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ABSTRACT

Herein, a series of three-dimensionally ordered macroporous (3DOM) Bi,OsBr, photocatalysts with different macropore sizes
were successfully fabricated via a polymethyl methacrylate (PMMA) template method. The photocatalytic activity for phenol
degradation over 3DOM Bi,O5Br; first increased and then decreased with the rise in macropore size. Specifically, 3DOM Bi,OsBr,-
255 (macropore diameter ca. 170 nm) exhibits the best photocatalytic activity in the static system, which is about 4.5, 7.3, and
11.9 times higher than those of bulk Bi,OsBr,, Bi,WOg, and g-CsN,, respectively. Meanwhile, high phenol conversion (75%) is
also obtained over 3DOM Bi,O5Br,-255 in the flow system under full spectrum irradiation. Furthermore, 3DOM Bi,O5Br,-255 also
shows strong mineralization capacity owing to the downward shift of valance band position (0.15 V) as compared with Bi,O5Br,.
Total organic carbon (TOC) removal rate over 3DOM Bi,OsBr,-255 (62%) is much higher than that of Bi,OsBr, (17%). The
enhancement in photocatalytic performance of 3DOM Bi,O5Br,-255 is attributable to its better phenol adsorption, O, activation,
and charge separation and transfer abilities. This work combines the advantages of 3D structure and surface dangling bonds,
providing new possibilities for designing highly efficient photocatalysts for pollutants removal.

KEYWORDS

three-dimensionally ordered macroporous structure, Bi,OsBr,, O, activation, photocatalysis, degradation

1 Introduction

Photocatalytic oxidation technology is a promising approach to
convert organic pollutants in wastewater into CO, and H,O by use
of solar energy. However, the limited utilization of solar light, low
degradation activity, and poor mineralization capacity restrict its
practical application. In this concept, ideal photocatalysts should
possess wide-range photoresponse, fast charge separation and
transfer kinetics, deep valance band position, and abundant active
sites [1-3]. The well-known photocatalysts TiO, and g-C;N, have
made a great breakthrough in the field of conversion of solar
energy to hydrogen energy [4-8], but not in environmental
remediation, owing to wide bandgap of TiO, and high valance
band position of g-C;N, [9, 10].

As promising photocatalysts for pollutant removal, bismuth-
rich bismuth oxyhalides (Bi,O,X, X = Cl, Br, and T) with intrinsic
internal electric field containing unique [Bi,O,] and [X] slices
have attracted considerable attention in view of extraordinary
electrical and optical properties, variable compositions, and
stoichiometric ratios [11-15]. Among them, Bi,OsBr, with strong
visible light response (bandgap energy (E,) = 2.6 eV) and suitable
redox potentials exhibits great potential [16]. However, relatively
narrowed bandgap and large size of Bi;OsBr, lead to rapid
recombination of photogenerated carriers and low charge transfer

efficiency. A variety of strategies such as surface modification, ion
doping, morphology regulation, heterojunction construction, and
defect engineering have been proposed to overcome its
disadvantages [17-21]. Especially, developing ultrathin two-
dimensional (2D) nanosheets is an effective way to improve
charge separation and transfer efficiency by shortening the charge
migration distance [22]. However, it is inevitable that bandgap
widening because of the quantum size effect will lead to narrow
photoabsorption range. The absorption edge of ultrathin Bi,O;Br,
nanosheets showed obvious blue shift compared with bulk
Bi,OsBr, (from 469 to 406 nm), which could not absorb visible
light [23]. Meanwhile, the van der Waals interaction between the
layers of 2D materials tends to cause irreversible stacking and
agglomeration of nanosheets, which reduce the adsorption sites of
pollutant and O, molecules [24]. To this end, researchers have
developed three-dimensional (3D) Bi,O;Br, photocatalysts (flower-
like microspheres and hollow spheres) to prevent agglomeration
of ultrathin nanosheets and provide an interconnected open-
framework to enhance photoabsorption efficiency [25-27].
Nonetheless, the barely satisfactory photocatalytic degradation
performance needs further improvement due to insufficient sites
for O, and pollutant molecule adsorption and activation.
Endowing photocatalysts with abundant dangling bonds by
defect engineering is regarded as an effective approach to regulate
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local geometric and electronic structure to influence the physical
and chemical properties of photocatalyst [28]. Mo,S,
photocatalyst with Mo-S dangling bonds created by S vacancy
enhanced the adsorption and activation for O,. Meanwhile, the
electrons are trapped to inhibit the recombination of photoexcited
electron-hole pairs [29]. Pothole-rich WO; with dangling bonds
also provided more active sites to anchor reactants, in which the
formed dangling bonds can reduce the activation energy barrier
[30]. Previous studies have demonstrated that superoxide radicals
(:O,) are one of the main reactive species over Bi,OsBr, for
phenolic pollutant oxidation [26, 31]. Thus, constructing Bi,O;Br,
with dangling bonds is hypothesized to promote the activation of
O, to accelerate the generation of reactive oxygen species (ROS)
and simultaneously improve photogenerated charge separation
efficiency. Recently, ordered macroporous BiOCl with similar
structure to Bi,O;Br, was constructed, a large number of edge
structures and Bi-O dangling bonds were formed over such 3D
structure [32]. Furthermore, researchers have shown that three-
dimensionally ordered macroporous (3DOM) photocatalysts have
an advantage in solar light harvesting owing to multiple
scatterings of light [33], such as 3DOM TiO, [34], 3DOM WO,
[35], and 3DOM GC;N, [36]. Motivated by the above analysis, it
could be expected that construction of 3DOM Bi,O:Br, with
abundant dangling bonds would improve photocatalytic
performance dramatically.

Herein, we report, for the first time, a polymethyl methacrylate
(PMMA) colloidal crystal template method to construct a series of
3DOM Bi,OsBr, photocatalysts with different macropore sizes.
The 3DOM Bi,OsBr, photocatalyst with macropore size of
170 nm possesses abundant surface Bi-O dangling bonds, which
promote phenol adsorption, O, activation, charge separation and
transfer, and light capturing abilities simultaneously. Highly
efficient photocatalytic performance for phenol degradation is
obtained. This work clearly shows the advantages and potentials of
3DOM photocatalysts and provides some guidance to develop
efficient photocatalysts for environmental remediation.

2 Experimental

2.1 Materials

Bismuth nitrate  pentahydrate  (Bi(NO;);:5H,O,  99.0%),
ammonium oxalate ((NH,),C,0,, AO, 99.8%), and isopropyl
alcohol (C;HgO, IPA, 99.7%) were purchased from Sinopharm
Chemical Reagent Company. Critic acid (CsHgO; 99.5%) and
ammonium bromide (NH,Br, 99.0%) were supplied from
Shanghai Aladdin Bio-Chem Technology Co., Ltd. Absolute
ethanol (CH,;CH,OH, 99.7%), ethylene glycol ((CH,OH),, EG,
99.0%), and anhydrous methanol (CH;OH, MeOH, 99.5%) were
purchased from Shanghai Titan Scientific Co., Ltd. Benzoquinone
(CeH,O,, BQ, 98.0%) and 5,5-dimethyl-1-pyrroline N-oxide
(C¢H;,NO, DMPO, 97.0%) were supplied from TCI Development
Company. All of the chemicals were used as received.

2.2 Preparation of 3DOM BiO;Br, with different
macropore sizes

The well-arrayed PMMA microspheres with different diameters as
the hard template were prepared according to reported literature
with some modifications [37, 38]. Detailed preparation process is
described in the Electronic Supplementary Material (ESM). In a
typical procedure for preparation of 3DOM Bi,OsBr,, 4.85 g of
Bi(NO,);-5H,0 and 2.10 g of citric acid were dissolved in a
mixture of EG and MeOH with EG/MeOH volumetric ratio of 4:3
at room temperature. After vigorous stirred for 5 h, 0.60 g of
NH,Br was added to the above solution until a transparent
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colorless solution was obtained. Subsequently, 2.00 g of PMMA
was immersed into the above solution for 3 h. After filtered, the
wet PMMA template with precursor was dried overnight at room
temperature in a vacuum oven. Then the dried PMMA template
with precursor was calcined in a tube furnace under static air at a
ramp rate of 1 °Cmin" from room temperature to 300 °C
(holding for 2 h) and further to 425 °C (holding for 4 h), thus the
3DOM Bi,O;Br, photocatalyst was obtained. The 3DOM Bi,O;Br,
photocatalysts with different macropore sizes were prepared by
adjusting PMMA microspheres. According to the diameters of the
as-synthesized PMMA microspheres, the 3DOM Bi,O,Br,
photocatalysts are denoted as 3DOM Bi,O;Br,-160, 3DOM
Bi,O:Br,-255, and 3DOM Bi,OsBr,-380, respectively. For
comparison, the bulk Bi,OsBr, photocatalyst was prepared using
similar process to that of 3DOM Bi,O;Br, except that no PMMA
template was used.

2.3 Photocatalysts characterization

X-ray diffraction (XRD) patterns were performed on a Rigaku
(Japan) Smart-Lab X-ray diffractometer operated at 40 kV and
200 mA. Scanning electron microscopy (SEM) images were
obtained on a Hitachi SU8000 microscope instrument.
Transmission electron microscopy (TEM) images were obtained
on a Hitachi HT7700 microscope. High-angle annular dark field
scanning TEM (HAADF-STEM) images and energy-dispersive X-
ray (EDX) spectroscopy elemental mappings were obtained on the
equipment FEI G2 80-200/Chemi-STEM Cs-corrected TEM
with probe corrector. Ultraviolet-visible diffuse reflectance
spectroscopy (UV-vis DRS) images were measured on Agilent
Cary 5000 spectrophotometer. X-ray photoelectron spectroscopy
(XPS) images were recorded using Thermofisher ESCALAB 250Xi
spectrometer. The Brunauer-Emmett-Teller (BET) surface area
and pore-size distribution were measured using a Micromeritics
ASAP 2020 Plus 2.00 analyzer. The photoluminescence (PL)
spectra were recorded on Edinburgh FLS1000 fluorescence
spectrometer with an excitation wavelength of 310 nm. Electron
paramagnetic resonance (EPR) spectra were recorded on a JEOL-
FA200 spectrometer. Surface photovoltage (SPV) spectra were
obtained on a Zolix UOM-1S surface photovoltage spectrometer.
Electrochemical measurements were performed on a CHI660E
electrochemical workstation using a three-electrode cell system in
a Na,SO, aqueous solution (0.5 mol-L"). Pt wire and saturated
Ag/AgCl were used as the counter electrode and the reference
electrode, respectively. Zeta potentials were obtained on a
HORIBA SZ-100 Zeta potential analyzer.

24 Photocatalytic performance evaluation

2.4.1 Photocatalytic performance evaluation in the static system

Photocatalytic activities of the as-obtained photocatalysts in the
static system were evaluated in a multi-channel photocatalytic
reactor (XPA-7, Xujiang Electromechanical Plant, Nanjing,
China), as shown in Fig. S1 in the ESM. A 300 W Xe lamp was
used as the light source. The light intensity was 330 mW-cm™
measured by an optical power meter, and the spectral range of the
Xe lamp was measured, as shown in Fig. S2 in the ESM. A cooling
water circulation setup was used to keep the reaction temperature
at 30 °C. In a typical photocatalytic procedure, 25 mg of the
photocatalyst was dispersed in 50 mL of pollutant aqueous
solution (5 mg-L™ phenol, 10 mg-L™ bisphenol A, and 5 mg-L™ 2,4-
dichlorophenol) by sonication for 5 min. Before illumination, the
resulting suspension was stirred in the dark for 1 h to allow the
system to establish the adsorption-desorption equilibrium. 2 mL
of the suspension was taken out at given time intervals and filtered
through a 0.22 um nylon-66 membrane filter. The obtained
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reaction solution was detected on a high-performance liquid
chromatography (HPLC-20AT, Shimadzu) with a UV-vis
detector and Restek C-18 column. The mobile phase was a
mixture of acetonitrile and water (volumetric ratio = 40:60, 50:50,
and 60:40) at a total flow rate of 1 mL-min™ and the detection
wavelengths were 270, 270, and 284 nm, respectively. Total
organic carbon (TOC) analysis was measured on a Jena Multi N/C
2100 TOC/TN spectrometer. Phenol conversion and TOC
removal rates are defined as follows: phenol conversion (removal
rate) = (C, — C)/C,, where C, is the initial concentration and C, is
the concentration of reactant after a given reaction time (f).

2.4.2 Photocatalytic performance evaluation in the flow system

A home-made photocatalytic reactor (Fig.S3 in the ESM) was
used to evaluate the photocatalytic degradation performance in
the flow system. A typical process is as follows: 30 mg of
photocatalyst was painted on a piece of aluminum foil. After dried
at 60 °C for 10 h, the aluminum foil with photocatalyst was sealed
in the reactor. Phenol aqueous solution (5 mg-L™) flowed through
the reactor via a peristaltic pump. The reactor (7.0 cm x 2.5 cm)
could hold about 20 mL of phenol aqueous solution and the flow
rate could be controlled. The adsorption process was conducted in
the dark and 2 mL of aqueous solution was collected at certain
intervals. After the system reached the adsorption-desorption
equilibrium, the photocatalytic reaction started with a 300 W
Xenon lamp lighting on. Similarly, 2 mL of the reaction solution
was collected at certain intervals and analyzed using the same way
as in the static system.

(a)

PMMA colloidal crystal template

3DOM Bi,OsBr,-160
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2.5 Molecular O, activation test

100 pL of aqueous suspension of photocatalyst (5 g-L™) and 40 uL
of 3,3°5,5-tetramethylbenzidine (TMB, 50 mmol-L™) solution
were added to 2 mL of HAc/NaAc buffer solution (pH = 4.8). A
300 W Xenon lamp equipped with a 420 nm cut-off filter was
used as the light source. TMB oxidation performances (absorption
wavelength at about 370 nm) over different photocatalysts and
under different atmospheres (oxygen, air, and argon) were
conducted and analyzed by UV-vis spectrophotometry.
Meanwhile, in order to determine the type of ROS, TMB
oxidation reaction was carried out using the same procedure in
the presence of different scavengers.

3 Results and discussion

3.1 Construction of 3DOM Bi,O;Br, photocatalyst

The 3DOM Bi,0;Br, photocatalysts were synthesized by the citric
acid assisted PMMA colloid crystal template method (Fig. 1(a)).
Ordered PMMA microspheres with average diameters of 160, 255,
and 380 nm were firstly obtained by assembling methyl
methacrylate (MMA) monomers (Table S1 and Fig.S4 in the
ESM) and were used as the colloidal crystal template. Then, a
transparent precursor solution was immersed into the voids of
PMMA microspheres, followed by filtration and drying
procedures. After the calcination treatment at 425 °C under static
air, the PMMA template was removed to obtain crystalline 3DOM
Bi,O5Br,. According to the thermogravimetric analysis (TGA, Fig.
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Figure1 (a) Schematic illustration of the fabrication process for 3DOM Bi,OsBr,. (b)-(e) SEM images, (f) XRD patterns, and (g) pore-size distributions of 3DOM

Bi,0:Br,-160, 3DOM Bi,OBr,-255, 3DOM Bi,O:Br,-380, and Bi,O,Br,.
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S5 in the ESM), no obvious mass change was observed after
341 °C, indicating that PMMA template could be completely
removed after calcination treatment under 425 °C for 4 h.
Notably, critic acid as complexing agent played an important role
in the formation of 3DOM structure. Only irregular Bi,OsBr,
nanosheet was obtained when critic acid was not used.
Furthermore, NH,Br was superfluous with respect to
Bi(NOs3);-5H,0 for specific stoichiometric ratio (1:2) in view of the
fact that Br would lose during the calcination process.

The SEM images (Figs. 1(b)-1(d)) and Fig.S6 in the ESM)
show that the samples display ordered 3D periodic porous
structure with the macropore diameters of ca. 105, 170, and
255 nm, indicating that the formation of 3DOM Bi,O;Br,. The
macropore sizes of 3DOM Bi,O,Br,-160, 3DOM Bi,O;Br,-255,
and 3DOM Bi,O:Br,-380 show 34.4%, 33.3%, and 32.9%
shrinkage compared with the PMMA microspheres, respectively.
It should be noted that the ordered porous structures of 3DOM
Bi,O4Br,-255 and 3DOM Bi,O5Br,-380 are both better than that of
3DOM Bi,OsBr,-160, which can be explained by the fact that
precursor infiltration is much harder for smaller PMMA
microspheres [37,39]. A typical sample of 3DOM Bi,O;Br,-255
was investigated deeply. From Fig. S7(a) in the ESM, one can
observe that the internal wall thickness of 3DOM Bi,O;Br,-255 is
only 7-11 nm. Generally, the thin architectural units are beneficial
to shortening the carrier transfer distance and inhibiting the
recombination rate of photoexcited electrons and holes [40]. The
lattice fringes on the interconnection and interwall with the
interplanar spacings of 0.302 and 0.325 nm are clearly observed
from the high-resolution TEM (HRTEM) image (Fig. S7(b) in the
ESM), which correspond to the (013) and (212) crystal planes of
monoclinic Bi,OsBr,, respectively. Furthermore, the HAADF-
STEM image and the corresponding elemental mappings (Fig. S8
in the ESM) suggest the existence and uniform distribution of Bi,
O, and Br elements over 3DOM Bi,OsBr,-255. On the other hand,
as shown in Fig. 1(e), the Bi,OsBr, photocatalyst exhibits irregular
microsphere-like morphology with large sizes being 1-2 um, and
some nanorods are also observed. Obviously, the 3DOM Bi,OsBr,-
255 photocatalyst can expose more edge structures as compared
with Bi,O,Br..

The XRD patterns (Fig. 1(f)) show that all of the samples
exhibit strong intensities of diffraction peaks, indicating their good
crystallinity. 3DOM and bulk Bi,OsBr, exhibit similar diffraction
peaks and no other impurities are observed, suggesting the
formation of pure phase, which can be indexed to monoclinic
phase of Bi,O:Br, (JCPDS No. 37-0699). From pore-size
distributions and N, adsorption-desorption isotherms of the
samples (Fig. 1(g) and Fig. S9 in the ESM), the 3DOM Bi,OsBr,
samples display typical type II isotherms with type H2 and H3
hysteresis loops. The H2 hysteresis loop at low relative pressure
(p/py) of 0.4-0.8 comes from mesopores, and the H3 hysteresis
loop at high p/p, of 0.8-1.0 is ascribed to macropores [41]. The
mesopore and macropore result from accumulation of
nanoparticles within a macroporous skeleton and open windows
with a diameter of 30-90 nm [42]. The BET surface areas of the
3DOM Bi,OsBr, samples are in the range of 154-23.1 m*g",
while the BET surface area of Bi,OsBr, is only 5.2 m*g". For
3DOM BiO;Br,, the smaller the macropore size, the larger the
BET surface area. Detailed results are also listed in Table S2 in the
ESM. Generally, ordered porous structure and large surface area
can enhance light trapping, mass transfer, and adsorption of
pollutant molecules [37,43]. Furthermore, 3DOM Bi,OsBr,-255
possesses better hydrophilicity than that of Bi,OsBr,, according to
the results of water contact angle measurements (Fig. S10 in the
ESM). The better hydrophilicity means the better dispersibility of
photocatalyst in water, which can facilitate the contact between the
photocatalyst and reaction solution [44].
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From Fig. S11(a) in the ESM, one can observe that all of the
samples can absorb UV and visible lights. The absorption edges of
3DOM Bi,0;Br,-160, 3DOM Bi,0:Br,-255, 3DOM Bi,0.Br,-380,
and Bi,O;Br, are 473, 478, 450, and 490 nm, respectively.
Compared with Bi,O;Br,, the absorption edges of 3DOM Bi,OBr,
display slight blue shift, which is attributed to the quantum
confinement effect of thin internal wall of 3DOM Bi,OsBr, [39,
45]. It is worth noting that the 3DOM Bi,O;Br, samples exhibit
stronger light absorbance below 365 nm than that of Bi,OsBr,,
owing to the multiple reflection and scattering of incident light
inside the periodic porous structure [46]. According to the
Kubelka-Munk function and their indirect band feature (Fig.
S11(b) in the ESM), the E, of 3DOM Bi,OsBr,-160, 3DOM
Bi,0.Br,-255, 3DOM Bi,0:Br,-380, and Bi,O:Br, are 2.63, 2.62,
2.78, and 2.50 eV, respectively. Afterwards, Mott-Schottky plots
were conducted to measure the flat band potentials of 3DOM
Bi,O:Br,-255 and Bi,OsBr, under different frequencies. The flat-
band potentials (Fig. S12 in the ESM) are determined to be —0.49
and —0.52 V (versus normal hydrogen electrode (vs. NHE)) for
3DOM Bi,O;Br,-255 and Bi,O;Br,, respectively. In general, the
conduction band potential (Ecp) is approximately equal to the flat-
band potential for n-type semiconductors [47]. Therefore, the
valance band potentials (Eyz) of 3DOM Bi,O;Br,-255 and
Bi,O;Br, can be obtained based on the formula: Ec = Eyp — E,
which are 2.13 and 1.98 V (vs. NHE), respectively, as summarized
in Table S3 in the ESM. Obviously, 3DOM Bi,O;Br,-255 possesses
much deeper valance band position, which is consistent with the
results of XPS valance band spectra (Fig. S13 in the ESM). Similar
result is observed over hierarchical porous BiOCl, which also
shows more positive valence band than that of bulk BiOCI [48].

The surface elemental compositions and chemical states of the
samples were investigated by XPS spectra. The C 1s signal at a
binding energy of 284.8 eV was taken as the reference for
calibration, no other elements were detected except Bi, Br, O, and
C (Fig. S14(a) in the ESM). As shown in Fig. S14(b) in the ESM,
the binding energies at 159.0-159.2 and 164.3-164.5 eV are
assigned to the Bi 4f;, and Bi 4f;),, respectively, which correspond
to the surface Bi** species [49]. Different binding energies of Bi 4f
for the two samples are due to different chemical environments of
Bi* [50]. For Br 3d XPS spectra (Fig. S14(c) in the ESM), the peaks
at 68.4-68.5 and 69.4-69.5 eV are attributed to Br 3ds, and Br
3ds),, respectively, which are characteristic peaks of Br~ [18]. The O
1s XPS spectra in Fig. S14(d) in the ESM can be decomposed into
two peaks at 529.9-530.1 and 531.3-531.4 eV, which are assigned
to the surface lattice oxygen of Bi-O bonds and adsorbed oxygen
species around oxygen deficient regions, respectively [51].
Obviously, the adsorbed oxygen concentration over 3DOM
Bi,O5Br,-255 (19.2%) is much higher than that of Bi;OsBr, (7.9%),
indicating that 3DOM Bi,O5Br,-255 possesses much more surface
oxygen vacancies. In general, oxygen vacancies can contribute to
the formation of trap state to capture electrons. The Bi 4f
spectrum of 3DOM Bi,OsBr,-255 exhibits a shift of 0.2 eV toward
lower binding energy compared with that of Bi;OsBr,, revealing
the formation of Bi-O dangling bonds resulted from abundant
oxygen vacancies [32]. To further confirm the existence and
difference of surface oxygen vacancies, low-temperature EPR was
conducted. As shown in Fig.S15 in the ESM, the two
photocatalysts both display EPR signal at g = 2.003, which is
attributed to the electrons trapped on oxygen defects [52,53].
Meanwhile, 3DOM Bi,O;Br,-255 exhibits stronger EPR signal
than that of Bi,O;Br,, suggesting that the former possesses more
surface oxygen vacancies, which is consistent with the result of O
1s XPS spectra.

ﬁ g/» "‘é A @ Springer | www.editorialmanager.com/nare/default.asp

Tsinghua University Press



Nano Res. 2023, 16(7): 8871-8881

3.2 Boosting charge separation and transfer by 3DOM
architecture

A series of spectral and photoelectrochemical characterizations
were carried out to study the charge separation and transfer
kinetics. From Fig. 2(a), one can see that 3DOM Bi,O;Br,-255 and
Bi,O:Br, show PL emission peaks at 510 and 525 nm under
excitation with a wavelength of 310 nm, respectively. Compared
with Bi;OsBr,, 3DOM Bi,OsBr,-255 shows a markedly lower PL
emission intensity, implying a higher separation efficiency of
photoexcited electron-hole pairs [54]. Moreover, as shown in Fig.
2(b) and Table $4 in the ESM, 3DOM Bi,O;Br,-255 exhibits a
longer transient fluorescence lifetime (9.65 ns) than that of
Bi,O5Br, (7.04 ns), and the increased decay time further proves the
more efficient exciton separation in 3DOM Bi,OsBr,-255, which is
originated from the trapping of more excited electrons by oxygen
vacancies [52]. Figure 2(c) shows that the two samples exhibit
positive surface photovoltage signals within the range of
photoabsorption, suggesting that the photogenerated holes are the
main carriers. Almost an order of magnitude increase of surface
photovoltage for 3DOM Bi OsBr,-255 (202.2 V) compared with
Bi,OsBr, (245 pV) indicates that much higher number of
photogenerated holes can transfer to the surface of 3DOM
Bi;O:Br,-255 to participate in oxidation reaction [30].
Electrochemical impedance spectroscopy (EIS) results (Fig. 2(d))
show that 3DOM Bi,O;Br,-255 has lower electrochemical
impedance than that of Bi;OsBr,, which means a more efficient
charge transport over 3DOM Bi,O;Br,-255 [55]. The enhanced
charge transfer efficiency is also confirmed by transient
photocurrent responses in Fig. 2(e). The photocurrent density of
3DOM Bi,O;Br,-255 is 3.2 times higher than that of Bi,OsBr,.
Furthermore, the surface charge density can also be determined by
the zeta potential [56]. As shown in Fig. 2(f) and Table S5 in the
ESM, the zeta potential of 3DOM Bi,OsBr,-255 (51.7 mV) is
2.9 times higher than that of Bi,O;Br, (17.9 mV), which is in
consistent with the result of transient photocurrent.

Based on the results, one can conclude that the oxygen
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vacancies over 3DOM Bi,O;Br,-255 can serve as trapping sites for
capturing  photoexcited electrons, thus reducing the
recombination rate of electron-hole pairs. Furthermore, the
surface Bi/Br molar ratios of the samples were investigated by the
XPS technique. As shown in Table S6 in the ESM, the surface
Bi/Br atomic ratio of Bi,OsBr, (2.06) is close to corresponding
stoichiometric ratio, while the Bi/Br atomic ratio of 3DOM
Bi,O5Br,-255 (2.39) is much higher than its stoichiometric ratio,
indicating the bismuth-rich state of 3DOM Bi,O;Br,-255.
According to previous report [16], for Bi,O,Br,, bismuth-rich state
can strengthen the hybridization of the conduction band to
improve the separation and transfer of photogenerated
electron-hole pairs. Similar results are also obtained in this work.
Meanwhile, due to the thin pore wall of 3DOM Bi,OBr,-255 and
large size of Bi,OsBr,, 3DOM Bi,OsBr,-255 possesses much
shorter charge transfer distance, thus an efficient charge transport
pathway is established. In conclusion, charge separation and
transfer efficiency are enhanced by 3DOM architecture, and
excellent photocatalytic activity is expected to be obtained over
3DOM Bi,O;Br,-255.

3.3 Highly efficient photocatalytic
enhanced by 3DOM architecture

The photocatalytic activities of the as-prepared samples were first
evaluated by photocatalytic degradation of phenol under visible
light (> 420 nm) and full spectrum irradiation in the static
system. Before light illumination, the phenol adsorption
performance over the samples was investigated. As shown in Fig.
3(a), 3DOM Bi,O;Br, showed much stronger phenol adsorption
capacity (0.39-0.57 mMEg ooyt ) than that of Bi,OBr,
(0.03 MGG ppocatatyst ) Suggesting that more phenol pollutant
molecules could be adsorbed on the surface of 3DOM Bi,O;Br,
and participate in subsequent photocatalytic reaction.
Accordingly, one can conclude that the photocatalyst with large
surface area and abundant edge structure could provide more
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Figure2 (a) Steady-state PL emission spectra, (b) time-resolved PL (TRPL) spectra, (c) SPV spectra, (d) EIS spectra, (e) transient photocurrent density plots, and (f)

zeta potentials of 3DOM Bi,O;Br,-255 and Bi,O;Br,.
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Figure 3 (a) Phenol adsorption capacity of 3DOM Bi,OsBr, composites and Bi,OsBr,. (b) and (c) Photocatalytic phenol degradation performance in the static system
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photocatalytic degradation of different phenols (phenol, bisphenol A, and 2,4-dichlorophenol) over 3DOM Bi,O;Br,-255.

adsorption sites. For 3DOM Bi,O,Br,, the smaller the macropore
size, the stronger the phenol adsorption capacity. For comparison,
Bi,WOg and g-C;N,, the two most extensively studied visible-light
photocatalysts were also evaluated. Obviously, the photocatalytic
activities of the 3DOM Bi,O;Br, samples are much higher than
that of Bi,OsBr, (Fig.3(b) and Fig.S16(a) in the ESM). The
photocatalytic activity over 3DOM Bi,OsBr, first increased and
then decreased with the rise in macropore size. Especially, 3DOM
Bi,O,Br,-255 with macropore size of 170 nm showed the best
photocatalytic activity, about 60% phenol was degraded after 4 h
of visible light illumination. Based on the pseudo-first order
kinetics (Fig. S17 in the ESM), the reaction rate constant (k) of
3DOM Bi,O;Br,-255 reached 0.227 h™', which was 4.5, 7.3, and
11.9 times higher than those of Bi;OsBr,, Bi,WO,, and g-C;N,,
respectively. Among 3DOM Bi,O;Br,, 3DOM Bi,O;Br,-255
possessed better photocatalytic activity than 3DOM Bi,0O;Br,-380
due to much stronger phenol adsorption and light trapping ability
of the former. Though 3DOM Bi,OsBr,-160 possessed larger
surface area, the photocatalytic activity of 3DOM Bi,O;Br,-160
was inferior to 3DOM Bi,O,Br,-255, which could be explained
that the mass transfer channel with macropore size of 170 nm was
more conducive to the mass transfer of the photocatalytic reaction
[38]. Moreover, 3DOM Bi,O;Br,-255 also showed the best full
spectrum activity (Fig. 3(c) and Fig. S16(b) in the ESM), phenol
conversion could reach about 90% and the photocatalytic activity
was 6.4 times higher than that of Bi,O;Br,. That is to say,
compared with Bi,OsBr,, 3DOM Bi,OsBr,-255 also exhibited
better ultraviolet light activity, which was in agreement with its
stronger ultraviolet light absorption capacity. Also, the full
spectrum activity of 3DOM Bi,O;Br,-160 was close to 3DOM
Bi,O5Br,-255, which also indicated that the former possessed
better ultraviolet light activity than the latter. Compared with
Bi,OsBr, and Bi,O:Br, composite photocatalysts (Table S7 in the
ESM) reported in the Refs. [17,31,57-59], 3DOM Bi,O,Br,-255
also exhibited better photocatalytic performance than most of the
reported photocatalysts.
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Meanwhile, TOC removal rates (Fig.3(d)) over 3DOM
Bi; O5Br,-255 reached 38% and 62% after 4 h of visible light and
full spectrum illuminations, respectively, which were both much
higher than those of Bi,OsBr, (10% and 17%), indicating stronger
mineralization ability of 3DOM Bi;OsBr,-255 for phenol.
Recycling activity tests were conducted to investigate the
photocatalytic stability of 3DOM Bi,O;Br,-255. As shown in Fig.
3(e), no obvious deactivation emerged after four runs. By
comparing the XRD patterns and XPS spectra of the fresh and
used photocatalysts (Fig. S18 in the ESM), no significant changes
were observed, indicating that the crystal structure and surface
composition of 3DOM Bi,O;Br,-255 were stable under the
current reaction conditions.

In addition, we also investigated the photocatalytic activities of
3DOM Bi,O5Br,-255 for other phenols, as shown in Fig. 3(f) and
Fig. S16(c) in the ESM. Under visible light irradiation, 3DOM
Bi,O;sBr,-255 showed better photocatalytic performance for
bisphenol A and 24-dichlorophenol degradations. 24-
Dichlorophenol conversion could reach 90%, while bisphenol A
could be completely degraded after 2.5 h of visible light
irradiation. The reaction rate constants of 0.930 and 1.498 h™' were
obtained for 2,4-dichlorophenol and bisphenol A degradations,
respectively. Therefore, 3DOM Bi,OsBr,-255 is an efficient
photocatalyst for photocatalytic degradation of phenols.

In order to determine the main active species involved in this
system, AO (0.01 molL"), IPA (001 molL"), and BQ
(0.01 mmol-L") were used to quench the photoinduced holes (h*),
hydroxyl radicals (OH), and -O,, respectively [60, 61]. From Fig.
4(a), one can observe that the degradation efficiencies over 3DOM
Bi,OsBr,-255 all dropped with the addition of three kinds of
scavengers. The photocatalytic activities were almost completely
inhibited in the presence of AO and BQ, but phenol conversion
slightly decreased when IPA was used, indicating that h* and -O,
were responsible for the degradation of phenol.

@ Springer | www.editorialmanager.com/nare/default.asp
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of (¢) DMPO--0O," and (d) DMPO--OH over 3DOM Bi,O;Br,-255 and Bi,O;Br,.

Afterwards, TMB oxidation activity was evaluated to further
investigate the ROS [62]. From Figs. S19(a) and S19(b) in the
ESM, one can see that the absorbance of TMB oxidation products
gradually increased with the extension of illumination time,
suggesting the generation of ROS. The faster change trend of
absorbance over 3DOM Bi,OsBr,-255 indicated that 3DOM
Bi;O5Br,-255 possessed stronger O, activation ability than that of
Bi,0;Br,, which was mainly attributed to abundant surface Bi-O
dangling bonds of 3DOM Bi,OsBr,-255 [29]. Meanwhile,
significantly different TMB oxidation rates under different
atmospheres (O,, air, and Ar) were observed (Figs. S19(c) and
S19(d) in the ESM), ko, > k,, > ky,, which confirmed that O, was
indispensable in TMB oxidation process and ROS was derived
from O,. To further identify the type of generated ROS during
TMB oxidation, superoxide dismutase (SOD, 10 uL, 4000 U-mL"),
catalase (10 pL, 4000 U-mL™"), mannite (10 pL, 50 mmol-L"), and
carotene (1 mg-mL™) were used as scavengers of -O,, hydrogen
peroxide (H,0,), -OH, and singlet oxygen ('O,), respectively [63,
64]. The results showed that TMB oxidation process was greatly
suppressed with the addition of SOD, while the presence of the
other three scavengers had little effects on TMB oxidation (Fig.
4(b)), confirming that -O,~ was the main ROS, which is in
agreement with the quenching experiments.

Furthermore, EPR was conducted to directly detect the
generated ROS. As shown in Fig 4(c), much stronger
DMPO--O, signals are observed over 3DOM Bi,O;Br,-255 than
that of Bi,OsBr,. Given that -O, is mainly mediated by electrons
(e + 0, >-0y) [65], the above result indicates that much more O,
molecules could be activated by photogenerared electrons of

3DOM Bi,O;Br,-255 as compared with Bi,OsBr,. Owing to more
oxygen vacancies over 3DOM Bi,O,Br,-255, more trap states
could form over 3DOM Bi,O;Br,-255 [52], which could capture
more electrons to active O, molecules, thus accelerating the
generation of -O,". Meanwhile, relatively weak characteristic peaks
of DMPO--OH are observed (Fig.4(d)), indicating that a large
amount of -O,” and a small amount of -OH were generated under
illumination. There are very weak signals of -OH over the Bi,O,Br,
sample, but relatively strong signals of -OH are detected over
3DOM Bi,O;Br,-255, which could be explained that 3DOM
Bi,O5Br,-255 possessed much deeper valance band position and
faster charge separation and transfer efficiency. Based on the
results of active species trapping experiments and EPR
measurements, one can conclude that h* and -O, mainly
participated in photocatalytic degradation reaction.

Therefore, the photocatalytic degradation process over 3DOM
Bi; O5Br,-255 most likely involves following steps, as illustrated in
Fig.5. (i) Phenol molecules are adsorbed on the surface of
photocatalyst until reaching the adsorption-desorption
equilibrium in the dark. (ii) The thin architectural units and the
formed trap states due to oxygen vacancies can shorten charge
transfer distance and capture excited electrons to inhibit
recombination of the photogenerated electrons and holes pairs.
Thus, more active charges can transfer to the surface of the
photocatalyst and participate in the photocatalytic process. (iii)
The e and h* react with O, molecules and OH" to generate -O,
and -OH, respectively. (iv) Photogenerated h’, -O,, and -OH
together attack pollutant molecules adsorbed on the surface of
photocatalyst, oxidize them into other organic molecules, and
finally mineralize them into CO, and H,O.
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Figure5 Schematic illustration of photocatalytic phenol removal over 3DOM Bi,OsBr,-255.

For practical application, the photocatalytic activities of 3DOM
Bi;O5Br,-255 and Bi,O;Br, in the flow system were also evaluated.
As shown in Fig. 6 and Fig. S18 in the ESM, phenol molecules first
went through the dark adsorption process over photocatalysts in
the flow system. For 3DOM Bi,OsBr,-255, phenol could be
completely adsorbed after 30 min of adsorption process, the
adsorption—desorption equilibrium was established after 4 h, and
12% phenol adsorption rate was observed. For Bi,OsBr,, 65%
phenol at most could be adsorbed during the whole adsorption
process, and the phenol adsorption rate was only 8% when the
adsorption—desorption equilibrium was established. Under visible
light illumination (Fig. S20(a) in the ESM), phenol was gradually
degraded, phenol conversions over 3DOM Bi,OsBr,-255 and
Bi,O5Br;, could keep 24% and 10% with the extension of reaction
time, respectively. That is to say, the phenol degradation efficiency
over 3DOM Bi,0OsBr,-255 was much higher than its adsorption
rate, while the phenol degradation efficiency over Bi,OsBr, did not
change significantly compared with the adsorption rate.
Meanwhile, under full spectrum irradiation (Fig.6(a)), 75%
phenol conversion was obtained over 3DOM Bi,OsBr,-255, while
phenol conversion was only 27% for Bi,OsBr,. Furthermore,
3DOM  Bi,OsBr,-255 also showed better photocatalytic
performance than Bi,OsBr, under 1 sun illumination
(100 mW-cm™). For Bi,O5Br,, no obvious difference was observed
before and after the light illumination, but phenol conversion
could reach 20% over 3DOM Bi,O;Br,-255 (Fig. 6(b)).

We also investigated the effect of flow rate (17.2, 34.3, and

(a) i Full spectrum
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0.8 4 Removal rate: 27%
0.6 -
- 343 Lh"m”
._U_ Continuous-flow reactor
S 044
4 Removal rate: 75%
0.2 4
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0.04 & —*—3DOM Bi,O_Br,-255

o 1 L I " L . L L. Ll . Ll L L Lt L)
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Time (h)

68.6 L'h™m™) on the photocatalytic performance of 3DOM
Bi,O:Br,-255 in the flow system. From Fig. S20(b) in the ESM,
one can observe that phenol could be completely adsorbed during
the dark adsorption process under different flow rates. When the
flow rate was low (17.2 L-h™-m™), it took longer time (6 h) to reach
the adsorption-desorption equilibrium and the phenol adsorption
rate could reach 18%. With the rise in flow rate (68.6 L-h™-m™), the
adsorption—desorption equilibrium was established after 2.5 h of
adsorption process, but only 6% phenol adsorption rate was
observed. Under visible light irradiation, phenol conversions were
41% and 11% at flow rates of 17.2 and 68.6 L'h™"-m?, respectively.
Obviously, with the increase of flow rate, the photocatalytic
degradation activity decreased due to the shortened contact time
between phenol and photocatalyst. Even so, high photocatalytic
activity could be obtained via controlling the flow rate of system.
Overall, 3DOM Bi,OsBr,-255 exhibits excellent photocatalytic
performance in the flow system, which possesses great potential to
meet the practical application requirements.

4 Conclusions

In summary, we developed 3DOM Bi,O;Br, photocatalysts with
abundant edge structures and oxygen vacancies. The 3DOM
structure can provide more sites for phenol adsorption and O,
activation, and simultaneously enhance charge separation and
transfer efficiency. 3DOM  BiOsBr,-255 displays excellent
photocatalytic performance for phenol removal, which is much
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Figure6 Photocatalytic activities for phenol degradation over 3DOM Bi,O;Br,-255 and Bi,O5Br, in the flow system (34.3 L'h"“m™) under (a) full spectrum and (b) 1

sun illuminations.
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higher than those of Bi;OsBr,, Bi,WO, and g-C;N,. Meanwhile,
3DOM Bi,OsBr,-255 possesses strong mineralization capacity
resulting from its deep valance band position. Moreover, 3DOM
Bi;O:Br,-255 also exhibits good stability during recycling
experiments. This work provides some guidance on designing
highly efficient photocatalysts via synergistically developing 3D
structure and surface dangling bonds.
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