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Debromination is a primary and critical procedure in the treatment of polybrominated diphenyl ethers
(PBDEs) in the environment. Herein, oxygen vacancy-enriched Bi,MoOg is firstly applied in the
photoreduction debromination of PBDEs under visible light illumination. The introduction of oxygen
vacancies not only promotes the red-shift of the light absorption band by Bi-MoOg, but also activates
the C-Br bond through the formation of Br—-O halogen bonds, thus realizing efficient visible light
reduction of decabromodiphenyl ether (BDE209). The activation adsorption mode inferred by tracking
analysis of the degradation process shows that the meta-position adsorption mode is the main
adsorption configuration during the activation process, while the ortho-position adsorption mode is the
most difficult. Thence, the oxygen vacancy-dominated photocatalytic BDE209 process is a position-
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photocatalysis, as a green, efficient and low-cost catalytic tech-

1. Introduction
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Persistent organic pollutants (POPs) are harmful to human
beings and are a global environmental issue that has attracted
much attention. As a class of POPs, polybrominated diphenyl
ethers (PBDEs) have been widely distributed in the atmosphere,
silt and river sediments around the world and are endangering
human health and affecting sustainable development.™*
However, due to the lack of effective alternatives, PBDEs are still
being produced and used in large quantities as efficient flame-
retardants,® and the content of PBDEs in the environment is
increasing. Therefore, the environmental pollution of PBDEs
and their treatment are also the concern of current environment
science.

The toxicity of brominated pollutants is mainly caused by
bromine atoms in PBDEs. Meanwhile, the electron-withdrawing
properties of bromine determine the resistance of PBDEs to
advanced oxidation technologies. Therefore, debromination of
PBDEs is a key step in the treatment of PBDEs in the environ-
ment. At present, the degradation methods of PBDEs include
photocatalytic method,* zero-valent iron reduction,® microbial
method® and hydrothermal method.” Among them,
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nology, has been widely studied. Common photocatalysts, such
as TiO,,* Fe;0,/C;3N, (ref. 9) and other composites'®** have been
successfully applied for the degradation of decabromodiphenyl
ether (BDE209) under UV and visible light. Our previous studies
showed that constructing a catalytic interface to form weak
interaction force with BDE209 would help to promote C-Br
bond cleavage. For example, oxalic acid and BDE209 can form
a complex with visible light absorption under the interaction of
halogen bond.*” The electrons generated by the excitation of the
complex under visible light irradiation could be transferred
from oxalic acid to BDE209, which promoted the cleavage and
debromination of C-Br. The m-m interaction and halogen-
binding interaction between the PBDEs and reduced graphene
oxide (RGO) enabled the photoinduced electron transferred
from the RGO to PBDEs and leaded to the efficient reductive
debromination of PBDEs.*®

As point defects at the catalyst interface, oxygen vacancies
are capable of reducing the reaction energy barrier and
promoting the molecules activation by interacting with the
reaction molecules. Research work has shown that oxygen
vacancies can greatly enhance the efficiency of semiconductor
for organic pollutant degradation,'**> photocatalytic CO,
reduction,'®*® and photocatalytic nitrogen fixation.'**° Lee et al.
studied the adsorption of CO, molecules on the oxygen vacan-
cies of the TiO,{110} plane by scanning tunneling microscopy.
One of the oxygen atoms in CO, molecule can fill in the oxygen
vacancy by forming a bridge bond, thereby activating CO, and
reducing the reaction energy barrier for reduction. Xie's group
studied that on the oxygen vacancy introduced Coz;0O, single-
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atom layer, the activation energy barrier for the rate-
determining step of CO, reduction could be reduced from
0.51 eV to 0.40 eV by stabilizing the formate anion radical
intermediate.”® Interestingly, previous work has shown that the
in situ generated oxygen vacancies at the BiOCl interface during
photocatalysis help to activate C-Br bond and promote the
degradation of BDE209.”* Therefore, the introduction of
a reasonable number of oxygen vacancies into the catalyst
surface helps to facilitate the debromination of BDE209.
Meanwhile, the oxygen vacancies will induce new energy levels
and promote the red shift of the light absorption band edge,
thereby increasing the light utilization and improving the
catalytic efficiency.

As a typical Aurivillius oxide, bismuth molybdate (Bi,MoOg)
is a common bismuth metal oxide with a layered structure.**>®
Compared with wide bandgap photocatalysts such as TiO, and
ZnO, Bi,MoOg has excellent visible light catalytic activity with
a narrow band gap width of 2.70-2.80 eV. Although Bi,MoOg
can utilize more sunlight, its conduction band position is not
negative enough, resulting in low reducing ability of photo-
electron. In addition, limited by its own weak built-in electric
field, the electron-hole pairs of Bi,M0Os excited by light are very
easy to recombine. The introduction of oxygen vacancies will
promote the separation of photogenerated electron-hole pairs
to a certain extent. At the same time, oxygen vacancies act as
active sites to activate reactive molecules. Therefore, it is an
effective strategy to improve the photocatalytic ability. Via the
modulation of tetramethylethylenediamine (TMEDA) in sol-
vothermal process, oxygen vacancies can be tunably introduced
into Bi,MoOg¢ crystal lattice, which has been successfully
applied in the photocatalytic oxidative degradation of
ciprofloxacin.?”

In this work, oxygen vacancies enriched Bi,Mo0Os is firstly
applied in the photoreduction debromination of BDE209 under
visible light illumination. The introduction of oxygen vacancies
into Bi,M0Og not only promotes the red-shift of light absorp-
tion band, but also activates the C-Br bond through the
formation of Br-O halogen bonds, thus realizing efficient
visible light reduction of BDE209. The activation adsorption
mode inferred by tracking analysis of the degradation process
shown that meta-position adsorption mode is the main
adsorption configuration during the activation process, while
the ortho-position adsorption mode is the most difficult.
Thence, oxygen vacancy-dominated photocatalytic BDE209
process is a position-selective multi-electron reduction process.
The study shows that oxygen vacancy assisted debromination is
an excellent strategy for photocatalytic treatment of haloge-
nated POPs.

2. Materials and methods
2.1 Chemicals

Bi(NO3);-5H,0 (AR, 99.0%), glycol (AR, 99.5%), and methanol
(AR, 99.5%) were purchased from Aladdin Biochemical Tech-
nology Co., Ltd. (Shanghai, China). Na,MoO,-2H,O (AR,
99.0%), TEMDA (AR, 99.5%), ethyl alcohol (AR, 99.5%) and
tetrahydrofuran (AR, 99.5%) were purchased from Sinopharm
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Chemical Reagent Co., Ltd., SCRC, China. BDE209 (Fig. S17)
was obtained from Aldrich Chemical Company (USA). All
chemicals were used without further purification.

2.2 Preparation of photocatalysts

In a typical solvothermal synthesis of Bi,MoO, photocatalysts,*
firstly, 0.3638 g Bi(NO3);-5H,0 and 0.0908 g Na,MoO,-2H,0
were dissolved into 7.5 mL glycol under stirring to form
homogenous solution. Then 45 mL alcohol was added slowly
into the homogenous solution under vigorous magnetic stirring
for 30 min. The solution was transformed to a 100 mL teflon-
lined stainless autoclave, followed by a heating process at
160 °C for 6 h, and then cooled to room temperature naturally.
The as-prepared precipitates were rinsed with ethanol and
deionized water three times, and dried at 60 °C in oven for
overnight. For preparation of oxygen vacancy enriched
Bi,Mo0Og, keeping the rest of the experimental steps unchanged,
a certain amounts of TMEDA (0.3 mL, 0.5 mL, 0.7 mL and 0.9
mL) were dropped into the reaction solution before hydro-
thermal treatment. The samples collected were denoted as
BMO-3, BMO-5, BWO-7, BWO-9, and the sample without
TMEDA was denoted as BMO-0.

For preparation the photoelectrodes BMO-x (x =0, 3, 5, 7, 9),
5 mg BMO-x was first dissolved in 1 mL of n-propanol and
sonicated for 20 minutes, then 50 pL of Nafion solution was
added to continue sonication for 10 minutes. And then 30 pL of
the mixture was spin-coated onto the FTO electrode with a fixed
area of 0.5 x 0.5 cm”. The prepared photoelectrodes were dried
overnight for later use. The photoelectrochemical properties
were measured in 0.5 M sodium sulfate solution using
a common three-electrode system, with the prepared photo-
electrode as the working electrode, platinum plate as the
counter electrode and saturated calomel electrode (SCE) as the
reference electrode.

2.3 Photocatalytic degradation of BDE209

Photocatalytic degradation of BDE209 was conducted with 5 mg
Bi,M00¢ samples under visible light with Xe lamp (CEL-
HXUV300, with 420 nm cutoff filter). In order to reach the
adsorption equilibrium, the suspension was stirred for 30 min
in methanol solution with 1 x 10~> mol L™ " BDE209 before
irradiation. The Pyrex vessel was purged with high purity N,
(99.9%) for 15 min to remove O, and protected under a N,
atmosphere during the irradiation. At given time intervals,
0.5 mL of suspension was sampled and filtered through a 0.22
pm membrane to remove the catalyst particles for analysis. The
reaction system without removal of oxygen was used for
comparison.

Products analysis and quantification were used by high
performance liquid chromatography (HPLC) and gas chroma-
tography (GC-uECD). HPLC (SHIMADZU) was equipped with
a DIKMA Platisil ODS C-18 column (250 x 4.6 mm, 5 mm film
thickness) and an UV-visible detector (UV/vis SPD-20A detector)
set at a wavelength of 240 nm. The mobile phase was chro-
matographically pure methanol with a flow rate of 1 mL min .
GC-pECD (Agilent 7890A, Agilent Technologies Co. U.S.A.) was
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equipped with a programmable pressure on-column injection
port and a DB-5 capillary column (30 m x 50 pm, i.d. x 0.1 pm film
thickness). A splitless 10 pL injection was used manually at 300 °C.
The constant flow rate was 1.0 mL min~ ' with helium as carrier gas.
The oven temperature was set up as follows: 100 °C for 2 min,
increased to 230 °C with 15 °C min™'; then to 270 °C with
5°Cmin ", and finally to 320 °C with 10 °C min ™", kept for 10 min.

3. Results and discussion
3.1 Photocatalytic performance of Bi,MO, photocatalysts

Fig. 1a shows the photocatalytic BDE209 performance of Bi,M0Os
in N,-blanketed methanol under visible light (A > 420 nm).
BDE209 is highly resistant to visible light in the absence of pho-
tocatalyst. With the addition of photocatalyst, it can be observed
that BDE209 was significantly degraded. The degradation effi-
ciency of BDE209 is in the order of BMO-5 > BMO-7 > BMO-3 >
BMO-0 = BMO-9. The ability of photodegradation of BDE209 over
Bi,MOs increased firstly with the addition of TMEDA. Only less
than 40% of BDE209 was removed after a 50 min light irradiation
on BMO-0. The degradation efficiency was then increased on
BMO-3. And the maximum degradation efficiency was achieved
on BMO-5, with nearly 80% of BDE209 being degraded under the
identical experimental conditions. Subsequently, with the
increase of TMDEA, the degradation efficiency gradually weak-
ened, which was weak to the lowest on BMO-9.

The degradation data fitted well to the pseudo-first-order
kinetics model (Fig. 1b). The estimated reaction rate constant
on BMO-5 (0.045 min~ ") was 4.5 times greater than that on
BMO-9 (0.010 min ™). The calculated reaction rate constants (¥)
normalized by the Sgrr (Table S11) were used to express activity
per unit area of samples. The values of activity per unit area of
BMO-5 was 1.28 x 10" g m~ " min~', 7 times greater than that
of BMO-9.

N Ko 4= 0.045 min”

0 10 20 30 40 s0 10 20 30 0

Reaction time (min)

(c) S (d)
FiamAaie = uﬁ
N — ] = .
. JAN P ) |

Retention time (min)

Fig. 1 (a) Comparison of photocatalytic degradation of BDE209 over
BMO-x (x =0, 3,5,7,9) in Ny-saturated methanol system (1> 420 nm);
(b) dependence of —In(C/Cy) on irradiation time over BMO-x (x =0, 3,
5, 7, 9) in methanol system; HPLC chromatograms (c) and GC-pECD
(d) chromatograms of degradation products of BDE209 over BMO-5in
N-saturated methanol system (A > 420 nm).
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The debrominated products analysis during the degradation
experiments was used by HPLC and GC-pECD on BMO-5. As
shown in Fig. 1c, before the irradiation, only the BDE209 peak at
retention time of 15.3 min was observed. Upon the visible light
irradiation, the peaks of nona-BDEs at nearly 14 min began to
increase as the peak of BDE209 decreased. More accurate
product analysis is obtained from the GC-uECD (Fig. 1d).
Similar to results of HPLC analysis, only a main peak of BDE209
at retention time of 34 min can be observed before light irra-
diation. And then the peak of BDE209 decreased rapidly and
peaks of lower bromine congeners were observed with pro-
longed irradiation time, indicating a stepwise debromination of
BDE209 on BMO-5. Herein, the peaks of nona-bromo products
gradually disappeared, and peaks of other low-bromo products
such as octa-, hepta-, and hexa-bromo products appeared with
the further prolongation of the illumination time.* Less
brominated PBDEs such as 4-BDEs and 5-BDEs are expected to
be further debrominated to the full-debrominated diphenyl
ether in the sufficient time.

The photostability of catalysts is one of the important factors
to be considered. Herein, repeated cycling experiments were
carried out on the degradation of BDE209 over BMO-5, as shown
in Fig. 2. After repeated use three times, the degradation rate of
BDE209 by BMO-5 remained above 70%, and the reaction rate
did not slow down significantly, indicating that the BMO-5
catalyst has good photostability. XRD characterization found
that the crystal phase of the recycled catalyst material is
consistent with the original crystal phase, which is consistent
with the photocatalytic stability results (Fig. S21).

3.2 Structural properties of Bi,WO, photocatalysts

The catalytic performance of a photocatalyst is determined by
its surface structure.”® As shown in Fig. 3a-e, BMO-x were con-
sisted of large-scale nanosheets. As the amount of TMEDA
increased, the size of the nanosheets did not change. However,
the degree of aggregation had been changed. The increase in
TMEDA helps to improve the dispersion of Bi,WOg. Fig. 1h
shows the XRD patterns of as-prepared Bi,WO,. All XRD
diffraction peaks were identified to the orthorhombic phase
structure of y-Bi,WOg (JCPDS no. 21-0102).%° The addition of
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\ \ \
0.8 | \ N
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Fig.2 Cycling runs in the degradation of BDE209 over BMO-5 in N,-
saturated methanol system (A > 420 nm).
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Fig. 3 TEM image of the BMO-0 (a), BMO-3 (b), BMO-5 (c), BMO-7 (d) and BMO-9 (e); HRTEM image of the BMO-0 (f) and BMO-5 (g); and (h)

XRD patterns of BMO-x (x =0, 3, 5,7, 9).

TMEDA did not change the crystal phase of Bi,M0Og, which is
consistent with the HRTEM characterization results. From the
HRTEM images, both BMO-0 and BMO-5 were observed to have
clear orthorhombic lattice fringes with spacing of 0.270 nm and
0.274 nm, corresponding to the (060) and (200) crystal facets of
the Bi,WOs, respectively. However, the difference is that
compared with the lattice fringes of BMO-0, the lattice fringes
displayed by BMO-5 had obvious lattice disorder (Fig. 3g), which
is caused by the unsaturated coordination of metal atoms due
to oxygen vacancies.*>**

Electron paramagnetic resonance (EPR) spectroscopy was
carried out at 77 K to confirm the formation of oxygen vacan-
cies. Fig. 4a shows that a fingerprint signal with magnetic
moment appeared at g value of 2.002 in all samples, which
could be contributed to unpaired electrons at oxygen vacan-
cies.*** In addition, the intensity of this signal increased with
the addition of TMEDA, which is in the order of BMO-9 > BMO-7
> BMO-5 > BMO-3 > BMO-0. The X-ray photoelectron spectros-
copy (XPS) was conducted to further identify the atomic valence
states of BMO-0, BMO-5 and BMO-9 (Fig. S31). In Mo 3d region,
two strong peaks near at 235.7 and 232.5 eV can be assigned to
Mo 3d;/, and Mo 3ds/,, respectively.**** And peaks near at 164.5
and 159.2 eV appeared in Bi region can be assigned to Bi 4f;,
and Bi 4f,, respectively. The high-resolution O 1s spectra can be
divided into three peaks near at 529.8, 530.6 and 532.2 eV,
attributing to the binding energy of oxygen in Bi-O, Mo-O and
adsorbed oxygen,***” respectively (Fig. 4b). The peak area of the
adsorbed oxygen peak is proportional to the number of oxygen
vacancies at the catalyst interface, which is in the order of BMO-
9 > BMO-5 > BMO-0 and is consistent with the results of EPR.
Appropriate oxygen vacancy content is beneficial to promote the
separation of photogenerated electron-hole pairs, while too
high content is unfavorable for the separation of photoelectrons

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) EPR spectra of BMO-x (x =0, 3, 5, 7, 9) collected at 77 K. (b)

O 1s XPS spectra of BMO-0, BMO-5 and BMO-9.
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and holes because oxygen vacancies are also electron-hole
recombination sites in photolysis.*® As a result, the reduction
efficiency of BDE209 on BMO-9 is greatly reduced. The chro-
noamperometric -t curves of BMO-x photoelectrodes were
recorded at —0.4 V vs. SCE under chopped light irradiation to
further verify the photocatalytic activity after inducing oxygen
vacancies (Fig. S5t). The photocurrent density of the BMO-x
photocatalysts increased first and then decreased with the
increase of oxygen vacancies. The fastest separation of photo-
generated electrons and holes occurred at the BMO-5 photo-
electrode upon illumination. Such a result indicated that
a suitable amount of oxygen vacancies can increase the photo-
catalytic efficiency, and excessive oxygen vacancies will lead to
a decrease in the photocatalytic ability.

UV-vis diffuse reflectance spectroscopy (DRS) displays the
variation of oxygen vacancy-induced light absorption (Fig. 5). It
can be seen that all Bi,MoOs samples exhibited fairly strong
light absorption from the UV region to the visible region with
wavelengths less than 490 nm. In addition, with the increase of
oxygen vacancies content in the samples, the absorption band
edge of the BMO samples exhibited an obvious red shift. The
corresponding band-gap energy of BMO-0 was calculated to be
2.98 eV, which of BMO-3 was 2.91 eV, while the band gaps of
BMO-5, BMO-7 and BMO-9 were red-shifted to 2.77 eV. This is
due to defect states in the band gap by introducing oxygen
vacancies.*® Apparently, the increase in the amount of oxygen
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Fig. 5 (a) UV-vis DRS spectrum of BMO-x (x = 0, 3, 5, 7, 9); (b) the
plot of transformed KM function vs. photon energy of BMO-x (x =0, 3,
5,7,9).
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vacancies broadens the light absorption of Bi,Mo0Og to a certain
extent, which is beneficial to the improvement of its photo-
catalytic performance. At the same time, the study also found
that with the occurrence of the photoreduction reaction, the
oxygen vacancies on the surface of the Bi,MoOs would be
further increased, resulting in the color of the Bi,Mo0Og
changing from the light yellow at the beginning of the reaction
to gray-black,* as shown in Fig. S4.1

3.3 Possible photocatalytic degradation mechanism

The photoelectron scavengers, such as O,, H,O, and 1,4-ben-
zoquinone, were used in the degradation of BDE209 as control
experiments.**** As shown in Fig. S6,1 only 10-20% of BDE209
were degraded in the presence of photoelectrons scavengers.
The photocatalytic ability of BWO-5 to BDE209 was largely
prohibited compared with that conducted in the sole N,
atmosphere. As we all know, O, and "OH are usually derived
from the reduction of O, and H,0, by photoelectrons in photo-
oxidation systems.**** Therefore, it can be proved that photo-
electrons are mainly involved in the degradation of BDE209
directly and play decisive role under an oxygen-free atmosphere,
rather than O,"~ and "OH reactive oxide species.

The relative intensities of the three kinds of nona-BDEs ob-
tained by removing one bromine from BDE209 can be used to
speculate on the debromination mechanism of BDE209.>**” As
shown in Fig. 6a, the para-, meta- and ortho-position

(a)

- BDE207
BDE208 /

22 24 26 28 30 32 34 36 38

ydy '
. % ‘:‘#" meta- ‘ para- }
€ ortho- :

@ Oxygen © o
vacancy “ H

Fig.6 (a) GC-pECD chromatograms of BDE209 degradation products
over BMO-5 at 20 min. (b) Possible adsorption and debromination
model of BDE209 on oxygen vacancies enriched Bi,MoOe.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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debromination products of BDE209 are labeled as BDE208,
BDE207 and BDE206. In general, C-Br bond in the ortho-posi-
tion has the lowest dissociation energy,® compared with that in
the meta- and para-position, resulting in a preferred debromi-
nation in the ortho-position. Herein, the relative peak area was in
the order of BDE207 > BDE208 > BDE206, indicating that the C-
Br bond in meta-position is weakened during the photocatalytic
process. A possible catalytic BDE209 debromination mechanism
is proposed as follows. Oxygen vacancies at the bismuth tung-
state interface can provide defects for the adsorption of BDE209
in a Br-O bond mode. Among the three adsorption modes shown
in the Fig. 6b, the ortho-Br atom is difficult to access the catalyst
surface due to the steric hindrance effect, resulting in the lowest
yield of BDE206 among the three nona-BDEs products. And the
meta-Br atom is easy to be absorbed by oxygen atoms around
oxygen vacancies in the end-on mode, thereby realizing the
activation of the C-Br bond. Upon visible light irradiation, the
photogenerated electrons will transfer to the oxygen vacancies
through the conduction band, and then through the Br-O
halogen bond to break the weakened C-Br bond, thereby real-
izing the first step of debromination.

4. Conclusions

In conclusion, oxygen vacancies enriched Bi,MoOs is firstly
applied in the photoreduction debromination of PBDEs under
the visible light. The introduction of oxygen vacancies not only
promotes the red-shift of light absorption band by Bi,Mo0Og, but
also activates the C-Br bond through the formation of Br-O
halogen bonds, thus realizing efficient visible light reduction of
BDE209. The photocatalytic efficiency showed a trend of
increasing first and then inhibiting with the increase of oxygen
vacancies. Among the BMO-x (x = 0, 3, 5, 7, 9) materials, BMO-5
displayed the highest degradation rate for BDE209. In addition,
BMO-5 exhibited a good photocatalytic activity and light
stability after repeated three times. The activation adsorption
mode inferred by tracking analysis of the degradation process
showed that meta-position adsorption mode is the main
adsorption configuration during the activation process, while
the ortho-position adsorption mode is relatively difficult.
Thence, oxygen vacancy-dominated photocatalytic BDE209
process is a position-selective multi-electron reduction process.
The study provides a feasible strategy for the tunable intro-
duction of oxygen vacancies on semiconductors for efficient
photocatalytic treatment of halogenated POPs.
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