as reported previously [34,35]. The 
signals at 495.2 and 486.8 eV correspond to the Sn 3d3/2 and Sn 3d5/2 
peaks, respectively (Fig. 3b). The Sn 3d peaks are associated with the 
Sn4+ chemical state found typically in SnO2 [47]. The Sn 3d5/2 (486.8 
eV) has a binding energy between SnO2 (487.2 eV) and SnO (486.3 e V) 
[48,49]. The lower binding energy peak is attributed to the Sn being 
incorporated into the FeO matrix. This is consistent with the expected 
binding energy shifts because the electronegativity of Sn (1.96) is higher 
than that of Fe (1.83) [41,49,50]. These unintentionally Sn doped Fe2O3 
samples show decreasing atomic concentrations (%) for Sn with heat 
treatment time. The α-Fe2O3 annealed for 10 min has the maximum Sn 
doping amount, which is equal to 0.79 at. % (Table S1). Further, the Sn 
3d3/2 peak of the sample heated for 60 min slightly shifts toward higher 
binding energies (Fig. 3b). The shift could be associated with the for
mation of SnO2 clusters on the Fe2O3 surface. The XRD studies also 
supports since there is an increase in (101) plane intensity of SnO2. 

The XPS spectra of O 1s core level revealed the presence of OVs as 
shown in Fig. 3c. The broad O 1s peak is composed of different signals 
indicated as OL, OC, and OV [51]. The Fe–O bond (OL) in α-Fe2O3 appear 
at low binding energy like 530.22 eV [52]. The middle band corresponds 
to the OVs (OV), which is centered at 531.15 eV [53]. Chemisorbed 
oxygen (OC) signal has the greatest binding energy which appears at 
531.68 eV [49]. The area ratio of the OV peak to all O 1s signals was 
calculated using this formula: (OV / (OL + OV + OC)) [52]. The area of 
the OV sample treated after 10 min is equal to 13.8%, 30 min is 14.9% 
and at 60 min it drops to 7.7%. Heating for 30 min can result in 
reasonably high oxygen vacancy density, which has been shown to be 
favorable for increasing PEC efficiency [50]. The introduction of Sn4+

dopant causes the replacement of certain iron atoms with tin atoms, 
creating defects in the SnFe+ site. Additionally, the positive charge of the 

SnFe+ traps the oxygen electron cloud, increasing the binding energy for 
the O 1s peak [52,54]. 

Fig. 4a shows the absorption spectra of Sn:Fe2O3 thin films. The 
observed difference in the absorbance of α-Fe2O3 is most likely attrib
uted to the Sn doping and morphological changes seen in the SEM im
ages. The electron transition from the VB to the CB (O 2p → Fe 3d) 
causes an increase in absorbance at wavelengths shorter than 600 nm 
[55,56]. The Eg of the α-Fe2O3 film was determined using the Tauc 
equation and assuming an indirect transition. The Eg value taken from 
the intercept is equal to ~1.88 eV (10 min), 1.75 eV (30 min), and 2.0, 
eV (60 min) (inset in Fig. 4a). This value matches the Eg of α-Fe2O3 re
ported in the literature [40,57,58]. IPCE measurements were used to 
evaluate the quantum efficiency of these three different photoanodes. As 
shown in Fig. 4b, the Sn:Fe2O3 heated for 30 min exhibits the highest 
IPCE value, which is obviously higher than the Sn:Fe2O3 films annealed 
at 10 min and 60 min. The IPCE values of all three photoanodes decrease 
close to zero at wavelengths above 600 nm, indicating a lack of light 
absorption above this range [59]. The IPCE results are in good agree
ment with UV–vis data, demonstrating that the improved PEC activity of 
Sn:Fe2O3 is from a light-driven water oxidation reaction. 

The PEC water oxidation activities of the Sn:Fe2O3 films were studied 
both in acid (0.1 M Na2SO4, pH 5) and alkaline media (1 M KOH, pH 
13.9). The Sn:Fe2O3 sample treated for 30 min shows the highest PEC 
activity, as given in Fig. 5a and Fig. S2. Notably, the photocurrent 
density of the sample treated at 30 min is three times that of the sample 
treated at 60 min. However, the photocurrent density decreased after 60 
min of treatment due to the lower concentrations of OVs, Sn, and Fe (as 
shown in Table S1). It was found that the concentration of Sn taken from 
the Sn 3d5/2 decreased from 0.79% to 0.55%, OVs from 9.3% to 4.8% 
and for Fe from 35.8% to 26.1%. The photocurrent difference between 

Fig. 3. XPS spectra of Sn:Fe2O3 at different heat treatment times: (a) Fe 2p, (b) Sn 3d, and (c) O 1s.  
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the treated α -Fe2O3 films at various times may be read as evidence that 
the quantity of OVs in the α -Fe2O3 film clearly affect its photocurrent 
response property (Fig. 3) [45,46,60]. On the other hand, Annamalai 
et al. reported a sudden drop of photocurrent in hematite nanorods 
heated at high temperatures. In their case, the drop was ascribed to the 
conductivity losses in the FTO substrate [61]. In addition to the drop in 
conductivity, the decrease in the photocurrent density at a particular Sn 
concentration is also correlated with the narrowing of the space charge 
layer in semiconductors. The low Sn dopant levels at 60 min perhaps 
causes a decrease in the photogenerated holes that reduce the migration 
of holes towards the hematite-liquid junction to perform water oxida
tion. Further, the stability of the three films was studied by recording the 
photocurrent at an applied bias of 1.5 V vs. RHE. The three samples 
exhibited good stability (Fig. 5b). In the dark (OFF), the current values 
were almost zero, while under illumination (ON), the photocurrent 

rapidly increased to a steady state value. This trend was reproducible for 
several light on/off cycles, where the photocurrent of the sample treated 
for 30 min reaches 0.8 mA cm− 2 at 1.5 V vs. RHE. 

To check the kinetic difference between the three films during water 
oxidation, EIS studies were investigated at an applied potential of 1.23 V 
vs. RHE under illumination (Fig. 5c). After fitting the EIS data with an 
appropriate equivalent circuit, the charge transfer resistance was ob
tained. The resistance values are found to be 52, 22, and 72 Ω for the Sn: 
Fe2O3 samples, abbreviated as 10 min, 30 min, and 60 min, respectively. 
The lowest charge transfer of Sn:Fe2O3 film treated for 30 min explains 
its profound PEC activity [40]. The lower resistance could be linked to 
the higher concentration of OVs. It is widely accepted that higher oxy
gen vacancy levels lead to a rise in carrier density, which in turn facil
itates easier electron transfer. 

The PEC performance of Sn:Fe2O3 samples were further character
ized using M− S plots. It was found that these films exhibit an n-type 
conductivity due to the positive slope recorded in the M–S plots (Fig. 5d 
and Fig. S3) [60]. Extrapolating the linear region of the M–S curve and 
reading the intercept value on the abscissa gives the VFB. The obtained 
VFB values of Sn:Fe2O3 film treated for 10, 30, and 60 min samples are 
shown in Table S2, which are close to the literature reported values [40]. 
The observed shift in VFB potential may also be a factor contributing to 
the improved PEC activity [61,62]. Due to the presence of surface ox
ygen vacancies, the charge carrier concentration of the Sn:Fe2O3 – 30 
min film significantly increases comparing to Sn:Fe2O3 – 60 min, which 
can facilitate the charge transfer process. Therefore, the survival period 
of holes can be effectively extended, and the charge carriers’ recombi
nation is reduced [21]. The donor density (ND) values were determined 
from the slope of the M–S plot at 5 kHz. The ND value of the Sn:Fe2O3 
film treated at 30 min was calculated to be 3.1 × 1020 cm− 3, which is 
higher than the ND of the sample treated at 10 min (2.5 × 1020 cm− 3) 
and 60 min (1.9 × 1020 cm− 3) [44]. As a rule, high ND is associated with 
improved charge transport which in turn may result in better PEC ac
tivity [40,50]. 

According to related reports, the OVs can generate new intermediate 
defect levels [21,63]. The photogenerated electrons can not only jump 
from VB to defective energy levels, but they can also be further 

Fig. 4. (a) Absorbance spectrum of Sn:Fe2O3 thin film at different heat treat
ment times. The inset is a Tauc plot. (b) IPCE of Sn:Fe2O3 samples recorded 
under a bias of 1.5 V vs. RHE in 0.1 M Na2SO4 (pH 5). 

Fig. 5. (a) LSV of Sn:Fe2O3 in 0.1 M Na2SO4 (pH 5) recorded at 5 mV/s under 
chopped illumination (400 nm). Samples are annealed at different times (b) 
Current vs. time recorded at 1.5 V vs. RHE. (c) Nyquist plot at 1.23 V vs. RHE 
under illumination. (d) M− S plots measured in 0.1 M Na2SO4 at 5 kHz. 
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stimulated from defective energy levels to CB, which may also 
contribute to the decrease in band gap. After creation of OVs, the photo 
response is extended as shown in Fig. 4a. The OVs can promote charge 
transfer by inhibiting photogenerated electron–holes recombination. 
The reason is that the photogenerated electrons preferentially enter the 
OVs instead of recombining with holes [64–66]. In the present study, the 
presence of OVs in Sn:Fe2O3 improves photocurrent significantly. 

3.2. PEC oxidation of IBPA using PMS 

We used IBPA as a model pollutant in PEC degradation studies. The 
absorption spectra of IBPA in 5 mM PMS solution at various PEC 
degradation intervals are given in Fig. 6a. Because of the higher PEC 
water oxidation activity, the Sn:Fe2O3 – 30 min film was used as a model 
photoanode (Fig. 6b). Furthermore, the degradation of IBPA was also 
tested using other methods: EC, PC, and PL (Fig. 6c). The fastest 
degradation is achieved using PEC. Complete degradation of 10 mg L–1 

of IBPA was observed after 210 min using PEC. On the other hand, the 
EC, PC, and photolysis (PL) methods removed just 18, 20, and 16 % of 
the IBPA, respectively. The IBPA degradation follows a pseudo first- 
order kinetics. The highest rate constant of IBPA degradation was ach
ieved using PEC using optimum PMS level (Fig. 6d). In comparison to 
literature reports for PEC degradation of IBPA, Gomes et al. have shown 
that Zn-TiO2 catalysts yielded lower rate constants (e.g., k1 = 0.0008 
min− 1) using Na2SO4 [9]. Several studies reported PEC degradation of 
IBPA using Cl− ions too [4–7]. However, in the presence of Cl− under 
UV–visible-light, toxic chlorinated by-products such as ClO3

− and ClO4
−

are produced [62]. 

3.3. Impact of operating parameters 

The influence of pH on IBPA degradation was studied in the pH in
terval from 3 to 9. The degradation rate of IBPA was faster in acidic 
media than in neutral or alkaline media (Fig. 7a). The PEC degradation 
was 99%, 30%, and 41% at pH 3, 6, and 9. The higher PEC activity at 
lower pH may be attributed to the following reasons [61] (i) the semi- 
conductor flat-band potential or (ii) the ability to efficiently generate 

SO4
•–. It is known that in acidic medium, SO4

•– is the primary reactive 
species due to their higher redox potential (2.5–3.1 V vs. NHE) 
compared with •OH (1.8–2.7 V vs. NHE) [10]. 

Previous studies have demonstrated that inorganic anions have 
apparent influence on the performance of oxidation processes [29,67]. 
Inorganics anions such as NO3

− , HCO3
− and HPO4

2− are primary constit
uents in water systems. The effect of these anions on PEC degradation of 
IBPA using Sn:Fe2O3 – 30 min thin film were also investigated. As shown 
in Fig. S4a, NO3

− exerted an insignificant effect on IBPA degradation. In 
similar way, HCO3

− showed a negligible inhibitory effect [68], indicated 
by a little decrease in IBPA degradation. On the other side, HPO4

2− which 
has a strong binding affinity towards iron oxides, was also investigated 
[68]. The addition of 10 mM phosphate ions led to a sharp decrease in 
the PEC degradation of IBPA. The inhibition caused by HPO4

2− should be 
due to its adsorption on the active sites of the catalyst. 

The degradation of IBPA was also tested on two kinds of water 
samples (Fig. S3b). The quality indicator of commercial mineral water 
(Radenska - Radenci spring, Slovenia) was listed in Table S3. The 
degradation rates of IBPA in mineral water, and deionized water were 
0.229, and 0.301 min− 1, respectively. These similar degradation rates 
demonstrate that the PEC degradation of IBPA using PMS is effective in 
real waters. 

3.4. Reaction mechanisms of the PEC process 

Controlled studies were used to identify the primary active species 
during the degradation of IBPA to reveal the mechanism of PEC degra
dation. Different molecules were used in the tests, such as scavengers 
like EDTA for the photogenerated holes (h+), TBA for the •OH radicals, 
FFA for the singlet oxygen (1O2), and MeOH for the SO4

•–/•OH radicals 
(Fig. 7b) [25,69,70]. In the presence of EDTA, the degradation of IBPA 
was slow, which indicated that the photogenerated holes produced in 
the Sn:Fe2O3 were suppressed. Adding in the solution of a TBA scavenger 
was found to inhibit the generation of •OH radicals, which in turns lower 
the degradation efficiency. Moreover, to check the formation of SO4

•– and 
•OH during the degradation of IBPA in 5 mM PMS, MeOH was used as a 
scavenger [71]. In this case, the IBPA degradation was negligible, 
indicating that that both SO4

•– and •OH contribute toward the degrada
tion of IBPA. The activator PMS traps electrons and produces SO4

•– spe
cies, which are expected to cause degradation of IBPA. On the other 
hand, the FFA scavenger blocks the degradation of IBPA which indicates 
that singlet oxygen (1O2) was produced. It is well-known that 1O2 species 
play a major role in the degradation of organics. Therefore, we expect 
that 1O2 also causes a smaller level of BPA degradation (Fig. 7b). To get 
an estimate of the photogenerated •OH species, coumarin was used as a 
quantitative probe [72]. Hydroxylated coumarin (e.g., 7-HC) is formed 
in the reaction between coumarin and •OH radical. To determine the 
amount of formed 7-HC a standard calibration plot was built by 
recording the PLS intensity of 7-HC compound at different concentra
tions (Fig. S4a, b) [73]. The PEC experiments were performed using a 
coumarin (4 × 10–5 M) aqueous solution. The variations in the PLS 
spectra of a coumarin solution during PEC treatment are shown in 
Fig. 7c. It was possible to detect a progressive increase in the emission 
intensity of the 7-HC at around 455 nm. The generated 7-HC at the Sn: 
Fe2O3 (treated for 30 min) surface follows zero-order reaction rate ki
netics. Fig. 7d shows plots of produced 7-HC (e.g., •OH) vs. illumination 
time, which indicate that the Sn:Fe2O3 thin film exhibited the fastest 
formation rate of •OH (0.028 µM min− 1) compared with the other films, 
Sn:Fe2O3–10 min (0.018 µM min− 1) and Sn:Fe2O3–60 min (0.005 µM 
min− 1). It is evident that all proposed species take part in the degrada
tion of IBPA, with a more pronounced effect caused by SO4

•– and •OH 
radicals. 

To prove the degradation efficiency and mineralization of IBPA, LC- 
MS was used to check the formation of any by-products during PEC 
degradation. Fig. S6 shows a typical chromatogram of IBPA recorded at 
different PEC times. The complete disappearance of the IBPA peak (5.5 

Fig. 6. (a) Absorption spectra of IBPA (10 mg L–1) recorded during the PEC 
experiment using Sn:Fe2O3–30 min. (b) Comparison of IBPA degradation effi
ciency activated by 5 mM PMS using three different films of Sn:Fe2O3, pH 3. (c) 
Normalized concentration (C/C0) of IBPA vs. time for EC, PC, PL, and PEC in the 
presence of 5 mM PMS, pH 3. (d) Average reaction rate constant (min− 1) for 
degradation of IBPA. 
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min elution) occurs at 210 min irradiation time. During the degradation 
of IBPA, a new compound is detected that is structurally different from 
the parent molecule. The peak at 3.4 min elution time may be due to the 
formation of new C–O bonds, promoted by the attack of strong oxidant 
species, at the anode surface [74]. Quintana et al. identified a similar 
molecule containing the group –COCOOH in the meta position after the 
IBPA degradation. It is evident that IBPA reacts with a radical species 
(photogenerated holes, 1O2, SO4

•− , and •OH) to produce 3-(4-hydrox
yphenyl)propionic acid, which subsequently undergoes mineralization 
[75]. According to the experimental results mentioned above, a possible 
mechanism could be proposed for PEC degradation of IBPA using Sn: 
Fe2O3 –30 min in the presence of PMS. It is worth noting that Sn doping 
has significantly increased the role of OVs in Sn:Fe2O3/PMS system. 
There are several possible pathways for degradation of IBPA during PEC. 
Firstly, photogenerated electrons and holes in Sn:Fe2O3 (Eq. (1)) are 
consumed by PMS, leading to the generation of SO4

•– and SO5
•– radicals 

according to Eq. (2) and Eq. (3). (Eq. (4)) [76,77]. 

Fe2O3 + hv→Fe2O3(h + e− ) (1)   

HSO5
− + e− → SO4

•– + OH–                                                              (2)  

HSO5
− + h+ → SO5

•– + H+ (3)  

SO5
− + SO5

− → 2SO4
•– + O2                                                              (4) 

The reaction of SO4
– radicals [21], with water, may give SO4

2-, H+, 
and•OH species Eq. (5)–(8) [71].  

Fe3+ + HSO5
– → Fe2+ + SO5

•– + H+ (5)  

Fe2+ + HSO5
– → Fe3+ + SO4

•– + OH–                                                (6)  

SO4
•− + H2O → SO4

2− + •OH + H+ (7)  

SO4
•− + OH− → SO4

2− + •OH                                                           (8) 

There is also a possible second pathway for the generation of reactive 
species that involves OVs. The latter is converted to active oxygen (O*). 
Further, O* is transformed into singlet oxygen (1O2) in the presence of 
PMS, shown in the following equations [39]: 

Ov→O* (9)   

O* + HSO5
− → HSO4

− + 1O2                                                          (10) 

The hypothesis above was checked by using PMS in an inert N2 at
mosphere during IBPA degradation. Negligible variations in the IBPA 
degradation were observed, which indicates that 1O2 originated from 
the lattice oxygens in the Sn:Fe2O3 photoanode rather than from dis
solved oxygen in the solution (Fig. 7b) [26]. Similar results have been 
found for Ca-doped Fe2O3 and Co-doped TiO2 systems [16,39]. It was 
concluded that the OVs in Sn:Fe2O3 can enhance the production of 1O2, 
SO4

•− and •OH, which cause PEC degradation of IBPA. 

3.5. Reusability test 

The reusability test of the Sn:Fe2O3–30 min electrode was evaluated 
by carrying out repeated PEC cycles of IBPA degradation under visible 
light (Fig. 8). The film showed over 90% degradation efficiency for IBPA 
in each cycle. It seems that the OVs in Sn:Fe2O3–30 min facilitate the 
efficient activation of PMS. These results show that the Sn:Fe2O3–30 min 
photoanode is stable against corrosion and could be reused in PEC 
studies. 

Fig. 7. Normalized IBPA concentration vs. time recorded using Sn:Fe2O3–30 min during PEC degradation in 5 mM PMS (N2 bubbling; pH 3) under an applied 1.5 V 
vs. RHE at (a) different pH values and (b) different scavengers: 0.1 M FFA, 0.1 M TBA, 0.01 M EDTA, and 0.1 M MeOH. (c) Emission spectra of 40 µM coumarin 
solution in 5 mM PMS at different PEC treatment times. (d) Plots of 7-HC concentration produced at different PEC treatment times using three different films. 
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3.6. Phytotoxicity test using Lepidium sativum L. 

Seed germination and root growth of L. sativum were carried out to 
study the phytotoxic effect of tested IBPA solutions (Fig. S7). Inhibition 
(%) values are from 47 and − 3.6% for the untreated and PEC treated 
IBPA solutions, respectively. The descent in the inhibition value shows 
that the toxicity caused by IBPA decreased after PEC treatment. Table S4 
provides the relative germination percentage (RGP) and relative radicle 
growth (RRG) values that were used to calculate the germination index 
(GI) values of the untreated and PEC treated IBPA samples. The treated 
water solutions give higher values for RGP, RRG, and GI, which are 
considered beneficial of plant growth [40]. According to Zucconi et al. 
[78] phytotoxicity is classified depending on the GI value: a GI value of 
80% shows that the pollutant present is not phytotoxic. A GI value 
higher than 100% indicates a plant–stimulating effect (Fig. 9). In our 
case, the GI determined after 3 h PEC treatment is above 90% which 
means that at the studied concentration ([IBPA] = 10 mg L–1) there is an 
absence of phytotoxicity [79]. The trend in phytotoxicity demonstrates 
that PEC treatment improves water quality. 

4. Conclusions 

Porous Sn:Fe2O3 thin films have been prepared using spin-coating 
and subsequent heat-treatment at elevated temperatures. The PEC per
formance of α-Fe2O3 thin films was modulated by adjusting the Sn 
dopant level (e.g., OVs) in the metal oxide. The Sn:Fe2O3–30 min thin 
films demonstrated the best photocurrent density due to the increase of 
carrier density. Detailed photo-electrochemical analyses of the α-Fe2O3 
electrode were performed using techniques like flat-band measure
ments, EIS, LSV, and IPCE. For the first time, Sn doped Fe2O3 thin films 
were used for efficient PEC degradation of IBPA using PMS as an acti
vator. The degradation efficiency of IBPA reached 99% for the Sn:Fe2O3 
–30 min photoanode, which was much higher than other films. The key 
reactive species during PEC degradation were found to be the photo
generated holes, 1O2, SO4

•− , and •OH, as evident from free radical 
quenching experiments. The complete degradation of IBPA was 
confirmed using LC-MS analysis. A phytotoxicity test with Lepidium 
sativum L showed that IBPA toxicity was significantly reduced after PEC 
treatment. PEC treated water offers higher values for RGP, RRG, and GI, 
which are all indicators for plant growth. This work provided a new 
perspective on designing efficient PEC systems for environmental 

wastewater remediation. 
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