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ABSTRACT

Developing an efficient photocatalytic system for hydrogen peroxide (H,0;) activation in Fenton-like
processes holds significant promise for advancing water purification technologies. However, chal-
lenges such as high carrier recombination rates, limited active sites, and suboptimal H,0, activation
efficiency impede optimal performance. Here we show that single-iron-atom dispersed Bi;WOg mono-
layers (SIAD-BWOM), designed through a facile hydrothermal approach, can offer abundant active sites
for H,0, activation. The SIAD-BWOM catalyst demonstrates superior photo-Fenton degradation capa-
bilities, particularly for the persistent pesticide dinotefuran (DNF), showcasing its potential in addressing
recalcitrant organic pollutants. We reveal that the incorporation of iron atoms in place of tungsten within
the electron-rich [WO4]?>~ layers significantly facilitates electron transfer processes and boosts the Fe(1l)/
Fe(lll) cycle efficiency. Complementary experimental investigations and theoretical analyses further
elucidate how the atomically dispersed iron induces lattice strain in the Bi,WOg monolayer, thereby
modulating the d-band center of iron to improve H,0, adsorption and activation. Our research provides a
practical framework for developing advanced photo-Fenton catalysts, which can be used to treat
emerging and refractory organic pollutants more effectively.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The ever-increasing pollution of groundwater or surface water
caused by industrialization attracted much attention [1-6].
Particularly, the presence of persistent organic pollutants poses
serious risks to aquatic life and public health. In response, there is a
pressing need to develop effective catalytic systems capable of
degrading these stubborn contaminants, thus contributing to
environmental cleanup efforts [7—13]. The photo-Fenton process
has been regarded as a green and sustainable catalytic process. It
can introduce photogenerated electrons to accelerate the Fe(II)/
Fe(Ill) circulation (Fe(Ill) + e~ —Fe(Il), Fe(Il) + Hy0, — Fe(Ill) +
«OH), which effectively promote the rate-limiting step of Fenton
reaction [14—17]. Therefore, the key to constructing a high-
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efficiency photo-Fenton system is developing highly efficient
semiconductor materials with abundant active sites and excellent
electron transfer ability for HyO; activation [18—22].

Recently, Bi-based two-dimensional (2D) semiconductors have
been proposed as ideal candidates for constructing high-efficiency
photocatalytic systems thanks to fast charge mobility from bulk to
the surface, short electron transmission distance, and excellent
support effect [23—26]. As a typical Autryville's phase oxide,
monolayer Bi,WOg has been highly sought-after and recognized as
a promising visible-light-responsive material. Notably, monolayer
Bi,WOg features 2D sandwich-like structured [BiO]*-[WO4]*~-
[BiO]*, whereby electrons are forced to the middle [WO4]>~ layer
and holes are transferred to the surface [BiO]* layers [27]. However,
the dissociation of sluggish electron-hole pairs and the lack of
active sites for the H,0, activation are still key problems that
hinder improving photocatalytic efficiency [28—30].

As known, single-atom catalysis featuring abundant exposed
surface-active sites, low reaction activation barriers, and maximum
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atom utilization have been widely investigated in photocatalysis
[31-35]. Meanwhile, incorporating isolated transition metals (Fe,
Cu, and Co) via heteroatom doping is an effective method for pro-
moting HyO0, activation in the Fenton-like reaction process
[36—38]. For instance, Su et al. reported that single Fe atoms
dispersed on carbon nitride with abundant nitrogen vacancies
exhibited high efficiency on H,0, activation under visible light
irradiation [39]. Zhan et al. demonstrated that Cu-doped a-Fe;03
can activate HyO, under visible light for organic pollutants degra-
dation, and the introduction of Cu changed the d-band center of Fe
to enhance the desorption and activation of H,O, [40]. Designing a
high-efficiency photo-Fenton system by introducing the isolated
transition metal atom into a monolayer Bi,WOg nanosheet holds
significant promise. This approach offers multiple advantages:
Firstly, introducing a single atom creates a donor level, improving
visible-light absorption and strengthening the transfer of

Environmental Science and Ecotechnology 20 (2024) 100414

photogenerated electrons for a catalysis reaction. Secondly, the
introduced single atoms can serve as active sites for H,O, activa-
tion. Lastly, the doped single atoms would optimize the adsorption
energy of H,0, and reduce the reaction barriers.

Based on the above discussions, single iron atoms doped Bi;WOg
monolayers (SIAD-BWOM-x, “x” indicates the mol percent of the
introduced Fe) were successfully prepared via the bottom-up hy-
drothermal method (Fig. S1). According to the X-ray absorption fine
structure spectroscopy (XAFS), it was discovered that the Fe atoms
were atomically dispersed in the SIAD-BWOM-4. It can be seen
from the high-resolution transmission electron microscopy (HR-
TEM) that there are lattice strains in SIAD-BWOM-4 and that they
can modulate the d-band center of Fe. In addition, experimental
results and density functional theory (DFT) calculation further
corroborate that the SIAD-BWOM-4 exhibits good light absorption
by d-d orbit transition and excellent charge transfer ability and
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Fig. 1. a, XRD pattern of the obtained samples. b, Raman spectra of the obtained samples. ¢, TEM image of pure monolayer Bi,WOg. d, HRTEM image of pure monolayer Bi;WOg. e,
TEM image of SIAD-BWOM-4. f, the corresponding HRTEM image of SIAD-BWOM-4. g, AC-HAADF-STEM image of ultrathin SIAD-BWOM-4. h, EDS of the SIAD-BWOM-4. i, EDS

mapping images of the SIAD-BWOM-4.
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enhances the activation of H,O2 by stretching the peroxyl bond.
This study can provide a new vision to explore the high-efficiency
Photo-Fenton system for contaminant removal.

2. Experiment section
2.1. Materials and reagents

We purchased Bi (NO3)3-5H,0, Na;WO4-2H50, Fe (NO3)3-9H,0,
cetyltrimethylammonium bromide (CTAB), terephthalic acid,
ethylene glycol(C;Hs0H), ammonium oxalate, isopropanol, sodium
sulfate (NaySOg4), terephthalic acid, 5,5-dimethyl-1-pyrroline N-
oxide (DMPO), and hydrogen peroxide solution from Sino Pharm
Chemical Reagent Co., Ltd. (China). All chemicals were used without
further purification.

2.2. Materials synthesis

In preparing single Fe atom doped Bi;WOg monolayers, 0.05 g
CTAB was initially added into 80 mL deionized water, followed by
ultrasonic for 30 min. Then, 0.04 mmol Fe (NO3)3-9H,0, 2 mmol
Bi(NO3)3-5H,0, and 1 mmol Na;WO4-2H,0 were added into the
mixed solution in order. After 1 h stirring, the mixed solution was
poured into a 100 mL Teflon-lined autoclave. Then, the autoclave
was sealed into a stainless-steel tank and treated at 120 °C for 24 h.
Finally, the product was collected and washed several times with
deionized water and dried at 60 °C in vacuum. The obtained sample
was labeled SIAD-BWOM-4. Subsequently, change the amount of
Fe(NOs3)3-9H,0 to obtain different amounts of Fe-doped Bi,WOg
monolayers, labeled as SIAD-BWOM-1, SIAD-BWOM-2, SIAD-
BWOM-6, and SIAD-BWOM-10. The pure monolayers Bi;WOg
were prepared without Fe (NOs)s3-9H,0 for comparison. The bulk
Bi,WOg and bulk SIAD-BWO-4 were prepared without CTAB
assistance.

In addition, detailed characterization techniques, photo-
electrochemical measurements, photocatalytic degradation pro-
cess, and density functional theory are given in the supporting
information.

3. Results and discussions

X-ray diffraction (XRD) and Raman spectra were conducted to
investigate the structure changes after introducing iron atoms into
the Bi;WOg nanosheets. As shown in Fig. 1a and Fig. S2a, all
diffraction peaks can be indexed to an orthorhombic Bi;WOg phase
(Space group: Pca2;) with lattice parameters of a = 5.457 A,
b =5.436 A, and ¢ = 16.427 A (JCPDS No. 73—2020), while no other
phases can be distinguished, demonstrating that there are no extra
iron species formed [41]. As shown in Fig. S2b, the (262) peak
shows a certain shift in different samples. When the doping
amount of iron is low, the (262) peak shifts to a small angle. But
when the doping amount of iron is high (such as SIAD-BWOM-10),
the dislocation of the internal structure occurs, resulting in the
surface relaxation of this peak. In addition, Raman spectra, as a
highly sensitive technology for detecting local structure differ-
ences, were employed to study the obtained samples. As observed
in Fig. S2c, the peaks observed at 157 and 305 cm™! were attributed
to the stretching or bending modes of BiO polyhedron and Bi—O
bonds, respectively. It is obvious that the Fe doping doesn't
change the surface [BiO]" layers. Therefore, the iron atoms are not
doped in [BiO]" layers. Afterward, as shown in Fig. 1b and Fig. S2d,
the peaks near 793 and 822 cm™! correspond to the asymmetric
and symmetric stretching vibration of 0—W-O, respectively. The
other high-energy Raman peak at 720 cm~! is also W-related,
originating from an antisymmetric bridging mode associated with
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the tungstate chain [42]. Interestingly, the stretching vibration of
O—W-0 and the peak about the tungstate chain have significantly
weakened, resulting from substituting the tungsten with iron sin-
gle atoms.

Transmission electron microscopy (TEM) was utilized to observe
the morphology of the obtained samples. As shown in Fig. 1c and d,
the pristine monolayer Bi;WOg possesses a sheet-shaped structure
with a size of about 50 nm and a thickness of about 1 nm (Fig. S3),
which confirms monolayer Bi;WOg nanosheets grow along [001]
direction. Fig. 1d gives the corresponding high-resolution trans-
mission electron microscopy (HR-TEM) images, and the lattice
spacing of 0.272 nm is consistent with the (020) crystal plane of
BioWOg. The introduction of Fe does not change the morphology of
monolayer BiWOg (Fig. 1e and f; Fig. S4). Meanwhile, clear lattice
strain can be observed in the ultrathin SIAD-BWOM-4 nanosheets.
The AC-HAADF-STEM image shows the structure at atomic scale for
ultrathin SIAD-BWOM-4 nanosheet (Fig. 1g). According to the EDS
(Fig. 1Th) and EDS mapping (Fig. 1i), the Bi, W, O, and Fe are uni-
formly distributed in ultrathin SIAD-BWOM-4, which manifests the
presence of Fe element in monolayer Bi,WOg nanosheets.

As shown in Fig. 2a, the absorption edge of SIAD-BWOM-4 was
located between those of Fe;O3 and FeO in the Fe K-edge X-ray
absorption near-edge structure (XANES) spectra, indicating the
oxidation state of the Fe in SIAD-BWOM-4 (Fe5+, 2 < 8 < 3). The
Fourier-transform extended X-ray absorption fine structure (FT-
EXAFS) spectrum (Fig. 2b; Fig. S7) of SIAD-BWOM-4 exhibits a
solitary peak at approximately 1.49 A, which is attributed to the
Fe—O bond, and no other peaks can be detected. The Fe foil shows
the main peak at approximately 2.13 A, which is attributable to the
Fe—Fe interaction peak. In comparison to Fe foil, FeO, and Fe;0s3, no
Fe—Fe peaks were observed, excluding the possibility of any Fe
nanoparticles or clusters in SIAD-BWOM-4. Notably, the SIAD-
BWOM-10 also has a peak at 2.13 A, suggesting that there is an
iron cluster. In the wavelet transform (WT) contour plots (Fig. 2c),
the intensity maxima of Fe foil at 7.41 A~ is attributed to the Fe—Fe
interaction. In addition, a solitary intensity maximum of SIAD-
BWOM-4 at 417 A~! can be ascribed to the Fe—O bond. The
above results indicated that the Fe atom in SIAD-BWOM-4 was
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Fig. 2. a, Normalized Fe K-edge XANES spectra of different samples. b, k*-weighted
Fourier transform spectra of different samples. ¢, WT-EXAFS of Fe K-edge for SIAD-
BWOM-4, Fe,03, and Fe foil.
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atomically dispersed.

To investigate the change of electron structure along with the
introduction of iron single atoms, we conducted X-ray photoelec-
tron spectroscopy (XPS) [43,44]. As shown in Fig. 3a, two charac-
teristic peaks of pure Bi;WOg are located at 37.45 and 35.33 eV,
assigned to W 4fs; and W 4f7,, respectively. Conspicuously, the W
4f peaks of SIAD-BWOM-4 and SIAD-BWOM-10 shift to low binding
energy relative to pure Bi;WOg, resulting from the higher electron
density after introducing the iron atom. The O 1s spectra of SIAD-
BWOM-4 were located at 530.03 and 531.20 eV, ascribing to lat-
tice oxygen and physiosorbed water or surface hydroxyl (Fig. 3b).
For Bi 4f XPS spectra (Fig. 3¢), two characteristic peaks of original
Bi,WOg located at 159.01 and 164.35 eV were assigned to Bi 4f7),
and Bi 4fs); of Bi>* ions, respectively. As presented in Fig. 3d, the
weak signals (710.67 eV) can be observed in SIAD-BWOM-4, indi-
cating the successful introduction of iron atoms in SIAD-BWOM-4
[45,46]. In addition, the in situ irradiated XPS spectra exhibit the
binding energy of W 4f, O 1s, and Bi 4f for the SIAD-BWOM-4
sample shift to high energies under light irradiation vs. in the
dark, suggesting that the SIAD-BWOM-4 can be excited easily to
produce photogenerated electrons under light. As a result, the
atomically dispersed iron can capture the photogenerated electron
to speed up the Fe(II)/Fe(III) circulation.

As shown in Figs. S8 and S9, and Table S1, the DFT calculation,
based on the Fukui index, was employed to unravel the reaction site
on DNE This analysis revealed that DNF, a type of persistent
pesticide, was found to have reaction sites readily susceptible to
attack by eOH [47]. Subsequently, the photo-Fenton performance of
as-obtained material was evaluated via the removal of DNF. As
shown in Fig. 4a and Fig. S10, with the addition of H,05, the pure
Bi,WOg presents only 18% degradation efficiency, and the bulk
SIAD-BWO-4 has almost no degradation efficiency. Interestingly,
SIAD-BWOM-4 exhibits remarkable photo-Fenton degradation
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performance with 60% degradation efficiency. In addition, the low
content of iron-doped Bi,WOg nanosheets can also present certain
photo-Fenton degradation activity (Fig. S11). This result corrobo-
rates the incorporation of the iron atom in monolayer Bi;WOg to
capture photogenerated electrons, thus activating H,O to trigger
an efficient photo-Fenton reaction. Unfortunately, as the doping
amount of iron increases, the SIAD-BWOM-10 exhibited a sharp
decrease in photocatalytic performance since the formation of extra
products (such as iron cluster) on the Bi;WOg was not conducive to
the activation of H,0;, consistent with the XAFS analysis and TEM
result. Furthermore, free radical trapping experiments were per-
formed to ascertain the dominant reactive species in such a photo-
Fenton system by employing isopropanol (IPA), ammonium oxalate,
and Ar. As presented in Fig. 4b, the degradation efficiency of DNF
presented a sharp decrease from 60% to 19% with the addition of
IPA, and the relative contribution of e¢OH to the overall DNF
degradation was estimated to be 77%. This result indicated that the
hydroxyl radicals play a major role in DNF degradation. Eventually,
the effect of H,O, concentration on catalyst activity and the
possible degradation pathway of DNF were shown in Figs. S12 and
S13, respectively.

The ESR measurements using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as radical trapping agents were employed to research the
production of eOH with as-prepared photocatalysts in the photo-
Fenton system. Fig. S14 presented the intensity change of the
DMPO signal in four systems (SIAD-BWOM-4+H,0,,
Bi,WOg+H30,, SIAD-BWOM-4, and Bi;WOg) under different illu-
mination of time and the DMPO-eOH adduct signal with 1:2:2:1
quartet characteristic. This result indicates that Bi,WOg and SIAD-
BWOM-4 have a very weak ability to produce «OH. Subsequently,
with the addition of H,0,, the DMPO-eOH adduct signal is
enhanced obviously. Fig. 4c shows the changes in hydroxyl radicals
produced in four systems after 8 min of illumination. The signals for
the SIAD-BWOM-4 + H,0, system presented remarkably enhanced
results in comparison with Bi;WOg + H,0, and SIAD-BWOM-4.
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Furthermore, we performed a detection assay of «OH in the photo- enhanced PL signals. And the signal intensity of hydroxy tereph-
Fenton system by Photoluminescence (PL) spectra of terephthalic thalic acid following the order SIAD-BWOM-
acid [48]. The terephthalic acid could react with «OH to form the 4+4+H,0; > Bi;WOg+H0, > SIAD-BWOM-4 > Bi;WOg. This ESR and
hydroxy terephthalic acid with strong PL signals at ~426 nm, as PL result is consistent with the degradation results and confirms
shown in Fig. 4d. The neglectable generation of «OH was found in that SIAD-BWOM-4 can quickly activate H,O, to produce eOH.

the only presence of Bi;WOg and SIAD-BWOM-4. However, with As known, the light absorption of material is a key factor
the addition of H,0,, both Bi;WOg and SIAD-BWOM-4 exhibited affecting photocatalytic performance [49]. As shown in Fig. 5a,
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SIAD-BWOM-4 shows enhanced visible-light absorption, as evi-
denced by its yellow color, in contrast to the white color of pure
Bio,WOg (inserted in Fig. 5a). This color change is attributed to d-
d transitions of the dopant iron single atom. Meanwhile, pure
Bi;WOgs and SIAD-BWOM-4 calculated bandgap values of 2.7 and
2.3 eV, respectively. In addition, the Mott-Schottky, VB-XPS curves,
and band position are shown in Fig. S15, echoing the above analysis
well. Combined with the EPR spectra (Fig. 5b), it is reasonable to
conclude that the isolated iron atom can accumulate more unpaired
electrons. Additionally, SIAD-BWOM-4 had a shorter average decay
lifetime (1.6 ns, Fig. S16 and Table S2) compared with monolayer
Bi;WOsg (1.63 ns), demonstrating that the photogenerated electrons
should be quickly trapped to activate H,O, molecule thereby
decreasing the lifetime of electrons [50,51]. Meanwhile, the
photocurrent and electrochemical impedance spectra (EIS) mea-
surements were conducted to investigate the transfer efficiency of
the photogenerated electron. As shown in Fig. S17, the high
photocurrent response and small EIS arc of SIAD-BWOM-4 suggest
that the electron migration speed of SIAD-BWOM-4 is faster, mainly
resulting from introducing a Fe single atom [52,53].

To further unveil the fundamental origins of the high photo-
Fenton degradation performance of SIAD-BWOM-4 catalyst, DFT
calculations were subsequently performed [54]. Firstly, electronic
localization function (ELF) and charge density exhibit the charge
distribution difference after introducing a single iron atom (Fig. 5c;
Fig. S18). The corresponding densities of states (DOS) are shown in
Fig. 5d and g. For the pure monolayer Bi,WOg, the top of the valence
band and the bottom of the conduction band mainly originated
from hybrid Bi 6s-O 2p orbital and W 5d-O 2p orbital, respectively.
Compared with the pure Bi,WOg, a decreased total density of states
is observed at the conduction band minimum after iron atom
doping, leading to an easier transfer of photogenerated electrons
from Bi,WOg to Fe centers. These occupied states of Fe largely turn
into “electron traps” for Bi;WOg. As shown from the calculated
projected density of states (PDOS) of Fe atoms, introducing Fe can
lead to the mismatch between spin up and spin down, thus con-
ducting electron transfer. These results demonstrate the strong
electronic coupling between the isolated Fe atoms and the support
and verify that the Fe decoration can accelerate the electron
transfer with a narrower bandgap [55]. The differential electron
density clearly illustrates that the electrons are expected to be
transferred into the orbitals of H,O, molecules for H,O, activation.
The SIAD-BWOM-4+H;0; system has more electrons (q = - 0.048e)
than Bi;WOg-+H05 (Fig. 5e—h). In addition, due to the existence of
lattice strain, the d-band center of transition metal Fe can be
modulated. As a result, the H,0, molecule was easily adsorbed and
activated by the SIAD-BWOM-4, and the peroxide bond (1.484 A)
will be elongated and more easily broken to form eOH. Further-
more, the crystal orbital Hamilton populations (COHP) of H,0,
adsorbed on Bi;WOg and SIAD-BWOM were calculated (Fig. 5f—i).
The ICOHP showed that the intensity of the Fe—O bond from H,0,
adsorbed on SIAD-BWOM (-ICOHP = 0.12), indicating the lattice
strain can adsorb and effectively activate the H,O, molecule.

The above results and analysis proposed a more plausible
mechanism for the enhanced photo-Fenton performance of the
SIAD-BWOM-4 catalyst. Possible band change and reaction process
are schematically exhibited in Fig. 5j and k. Introducing isolated Fe
atoms can decrease the band gap and enhance visible-light ab-
sorption via d-d transition compared with pure monolayer Bi,WOg.
Additionally, surface lattice strain may adjust the d-band center of
Fe, enhancing the adsorption and activation of the H,O2 molecule.
Consequently, these modifications significantly boost the photo-
Fenton reaction's ability to refractory dinotefuran degradation.

Environmental Science and Ecotechnology 20 (2024) 100414

4. Conclusions

In conclusion, the SIAD-BWOM-4 catalyst, synthesized via the
bottom-up hydrothermal method, exhibits excellent photo-Fenton
degradation performance for DNF. Raman and XAFS analyses
revealed that single iron atoms were doped in the subsurface layer
[WO4]%>~ of Bi;WOg, forming the lattice strain. Experimental find-
ings and DFT analysis indicated that isolated Fe sites could optimize
visible-light absorption by d-d transition and serve as an “electron
trap” to speed up the photogenerated carrier transfer. Meanwhile,
the lattice strain on its surface can modulate the d-band center of
Fe, enhancing the adsorption and activation of H,0,. The photo-
generated electron can be quickly captured to activate the H;0,
molecule to improve reaction dynamics. This study provides new
horizons for effectively treating pesticides by building the inter-
action relationship between catalysis system design, free radical
generation, and pollutant molecules.
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