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Abstract: Fe-BiOCl-Vo nanosheets with electron-capture centers of doped Fe and surface oxygen
vacancies (Vo) for enhanced photocatalytic-Fenton performances were conducted. Compared with
pristine BiOCl nanosheets, the band gap of the resulting Fe-BiOCl-Vo nanosheets was narrowed, and
defective bands were introduced due to the Fe doping and Vo. Furthermore, the integrated electron
trapping effect of Vo and doped Fe can efficiently drive charge transfer and separation. As a result,
the photocatalytic-Fenton performances of phenol over Fe-BiOCl-Vo nanosheets were enhanced.
The photocatalytic-Fenton performances of Fe-BiOCl-Vo nanosheets were enhanced two-fold and
four-fold, respectively, as compared with the photocatalytic performances of Fe-BiOCl-Vo and pristine
BiOCl nanosheets. During the photocatalytic-Fenton process, the multiple reactive species referring
holes (h+), superoxide radicals (•O2

−), and hydroxyl radicals (•OH) induced by the efficiently
separated charge carriers and Fenton reaction played synergetic roles in phenol degradation and
mineralization. This work provides a sophisticated structure design of catalysts for efficient charge
transfer and separation, promoting photocatalytic-Fenton performance.

Keywords: oxygen vacancies; electron-capture center; Fe doping; BiOCl; photocatalytic-Fenton
performances

1. Introduction

Increasing water contaminants provoke a serious health hazard to humans and sig-
nificant security issues to environments, and phenolic compounds are the widespread
pollutants. It is necessary to explore efficient techniques for the elimination of contami-
nants [1–3]. Photocatalysis is an appealing technique for contaminants removal efficiently
due to the strongly oxidizing reactive species. Bismuth oxychloride (BiOCl) is a prominent
semiconductor with a unique sandwich-layered structure containing alternated [Bi2O2]2+

and double chlorine layers, which has garnered considerable attention as a promising
candidate for photocatalysis of contaminants removal. However, its broader band gap
(Eg = 3.2–3.5 eV), limited ultra-violet light response, and rapid recombination of charge
carriers restrict the photodegradation efficiency of contaminants [4,5].

Hence, many strategies have been exploited to broaden the light response region and
promote the separation of charge carriers for the enhanced photocatalytic performances
of BiOCl. Efficient strategies referring to elements doping, surface oxygen vacancies,
and forming heterostructure were frequently employed to improve photocatalytic perfor-
mances [6–11]. Particularly, the surface oxygen vacancy (Vo) was considered an appealing
route to promote the separation of charge carriers, contributing to the enhancement of
photocatalytic activity. Because the Vo could trap the photoexcited electrons, then the
photogenerated holes can be driven to the surface of BiOCl, promoting the oxidation and
mineralization of contaminants [12]. For instance, square-sharped BiOCl nanosheets with
oxygen vacancies (BiOCl-Vo) were produced. The produced BiOCl-Vo nanosheets exhib-
ited excellent photocatalytic activity of rhodamine B (RhB) removal under visible light
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irradiation due to the efficient separation of charge carriers. Furthermore, the predominant
reactive species were the photogenerated holes (h+) and superoxide radicals (•O2

−) [9].
Additionally, metal doping also was frequently used to broaden the light response and
charge separation of BiOCl. Furthermore, different metals can act as electron-poor centers
and electron-rich centers, contributing to the electrons and holes capture, respectively. For
instance, the density functional theory (DFT) + U calculation results of BiOCl doped with
3d transition metals (TMs = Sc-, V-, Cr-, Mn-, Fe-, Co-, Ni-, Cu-, and Zn-) shown that the
Cr-, Mn-, Fe-, Co-, Ni-, Cu-, and Zn-doped BiOCl systems exhibited the thermodynamic
structure stability, while the others were hard to substitute Bi. Furthermore, compared
with pristine BiOCl, the V-, Ti-, Fe-, Cr-, and Co-doped BiOCl could rise the valance band
maximum (VBM) toward more positive levels, endowing with the enhancement of redox
potentials [13]. Furthermore, the doped Fe also can use in the photocatalytic-Fenton sys-
tem, boosting the degradation activity of pollutants. For instance, the Fe-doped (~1 wt%)
BiOCl hierarchical nanostructures were prepared via a facile one-step room temperature
method. The Fe-doped BiOCl could drive the conversion of H2O2 to hydroxyl radicals
(•OH) through the electron flowing in the photo-Fenton process, resulting in the enhanced
photodegradation of methyl blue (MB) under visible light illumination [14]. Furthermore,
our previous study also confirmed that the doped Fe also acted as an electron capture
center, promoting the directional transfer and efficient separation of charge carriers [15].

However, •O2
− possesses a longer lifetime, but its inactive feature cause the lower

mineralization of phenolic contaminants. h+ provides higher mineralization but with lower
transfer kinetics. Although h+ could transit into hydroxyl radicals (•OH), which possess
rapid reactions and higher oxidative ability, the lower lifetime restricts the mineraliza-
tion of contaminants. Therefore, it is necessary to introduce more reactive species into
the photocatalytic system. Fenton reaction could produce massive •OH in the presence
of hydrogen peroxide (H2O2) and Fe2+, providing superior degradation efficiency. But
numerous H2O2 and Fe2+ are consumed during the Fenton process, causing the accumula-
tion of iron sludges numerously and narrower application pH region [16,17]. Combining
the photocatalysts with the heterogenous Fenton catalysts or doping iron into photocata-
lysts to form photocatalytic-Fenton catalysts could play an integrated electron trapping
effect on the degradation of phenolic contaminants. Many studies have demonstrated that
synergetic photocatalysis and the Fenton process could enhance the degradation activity
and mineralization of phenolic compounds [18–20]. For instance, in our previous study,
electron self-sufficient core-shell BiOCl@Fe-BiOCl nanosheets were constructed as an effi-
cient catalyst for the enhanced photocatalytic-Fenton degradation of phenol. During the
photocatalytic-Fenton process, the directional transfer and efficient separation of charge
carriers can be enhanced, then the electron-capture center of doped Fe can boost the Fenton
reaction, promoting the recycling of Fe(III)/Fe(II) and photocatalytic-Fenton performances
of phenol [15]. However, inducing the Vo of photocatalytic-Fenton catalysts to promote
charge transfer and degradation activity is still scarcely studied.

Herein, we introduced Vo on the surface of Fe-doped BiOCl (Fe-BiOCl-Vo) nanosheets
to promote the separation of charge carriers and enhance the degradation of phenol in
the photocatalytic-Fenton system. The band structure evolution and degradation ac-
tivity of resulting products were examined. This work provides a sophisticated struc-
ture design for catalysts for efficient charge transfer and separation, which promote
photocatalytic-Fenton performance.

2. Results and Discussion
2.1. Structure Differential of Fe-BiOCl-Vo Nanosheets

The crystal structures of BiOCl, BiOCl-Vo, and Fe-BiOCl-Vo are illustrated in Figure 1.
The [Bi2O2]2+ layers and chlorine layers are alternating arranged along the c axis in BiOCl,
BiOCl-Vo, and Fe-BiOCl-Vo (Figure 1a–c). The Vo generate on the surface of BiOCl-Vo, and
Fe-BiOCl-Vo (Figure 1b,c). The Fe ions substitute the Bi in the Fe-BiOCl-Vo (Figure 1c). In
the structure of this Fe-BiOCl-Vo, the doped Fe(III) acts as an electron capture center, as
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we confirmed in the previous study [15]. Then, the electron-captured Fe(III) can transit to
Fe(II) (Fe(III) + e− → Fe(II)), which could further become the prime reaction center of the
Fenton reaction, promoting the activation of H2O2.
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Figure 1. Crystal structures of (a) BiOCl, (b) BiOCl-Vo, and (c) Fe-BiOCl-Vo.

The phases of all the products were examined by the XRD, and all the characteristic
peaks of the XRD patterns were well-indexed to the tetragonal BiOCl (JCPDS No. 06-2049).
For the BiOCl produced in an aqueous solution, the intensity of the characteristic peak
located at 2θ = 11.9◦ ((001) atomic planes) was much more distinctive than the others.
Comparatively, the intensity of this characteristic peak in the BiOCl-Vo and Fe-BiOCl-Vo
were weakened, suggesting that the developed crystal facets of BiOCl-Vo and Fe-BiOCl-Vo
may be different from BiOCl (Figure 2a). When further magnified partial XRD patterns,
the shift of characteristic peaks can be identified (Figure 2b,c). As magnified in the region
of 11.5–13.0◦, the (001) plane of all the samples exhibited no shifting, indicating that the
distances between [Bi2O2]2+ layers and chlorine layers of BiOCl-Vo and Fe-BiOCl-Vo were
maintained as same as the pristine BiOCl. Whereas the characteristic peaks of (110) and
(102) of Fe-BiOCl-Vo were shifted toward the larger 2θ, implying that the crystal lattices
shrank slightly (Figure 2c) [15].

In the Bi 4f of BiOCl nanosheets, the binding energies located at 164.9 and 159.6 eV
ascribed to Bi 4f5/2 and Bi 4f7/2, respectively. These binding energies of Bi 4f were respec-
tively downshifted by 0.3 eV to 164.6 and 159.3 eV for the BiOCl-Vo nanosheets due to the
electron trapping of Vo increasing the charge density [15]. In comparison with the BiOCl
nanosheets, the binding energies of Bi 4f in the Fe-BiOCl-Vo continuously shifted to more
negative owing to the synergetic effect of Vo and doped Fe for electron-trapping (Figure 2d).
In addition, the binding energies at 531.6 and 530.4 eV, respectively assigned to surface-
adsorbed oxygen species and lattice oxygen atoms of BiOCl nanosheets were presented.
Comparatively, the binding energies of the BiOCl-Vo and Fe-BiOCl-Vo nanosheets also
gradually shifted to more negative, which was consistent with the Bi 4f spectra (Figure 2e),
further confirming the electron capture feature of Vo and doped Fe. The two peaks located
at 710.1 and 724.0 eV, respectively ascribed to the Fe 2p3/2 and Fe 2p1/2, were observed,
implying the Fe3+ state of doped Fe in the Fe-BiOCl-Vo nanosheets (Figure 2f). However,
the concentration of the doped Fe was lower, and the intensities of the resulting Fe 2p3/2
and Fe 2p1/2 binding energy were lower, which also can be confirmed by the EDS mapping
(Figure S1). Additionally, the EPR spectra were employed to detect the Vo concentration of
different samples (Figure 2g). The EPR signal of BiOCl nanosheets was barely observed,
indicating only a few Vo. In contrast with this EPR signal, the EPR signal of BiOCl-Vo
nanosheets was the highest, suggesting the highest concentration of Vo. Comparatively,
the Vo concentration of the Fe-BiOCl-Vo nanosheets was lower than that of BiOCl-Vo
nanosheets based on the lower EPR signal.
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All the shapes of the resulting products were examined through SEM and TEM images.
According to Figure 3a,b,e,f,i,j, the BiOCl, BiOCl-Vo, and Fe-BiOCl-Vo exhibited sheet-like
morphologies. Furthermore, the sizes of BiOCl, BiOCl-Vo, and Fe-BiOCl-Vo nanosheets
were gradually decreased from ~3 µm to ~100 nm to ~50 nm. The corresponding thickness
of the resulting nanosheets also progressively decreased from ~200 nm to ~19.2 nm and to
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~12.5 nm. In the HRTEM image of BiOCl nanosheets, clear and continuous perpendicularly
interplanar lattice fringes spacing of 0.275 nm assigned to (110) planes of tetragonal BiOCl
were observed (Figure 3c,d). Similarly, the lattice spacing of 0.275 nm and lateral lattice
spacing of 0.738 nm, respectively assigned to (110) and (001) atomic planes of BiOCl were
also observed, implying that the generated BiOCl-Vo nanosheets were enclosed with (001)
facet predominantly (Figure 3g,h). The lateral lattice spacing of 0.738 nm assigned to
(001) planes and lattice of 0.268 nm ascribed to (102) atomic planes were also observed
in the HRTEM images of Fe-BiOCl-Vo nanosheets (Figure 3k,l), demonstrating that the
Fe-BiOCl-Vo nanosheets also were enclosed by the (001) exposure facets. Furthermore, the
bright-field TEM and corresponding elemental mapping images of Fe-BiOCl-Vo nanosheets
also confirmed the presence of Fe (Figure 3m,n and Figure S1), which was consistent with
the XPS result (Figure 2f).
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2.2. Band Structure Evolution Fe-BiOCl-Vo Nanosheets

The light responses of different samples were examined through the DRS spectra
(Figure 4a). The pristine BiOCl nanosheets only exhibited light response in the ultra-violet
region, and its absorption band edge was limited to 358 nm. Compared with the BiOCl
nanosheets, the absorption band edges of the BiOCl-Vo and Fe-BiOCl-Vo nanosheets were
broadened to 409 and 418 nm, respectively (Figure 4a). Furthermore, both BiOCl-Vo and
Fe-BiOCl-Vo nanosheets also exhibited intense light response within the visible light region
due to the massive Vo. The visible light response of Fe-BiOCl-Vo nanosheets was enhanced
by the integrated effect of Vo and doped Fe. Accordingly, the band gaps of BiOCl, BiOCl-
Vo, and Fe-BiOCl-Vo nanosheets were estimated to be 3.46, 3.03, and 2.96 eV, respectively
(Figure 4b).
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Then, according to the MS plots presented in Figure S2, the flat band potentials of
BiOCl, BiOCl-Vo, and Fe-BiOCl-Vo nanosheets were estimated to be −1.26, −1.19, and
−0.80 eV (versus Ag/AgCl at pH = 7), respectively. These values were −0.66, −0.59,
and −0.20 eV (versus the normal hydrogen electrode (NHE), pH = 0) accordingly, which
were considered as the Fermi level (Ef) for the n-type semiconductor of BiOCl. Then, the
conduction band (CB) minimums of BiOCl, BiOCl-Vo, and Fe-BiOCl-Vo nanosheets were
respectively estimated to be−0.76,−0.69, and−0.30 eV. Correspondingly, the valence band
(VB) maximums of BiOCl, BiOCl-Vo, and Fe-BiOCl-Vo nanosheets were 2.70, 2.34, and
2.66 eV (based on the equation ECB = EVB − EG). All the band structure evolutions of BiOCl,
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BiOCl-Vo, and Fe-BiOCl-Vo nanosheets were illustrated in Figure 4c. Apparently, the Vo
and Fe-doping could narrow the band gap and simultaneously downshift the CB minimum.
Generally, the Vo and Fe-doping of semiconductors could introduce intermediated defective
band (DB) closer to the CB minimum, which could promote the transfer and separation
of charge carriers [6,12,21–23]. Furthermore, our previous study also confirmed that the
Fe-doped BiOCl could drive the CB potential to the less negative [15]. Compared to pristine
BiOCl, the narrowed band gap and generated DB of BiOCl-Vo and Fe-BiOCl-Vo nanosheets
could promote efficient charge transfer and separation.

Furthermore, the charge transfer directions of pristine BiOCl and Fe-BiOCl have been
confirmed by the photo-deposition experiments in our previous work [15]. As verified,
the photogenerated electrons of BiOCl were directed to the predominant (001) exposure
facet, while the photogenerated holes moved to the lateral (010) facet. For the Fe-BiOCl, the
doped Fe acts as an electron capture center, contributing to the transfer and accumulation
of photogenerated holes to the surface. Thus, the surface of BiOCl nanosheets was enriched
electrons, and the surface of Fe-BiOCl was accumulated holes.

The charge transfer and separation efficiency of all the samples were investigated.
The smallest radius of Fe-BiOCl-Vo nanosheets in EIS plots was observed, suggesting the
fastest separation of charge carriers and the lowest interfacial transfer resistance (Figure 5a).
Additionally, the strongest photocurrent signals of Fe-BiOCl-Vo nanosheets also validated
the highest separation efficiency of charge carriers (Figure 5b). All those results show that
the Fe-BiOCl-Vo nanosheets presented superior transfer and separation of charge carriers,
which may enhance their photocatalytic and photocatalytic-Fenton performances.
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2.3. Enhanced Photocatalytic-Fenton Performances of Fe-BiOCl-Vo Nanosheets

The photocatalytic and photocatalytic-Fenton performances of Fe-BiOCl-Vo nanosheets
were investigated. Under full spectra irradiation, the pristine BiOCl Compared with BiOCl
nanosheets, both Fe-BiOCl-Vo nanosheets and BiOCl-Vo nanosheets showed excellent
photocatalytic performances under full spectra irradiation. The photocatalytic reactivity
of phenol over the Fe-BiOCl-Vo nanosheets was almost twice that of BiOCl nanosheets,
and almost 50% of phenol was removed within 60 min (Figure 6a). Under visible light
irradiation, the phenol was barely removed by employing BiOCl nanosheets as catalysts.
Also, the photocatalytic performances of Fe-BiOCl-Vo nanosheets and BiOCl-Vo nanosheets
were only slightly enhanced under visible light irradiation (Figure 6b); that is, only ~15%
of phenol was removed. Apparently, the Fe-BiOCl-Vo nanosheets can enhance photocat-
alytic performance under full spectra and visible light irradiation, but the enhancements of
degradation were still limited [24,25].
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(b) visible light. Photocatalytic-Fenton performances of Fe-BiOCl-Vo nanosheets (c) by adding
different concentrations of H2O2 (pH = 6.6, 20 mg of photocatalysts, 10 mg/L of phenol solution),
(d) at different pH value (2.58 mmol/L of H2O2, 20 mg of photocatalysts, 10 mg/L of phenol
solution), (e) at different concentration of phenol solution (pH = 6.6, 2.58 mmol/L of H2O2, 20 mg
of photocatalysts), (f) at different amount of Fe-BiOCl-Vo nanosheets (pH = 6.6, 2.58 mmol/L of
H2O2, 10 mg/L of phenol solution). (g) Comparison of Fe-BiOCl-Vo nanosheets under different
processes, (h) comparison of TOC removal over Fe-BiOCl-Vo nanosheets under photocatalysis and
photocatalysis-Fenton, (i) Photocatalytic-Fenton recycling of Fe-BiOCl-Vo nanosheets.

Then the photocatalytic-Fenton performances of Fe-BiOCl-Vo nanosheets were ex-
amined under full spectra illumination. Firstly, different concentration of H2O2 referring
from 1.29 to 5.16 mmol/L was added into the photocatalytic-Fenton system (pH = 6.6).
Obviously, the photocatalytic-Fenton performances of the Fe-BiOCl-Vo nanosheets can
be enhanced regardless of the concentration of H2O2 that phenol was almost completely
removed within 60 min (Figure 6c). Thus, 2.58 mmol/L of H2O2 was added into the
photocatalytic-Fenton system, and the pH value was altered from 3.0 to 6.6. Generally, the
optimum pH value of the Fenton reaction was around 3 [2,26]. In contrast to this pH condi-
tion, the Fe-BiOCl-Vo nanosheets exhibited superior photocatalytic-Fenton performances
in the pH range from 3.0 to 6.6, suggesting that the resulting Fe-BiOCl-Vo nanosheets
could broaden the application pH range in the photocatalytic-Fenton system (Figure 6d).
Furthermore, the accumulation of iron sludge is another issue for the traditional Fenton
or the heterogeneous Fenton process due to the isolated or the leached ferrous ions. But
the leached ferrous ions were unable to detect in this study or previous study (Figure S3),
demonstrating the stability of Fe-BiOCl-Vo nanosheets. Then, the photocatalytic-Fenton
activity at different concentrations of phenol and different dosage of catalysts were also in-
vestigated at pH = 6.6 and in the presence of 2.58 mmol/L of H2O2. Apparently, the 20 mg
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of Fe-BiOCl-Vo nanosheets can remove phenol when its concentration was lower than
10 mg/L (Figure 6e), and 20 mg of Fe-BiOCl-Vo nanosheets showed superior degradation
performances at a fixed pH value and concentrations of phenol and H2O2 (Figure 6f). Thus,
under above-optimum conditions, the photocatalytic-Fenton performance of Fe-BiOCl-Vo
nanosheets was almost two-fold higher than its photocatalytic performances because of the
integrated effect of Vo and Fe doping (Figure 6g). Furthermore, compared with the Fenton
process (Figure S4), the photocatalytic-Fenton performance of Fe-BiOCl-Vo nanosheets can
be enhanced significantly. Accordingly, the total organic carbon (TOC) removal efficiency of
phenol over Fe-BiOCl-Vo nanosheets through the photocatalytic-Fenton process was higher
than its photocatalytic process (Figure 6h), suggesting the enhancement of the Fenton reac-
tion for the degradation of phenol. Furthermore, the photocatalytic-Fenton performance of
Fe-BiOCl-Vo nanosheets can be maintained even after three recycling, further verifying the
stability of Fe-BiOCl-Vo nanosheets (Figure 6i). The resulting crystal phase and morphology
of the used Fe-BiOCl-Vo nanosheets were consistent with the fresh Fe-BiOCl-Vo nanosheets,
also confirming the stability of Fe-BiOCl-Vo nanosheets (Figure S5).

During the photocatalytic and photocatalytic-Fenton processes, the reactive species
were examined by scavenger tests and EPR spectra (Figure 7). Based on the results of scav-
enger tests, the photocatalytic performances of Fe-BiOCl-Vo nanosheets were completely
inhibited by employing AA and TEOA as scavengers, suggesting that the •O2

− and h+ were
the predominant reactive species during the photocatalytic process. Meanwhile, the pho-
tocatalytic performance of Fe-BiOCl-Vo nanosheets was slightly declined by introducing
IPA, indicating that •OH was the secondary reactive species (Figure 7a). Furthermore, the
distinctive DMPO-•O2

− and DMPO-•OH EPR signals of Fe-BiOCl-Vo nanosheets also con-
firmed the reactive roles of •O2

− and •OH during the photocatalytic process (Figure 7b,c).
The reactive species of Fe-BiOCl-Vo nanosheets were multiple, which is different from
BiOCl nanosheets. According to our previous study, the •O2

− (O2 + e− → •O2
−) and

h+ were the predominant reactive species for the BiOCl nanosheets because the e− were
primarily directed to the exposed (001) facet, as driven by the internal electric field. Then,
the photocatalytic mechanisms of the BiOCl and Fe-BiOCl-Vo nanosheets were presented
in Figure 7d. During the photocatalytic process, the •O2

− and h+ were the predominant
reactive species for phenol degradation over a BiOCl nanosheet. While the primary reactive
species were •O2

− and h+ for the Fe-BiOCl-Vo nanosheets, •OH also played a minor role
during the photocatalytic process (Figure 7e).

During the photocatalytic-Fenton process of Fe-BiOCl-Vo nanosheets, the electron-
capture center of Fe(III) trapped the photogenerated electrons and transited to Fe(II),
and Vo also simultaneously captured the photogenerated electrons, contributing to the
efficient charge transfer and separation, accumulating holes on the surface of Fe-BiOCl-Vo
nanosheets. The photogenerated electrons captured by Vo were further transited to •O2

−

(O2 + e− → •O2
−). Then, the transited Fe(II) can act as reaction centers of the Fenton

reaction (Fe(II) + H2O2 → •OH + Fe(III)), producing massive •OH and facilitating the
Fe(III)/Fe(II) recycling [15]. Therefore, in the photocatalytic-Fenton system, the synergistic
effect of the multiple reactive species could enhance the degradation and ring-open of
phenol. Thus, the mechanism of phenol degradation over Fe-BiOCl-Vo nanosheets through
the photocatalytic-Fenton process was illustrated based on the above discussions (Figure 7e).
Briefly, the Fe-BiOCl-Vo nanosheets with modulated band structure could promote charge
transfer and separation due to the integrated electron trapping effects of Vo and doped
Fe. Then, during the photocatalytic-Fenton process, the •O2

− from the photogenerated
electrons (O2 + e− → •O2

−), •OH from photogenerated holes (O2 + e− → •O2
−) and

Fenton reaction (Fe(II) + H2O2 → •OH + Fe(III)), and photogenerated holes were acted as
reactive species for phenol removal efficiently. During the photocatalytic-Fenton process,
the Fe(III)/Fe(II) recycling, charge transfer and separation, and enhanced photocatalytic
performances of Fe-BiOCl-Vo nanosheets can be achieved successfully.
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Schematic illustration of phenol degradation over (d) BiOCl nanosheets through the photocatalytic
process, (e) Fe-BiOCl-Vo nanosheets through photocatalytic and photocatalytic-Fenton process.

3. Experimental
3.1. Preparation of Fe-BiOCl-Vo, BiOCl-Vo, and BiOCl Nanosheets

All the products were prepared using the hydrothermal or solvothermal methods.
2 mmol of Bi(NO3)3•5H2O was ultrasonically dissolved into 20 mL of mannitol (0.1 M).
Simultaneously, FeCl3 (0.333 mmol) was dissolved into mannitol (0.1 M, 20 mL), which
was further dropped into the above Bi(NO3)3 solution to form a white suspension. Then,
the suspension was transferred into a Teflon-lined autoclave reactor (TLAR, 100 mL) after
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stirring for 30 min at room temperature. The TLAR was maintained at 180 ◦C for 12 h and
cooled down naturally. Finally, the resultants were washed, dried, collected, and labeled
as Fe-BiOCl-Vo. Similarly, the BiOCl-Vo was prepared through the above procedures but
only employing 2 mmol of KCl as substituted chloride sources. While the BiOCl was also
produced through the above procedures in the presence of 2 mmol of KCl and by replacing
mannitol with water.

3.2. Characterization

The powder X-ray diffraction (XRD) patterns of all the samples were recorded on the
X-ray diffractometer (Bruker D8, Saarbrucken, Germany). Scanning electron microscopy
(SEM, Hitachi SU-8010, Hitachi, Tokyo, Japan) equipped with elemental mapping and en-
ergy dispersive spectroscopy (EDS), and transmission electron microscopy (TEM, JEM-2100,
JEOL, Tokyo, Japan) with elemental mapping was used to characterize the morphology of
all the products. Simultaneously, the high-resolution TEM (HRTEM, JEOL, Tokyo, Japan)
images were also recorded through the TEM. UV-vis diffuse reflectance spectra (DRS) of the
resulting products were performed on a UV-vis spectrophotometer (UV-2600, Shimadzu,
Shimodogata, Japan). Thermo Fisher Spectroscope (Thermo Scientific K-Alpha, Thermo
Fisher Scientific, Waltham, MA, USA) was used to record the X-ray photoelectron spec-
troscopy (XPS) of some samples. The reactive oxygen species of •O2

− and •OH and surface
oxygen vacancies of different samples were detected by electron paramagnetic resonance
(EPR, JNM-ECZ600R, JEOL, Tokyo, Japan) technique. For the detection of reactive oxygen
species, 5,5-dimethyl-1-dimethy-N-oxide (DMPO) was used. Isopropanol (IPA), ascorbic
acid (AA), and triethanolamine (TEOA) were used as scavengers for •OH, •O2

−, and h+,
respectively. Electrochemical characterizations of the resultants, including electrochemical
impedance spectroscopy (EIS), Mott-Schottky (MS) plots, and photocurrent measurement,
were performed on the electrochemical workstation (CHI 760E, Shanghai, China) in a 0.5 M
Na2SO4 solution.

3.3. Photocatalytic and Photocatalytic-Fenton Activity

The photocatalytic and photocatalytic-Fenton performances of different samples were
evaluated by photodegrading the phenol solution (10 mg/L). During the photocatalytic
process, a Xenon lamp (300 W) was selected as a light source, particularly as full-spectra
light. The visible light was harvested by introducing a 420 nm cut-off filter in the front
of the Xenon lamp. 25 mg of prepared photocatalysts were re-dispersed into 50 mL of a
phenol solution, which was persistently stirred in the dark for 1 h to reach the equilibrium
of adsorption-desorption. Then, the light was turned on to carry out photocatalysis. During
the photocatalytic process, 2 mL of aliquots were withdrawn from the reaction system
intermittently. This withdrawn aliquot was filtered by 0.22 µm Millipore filters to maintain
the transparent solution, in which the concentration of phenol was further analyzed through
the optical absorption method on the UV-vis spectrophotometer (UVmini-1280, Shimadzu,
Shimodogata, Japan). Similarly, the photocatalytic-Fenton process was also carried out by
following the above procedure, but just adding 10 µL of H2O2 (30%, 2.58 mmol/L) before
turning the light on.

4. Conclusions

In this study, the band structure of Fe-BiOCl-Vo nanosheets was regulated by the
integrated electron trapping effect of Vo and doped Fe. Then, the integrated electron
trapping effect promoted the charge transfer and separation of Fe-BiOCl-Vo nanosheets
effectively. The efficiently transferred and separated charge carriers and corresponding
radicals, including •O2

−, h+, and •OH, and the massive •OH from the Fenton reaction
played synergetic roles in the degradation of phenol over Fe-BiOCl-Vo nanosheets. With
the synergetic effects of multiple radicals and charge carriers, the photocatalytic-Fenton
performances of phenol over Fe-BiOCl-Vo nanosheets were enhanced so that phenol could
be removed completely from the solution within 60 min, which was ~two-fold higher than
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its photocatalytic performances. This work provides a sophisticated structure design for
catalysts for outstanding photocatalytic-Fenton performances.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13060947/s1, Figure S1. Elemental mapping and EDS spectrum,
Figure S2. MS plots of different samples, Figure S3. Concentration of Fe2+, Figure S4. Comparison of
the Fenton, photocatalytic, and photocatalytic-Fenton performances, Figure S5. Comparison of XRD
patterns and SEM images of Fe-BiOCl-Vo nanosheets before and after the reaction.
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