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ABSTRACT: Sphere-like Bi;O-I (BOI) doped with La (L-BOI) samples
were prepared by a solvothermal method followed by calcination at 450
°C for 2 h. Au nanoparticles were loaded on 6% La-doped BisO,I (2%A—
6%L-BOI) microspheres by a room-temperature chemical reduction
method. The UV—vis absorption spectra show that the L-BOI and 2%A—
6%L-BOI samples have a strong visible-light absorption in comparison
with the pure BOIL The electron paramagnetic resonance results indicate
that the number of oxygen vacancies in L-BOI samples is increased with
an increasing amount of the La dopant. The band structure of the
prepared photocatalysts is investigated by confirming the positions of the
valence band (VB) measured by XPS-VB and the Fermi level computed
by density functional theory, respectively. NO is selected as a target
gaseous pollutant to confirm the influence of La doping and the
plasmonic effect of Au nanoparticles on the photocatalytic activity of BOI

microspheres. The 2%A—6%L-BOI sample exhibits an enhanced photocatalytic performance compared to BOI, L-BO], and A-
BOI photocatalysts under visible-light irradiation. Interestingly, the 2%A—6%L-BOI sample also can reduce the amount of
intermediate NO, during the NO removal process. The enhanced photocatalytic efficiency of the 2%A—6%L-BOI photocatalyst
is profited from the synergy of La-ion doping, oxygen vacancy, and the surface plasmon resonance effect of Au nanoparticles.
Based on the results of trapping experiments and electron spin resonance spectroscopy tests, h*, e”, and *O,~ were involved in

the NO oxidative removal.
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1. INTRODUCTION

Photocatalysis is considered as one of the promising
remediation techniques in environmental purification for
water pollution and hazardous gases because of its economic
feasibility, nontoxicity, resource-saving, and environment-
friendliness.”> Therefore, it is indispensable to develop
efficient and stable semiconductor-based photocatalysts. The
light utilization and separation of charge carriers in photo-
catalysts are two key factors determining the overall photo-
catalytic efficiency.”® In order to efficiently enhance the
utilization of solar energy and separation of charge carriers,
extensive efforts have been made to study the optimization for

innovative photocatalysts in the last 40 years.””’

-4 ACS Publications  © 2019 American Chemical Society

Recently, novel photocatalysts have been developed by
cation/anion doping,® constructing of semiconductor/semi-
conductor heterojunctions,” and surface modification with
noble metal nanoparticles and quantum dots.'’ Particularly,
doping a semiconductor with transition metals has attracted
much attention because of its several merits. First, the
induction of a bathochromic shift, that is, narrowing the
wide band gap by introducing the intraband gap states, is done
to enhance its visible-light response.'’ Second, doping with
metal ions having variable valency (Cr**, Mn*', Cu*', Fe¥,
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Figure 1. XRD patterns of La-doped BOI samples (a), an enlarged view of the main diffraction (312) peak (inset); XRD patterns of BOI, 2%A-
BOI, 6%L-BOI and 2%A—6%L-BOI samples (b); XPS survey spectra (c), O 1s (d), La 3d (e) and Au 4f (f) high-resolution XPS spectra of the

prepared samples.

etc.) are beneficial to trap electrons and holes, which further
prevents the recombination of photogenerated e~ and h*
pairs." " Specifically, doping with lanthanide ions also can
obviously improve photocatalytic efficiency by the virtue of the
following two factors. First, the lanthanide ions can trap
photogenerated electrons as efficient scavengers, raising the
separation efficiency of the photo-excited charge carriers. "~
Second, the doped lanthanide ions with large radius can induce
lattice defects, which leads to the formation of oxygen
vacancies, improving the photocatalytic activity.'®'” For
instance, Atikur and Jayaganthan.'® found that La** and Dy**
co-doped ZnO nanoparticles possess excellent photocatalytic
active for the degradation of methylene blue dye than the pure
ZnO particles under visible-light irradiation. La** and Dy*" can
be incorporated into the ZnO lattice to improve the light
absorption and to form oxygen vacancy, resulting in efficient
light utilization and high separation efficiency of charge
carriers.

Bismuth-rich oxyiodides (BixO!IZ), including BiOL>°
Bi,OsL,*" Bi;O,l;,*” and BisO,I,">® have been reported to
possess promising applications as efficient photocatalysts for
the removal of pollutants because of their special layered
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structures. The layered structures are favorable for the
separation of photo-induced charge carriers by an internal
electric field***° Furthermore, with the increasing Bi/I ratio,
the value of band gap changes from 1.80 to 2.90 eV.”*™*
Especially, BisO,I exhibited excellent photocatalytic perform-
ance for organic pollutants degradation and N, fixation owin
to its negatively positioned conduction band (CB).**”
Unfortunately, the band gap of BisO,I is about 2.90 eV,**°
resulting in a weak visible-light response. Therefore, it is
necessary to modulate its electronic band structures with an
enhanced visible-light response.

In this study, we attempt to synthesize La-doped BisO,I
microspheres by a solvothermal method followed by
calcination. It is expected that the oxygen vacancies in La-
doped BisO,I will narrow down the band gap. Moreover, Au
nanoparticles loaded on La-BigO,I microspheres have visible-
light absorption characteristics because of the surface plasmon
resonance (SPR) effect. The electronic band structures of the
synthesized photocatalysts were investigated by theoretical
calculations and experimental measurements. The photo-
catalytic performances of the prepared samples for NO
oxidative removal were investigated. The mechanisms of
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Figure 2. UV—vis absorption spectra (a) and Tauc plots of (ahv)!/? vs photon energy hv (b) of the prepared samples (inset photographs indicate
the colors of BOI, 6%L-BOI and 2%A—6%L-BOI powders); valence-band XPS spectra (c), band structures (d), EPR spectra (e) and N,

adsorption—desorption isotherms of the prepared samples (f).

enhanced photocatalytic activity for NO removal by the Au
nanoparticle-loaded La-doped BigO,I microspheres photo-
catalysts are also discussed in this study.

2. EXPERIMENTAL SECTION

2.1. Synthesis. All chemicals obtained from ALADDIN Reagent
Co., Ltd. were of analytical grade and used without further
purification. The synthesis procedure of porous BiOI microspheres
is given in detail in the Supporting Information.*® La-doped BiOI was
synthesized by applying an identical synthesis procedure of BiOI with
the addition of La(NO);-6H,O into the solution in a varying content
(2, 4, 6, and 8 mol %). Bi;O,I (BOI) and La-doped Bi;O,I (L-BOI)
samples were synthesized by calcining precursor BiOI and La-doped
BiOI samples at 450 °C for 2 h.>* 2 wt % Au nanoparticles were
deposited on the BOI and 6 mol % La-doped BOI samples by a room-
temperature chemical reduction method. In a typical procedure, 50
mg of BOI or 6 mol % La-doped BOI was dispersed in 100 mL of
absolute ethanol, and 1 mg of HAuCl, was introduced into the
suspension. Then, 3 mL of 0.04 M C¢HNa;O, solution was added
into the suspension and with continuous stirring for 30 min, resulting
in a lavender precipitate. Finally, the prepared samples were collected
and cleaned. Hereafter, 2 wt % Au-deposited BOI, 6 mol % La-doped
BOIJ, and 2 wt % Au-deposited 6 mol % La-doped BOI are labeled as
2%A-BOI, 6%L-BOI, and 2%A—6%L-BOI, respectively.

2.2. Characterization. The crystal phase structures and
morphologies of the prepared photocatalysts were analyzed by
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means of X-ray diffractometer (XRD, D/max-2550, Rigaku), scanning
electron microscopy (SEM, Nova NanoSEM 450, FEI), and
transmission electron microscopy (TEM, JEM-2100, JEOL),
respectively. The electron paramagnetic resonance (EPR) and
electron spin resonance (ESR) spectra were recorded on an ER200-
SRC (Bruker) at room temperature. X-ray photoelectron spectrosco-
py (XPS) analysis was carried out on an ESCALAB MKII X-ray
photoelectron spectrometer (VG Scientific). The ultraviolet—visible
absorption spectra were recorded on a (Cary 5000, Agilent) UV—
visible spectroscope with a wavelength range of 200—800 nm.

2.3. Photocatalytic Activity Test. The photo-oxidation process
of NO over the prepared samples was studied by in situ Fourier-
transform infrared spectroscopy (FTIR) in a closed flow reactor. A
more detailed procedure of photocatalytic removal of NO and in situ
FTIR are given in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Prepared Photocatalysts.
Figure la shows the XRD patterns of the as-synthesized pure
BOI and L-BOI samples. It is obvious that the diffraction peaks
of the pure BOI are in good agreement with the orthorhombic
Bi;O,I (ICDD PDF# 40-0548). Despite an increase in the
content of La®>" up to 8 mol %, a pure phase without any
secondary phase was formed. An obvious shift in the diffraction
peak of (312) is noted in the XRD patterns of La**-doped BOI

DOI: 10.1021/acsami.9b 14300
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Figure 3. Band structures and PDOS/TDOS of pure BOI (a,b), La-doped BOI (c,d), and La-doped BOI with oxygen defects (e,f).

samples (Figure la) because of the larger ionic radius of La®*
(0.188 nm) than that of Bi** (0.103 nm),"” indicating that La*
was successfully introduced into the BOI crystal lattice.'”*"**
Moreover, the introduction of Au nanoparticles has an
insignificant effect on the BOI crystal structure (Figure 1b).
To further investigate the chemical composition and
oxidation states of the elements on the surface of the
photocatalysts, the pure BOI, 6%L-BOI, 2%A-BOI, and 2%
A—6%L-BOI samples were analyzed by XPS (Figure 1c—f). In
Figure Ic, the signals of Bi, O, and I elements were detected in
the pure BOI, 6%L-BOI, 2%A-BOIL and 2%A—6%L-BOI
samples. La was observed in 2%L-BOI and 2%A—6%L-BOI
samples, whereas Au was present in 2%A-BOI and 2%A—6%L-
BOI samples. As shown, the signals of the La and Au are much
weaker than that of Bi, O, and I because of the lower content
of La and Au in the samples. In Figure 1d, the O 1s peak is
divided into two peaks at 529.9 and 531.5 eV for BOI and 2%
A-BOI samples. The first peak located at 529.9 eV is associated
with the lattice oxygen, and the second peak centered at 531.5
eV can be assigned to the surface-adsorbed oxygen.*”> An
additional third peak appeared in the XPS spectra of 2%L-BOI
and 2%A—6%L-BOI samples, which can be attributed to the
introduction of defective oxygen by La doping. In Figure le,
the peaks at 834.2 and 851.4 eV of the 6%L-BOI and 2%A—6%
L-BOI samples can be assigned to La 3ds,, and La 3d;,
respectively. The satellite peaks of La 3d;,, and La 3d;/, can be
observed at 838.3 and 855.3 eV, respectively, confirming that
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La was successfully doped as La*" in the BOI lattice.”* As
shown in Figure 1f, the peaks centered at 83.78 and 87.38 eV
are ascribed to Au 4f;/, and Au 4f;,, respectively, which is in
good consistency with the previous report.”> This indicates
that Au nanoparticles were also successfully loaded on the
surface of 6%L-BOI sample. As shown in Figure Sla, the peaks
at 158.9 and 164.3 eV correspond to Bi 4f;, and Bi 4f;,,,
suggesting that Bi in the L-BOI existed as Bi**.”” The peaks of
I 3d (Figure S1b) located at 619.10 and 630.5 eV correspond
to I 3ds;, and I 3d;),° respectively. Hence, La** was
successfully introduced into the lattice of BOI along with
loading of Au nanoparticles.

Figure 2a shows the UV—vis absorption spectra of the as-
synthesized BOIL, L-BOI, 2%A-BOI and 2%A—6%L-BOI
photocatalysts. It can be seen that the pure BOI can only
absorb light with wavelengths less than 416 nm. Compared
with the pure BOI, La-doped BOI samples exhibited an
obviously red shift with the increasing La** content, indicating
that the light response of the samples was markedly enhanced
with the increasing La** content. In addition, a strong
absorption peak was observed at 530 nm in the Au-loaded
samples, which is related to the SPR effect of Au nanoparticles
deposited on the surface of BOI and 6%L-BOI samples.’ The
color of the BOI, 6%L-BOI and 2%A—6%L-BOI samples are
white, yellow, and lavender (inset in Figure 2b), respectively.
Furthermore, the optical band gaps of pure BO], 2, 4, 6, and
8% La-doped BOI samples are 2.90, 2.65, 2.43, 2.36, and 2.30
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eV, respectively, which were estimated by the equation in
previous reported.®’

It is known that lanthanide ions doped in semiconductors
can form impurity energy levels to narrow the band gap of
semiconductors and improve light absorption.'”"” To confirm
the change in the internal band structure of BOI by
introducing La®*, the valence band (VB) positions of the
pure BOI and L-BOI samples were measured by XPS-VB
analysis. As shown in Figure 2c, the VB positions of the pure
BOI and 2, 4, 6, and 8% La-doped BOI samples are 1.77, 1.73,
1.72, 1.65, and 1.60 eV, respectively. Based on the band gaps in
Figure 2b and the VB position in Figure 2¢, the CBs of pure
BOI and 2, 4, 6, and 8% La-doped BOI samples are estimated
to be —1.13, —0.92, —0.71, —0.71 and —0.70 eV (Figure 2d),
respectively. Therefore, the band gap of the BOI sample was
effectively reduced after La** doping.

The existence of oxygen vacancy in the BOI and La-doped
BOI samples was confirmed by EPR spectroscopy (Figure 2e)
also. The pure BOI sample shows a very weak EPR signal at g
= 2.003, whereas La-doped BOI samples show more intense
symmetric signal. Such a significant signal is associated with
oxygen vacancies, and its intensity is positively correlated with
the amount of oxygen vacancy.”'® Evidently, the counts of
oxygen vacancy in the prepared samples was gradually
increased with the increasing La** content.

N, adsorption—desorption isotherms of the pure BOI, 2%A-
BOI, 6%L-BOI, and 2%A—6%L-BOI samples are shown in
Figure 2f. The Brunauer—Emmett—Teller (BET) specific
surface areas of the pure BOI, 2%A-BOI, 6%L-BOI, and 2%
A—6%L-BOI samples are 17.11, 18.22, 17.54, and 20.75 m?
g~!, respectively. Clearly, the BET specific surface areas were
increased after loading Au nanoparticles on the surfaces of BOI
and 6%L-BOI. The high specific surface area means more
active sites on the surface of 2%A—6%L-BOI sample, which is
beneficial for the photocatalytic activity of NO removal.

To elucidate the influence of La’* doping on the band
structure of BOI, the electronic structures of the BOI and L-
BOI were computed by the density functional theory (DFT)
method. To further illustrate the effect of oxygen defects, the
calculations were run for La-doped BOI in the condition of
oxygen defects. The crystal structures, band structures, and
partial/total density of states (PDOS/TDOS) of pure BOI, La-
doped BOI, and La-doped BOI with oxygen defects are shown
in Figures S2 and 3. It can be seen from Figure 3a that the pure
BOI is an indirect band gap semiconductor, where the top of
VB is located between G and R points and the bottom of the
CB is at G point of the Brillouin zone. This indirect transition
is beneficial to improve the photocatalytic activity, which is
mainly because the excited electrons must move to a certain k-
space distance to be migrated to the CB. This reduces the
recombination rate of photo-excited charge carriers. Here, the
calculated band gap is found to be 2.75 eV, which is smaller
than the experimental value (2.90 eV). The underestimation of
the band gap is due to the well-known limitation of the
generalized gradient approximation.’® From the band
structures shown in Figure 3ce, the calculated band gap
values are about 2.48 and 2.39 eV for La-doped BOI and La-
doped BOI with oxygen defects, respectively. The VB top and
CB bottom move toward the lower energy levels, which
indicate that the oxidation capacity of La-doped BOI could be
obviously improved. The narrowed band gap of L-BOI which
caused by introducing oxygen vacancies is well consistent with
the experimental results. Interestingly, by the virtues of La®*

doping and introducing the oxygen defects, the degeneracy of
energy levels is reduced due to the decrease of crystal
symmetry, leading to the split of energy levels and the
generation of the impurity level at the top of VB. The
narrowed band gap significantly reduces the transition energy
and improves the electronic excitation and transition process,
which is favorable for the separation of photo-excited charge
carriers. Especially the formed impurity level becomes a
capturing center for photo-excited electrons, providing active
sites for the oxygen reduction reaction. In addition, the
calculated results indicate that the flat bands are formed at the
top of VB, supporting the trapping of photo-excited holes. In
addition, these flat bands significantly enhance the mobility of
charge carriers. The above results indicate that the separation
efficiency of electrons and holes could be enhanced and the
photocatalytic activity could be obviously improved.

To explore the contribution of different atoms (Bi, O, I, and
La) toward the formation of the VB and CB, the PDOS and
TDOS were also calculated. For pure BOI (Figure 3b), the top
of VB (in the range of —5 to 0 eV) mainly consisted of the O
2p and I Sp orbitals and partially Bi 6s and Bi 6p orbitals,
whereas the bottom of CB mainly consisted of Bi 6p and I Ss
orbitals. This leads to an indirect electronic transition from O
2p and I Sp states in VB to Bi 6p and I Ss states in CB under
light irradiation. For La-doped BOI (Figure 3d), the top of VB
(in the range of —5 to 0 eV) is mainly occupied by Bi 6p, O 2p,
and I Sp orbitals and has partial contributions from the La Sp
and 5d orbitals, whereas the bottom of CB is dominated by Bi
6p, I 5s, and La 5d orbitals. For La-doped BOI with oxygen
defects (Figure 3f), the top of VB (in the range of —5 to 0 eV)
is basically composed of Bi 6p, O 2p, and I Sp orbitals and
partial La Sp and Sd orbitals, whereas the bottom of CB is
dominated by Bi 6p, I Ss, and La 5d orbitals. In particular, the
defect state is found in the forbidden band because of the
existence of the oxygen vacancies, which is well with the results
obtained by XPS and UV—vis. Accordingly, the electrons in the
VB of La-doped BOI with oxygen defects can be easily excited
because of their flat bands and weak hybridization of O and Bi
atoms at the top of VB.

Figure S3 shows the SEM images of pure BOI, 2%A-BO],
6%L-BOI, and 2%A—6%L-BOI samples. It can be seen that the
pure BOI photocatalyst possesses spherical microstructures
with an average diameter of approximately 2—4 pm, which is
constructed by nanosheets with 5—10 nm thickness. Despite
the introduction of La** into the BOI lattice and the deposition
of Au nanoparticles on the surface of BO], all of the samples
maintained their spherical structure. The TEM and high-
resolution transmission electron microscopy images of the 2%
A—6%L/BOI are shown in Figure 4. The well-defined porous
microsphere has a diameter of about 3 ym (Figure 4a). Figure
4b,c confirms that Au nanoparticles were successfully loaded
on the surface of the microsphere. The HRTEM image of 2%
A—6%L/BOI shows in Figure 4d that the spacing of lattice
fringes is about 0.24 nm, which is consistent with the (111)
plane of Au nanoparticles. In Figure 4e, the spacing of lattice
fringes is about 0.271 nm, corresponding to the (204)
crystallographic plane of monoclinic BisO;I. To further
elucidate the existence of La element and Au nanoparticles
in BOI, the 2%A—6%L/BOI was investigated by EDS
mapping. In Figure S4, it is evident that the Bi, O, and I
elements are evenly distributed in the microspheres. Figure 4f,g
shows that La is also distributed evenly in the whole
microspheres, whereas Au nanoparticles have a uniform
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111)
Au

Figure 4. TEM (ab), HRTEM (c—e) images, and EDS element
mapping images of La (f) and Au (g) of the 2%A—6%L-BOL

distribution on the surface of L-BOI microspheres. This
distribution indicates that La®>" was successfully doped into the
BOI lattice and Au nanoparticles were finely loaded on the
surface of L-BOI microspheres.

3.2. Photocatalytic Activity. Figure Sa shows the
photocatalytic NO removal performance of the pure BOI, L-
BOI, 2%A-BOI and 2%A—6%L-BOI samples. As shown in
Figure Sa, pure BOI exhibited a poor photocatalytic perform-
ance (20.4% of NO removal rate) due to its poor visible-light
absorption (E, = 2.9 eV). Obviously, L-BOI samples showed a
remarkably improved photocatalytic performance for NO
removal (Figure Sb). Among the L-BOI samples, 6%L-BOI
exhibited the highest photocatalytic activity (42.7% of NO
removal rate). The enhanced performance of the L-BOI
samples is mainly attributed to their narrowed band gap and
inhibition of the recombination of photo-excited electron—
hole pairs. It is well known that La®* can capture photo-
induced electrons to improved separation efficiency. However,
when the La** content reached to 8 mol %, the photocatalytic
activity began to decline due to the formation of the
recombination center with excess La**. Figure Sc shows that
the photocatalytic NO removal rates of BOIL, 2%A-BOI, 6%L-
BOI, and 2%A—6%L-BOI samples are 20.4, 34.2, 42.7, and
54.5%, respectively. It can be seen that 2%A-BOI and 2%A—
6%L-BOI also showed a remarkable enhancement performance
as compared to the BOI sample. This indicates that the Au
nanoparticles loaded on the surface of BOI (or 6%L-BOI)
could enhance the photocatalytic activity owing to the SPR
effect.” Furthermore, Au nanoparticles can trap photo-
generated electrons by the Schottky barrier to inhibit the
recombination of photo-induced carries.”” During the removal

process, the generation of toxic NO, intermediate was also
monitored (Figure Sd). The concentration of NO, in the
presence of BOI, 2%A-BOI, 6%L-BOI, and 2%A—6%L-BOI
samples was about 12, 11, 10, and 5 ppb, respectively. It is
believed that the generation of NO, during the photocatalytic
process is related to the number of active species and the
oxidative activity of radical species. The present oxygen
vacancies introduced by La doping can increase the number
of active species and enhance the oxidative activity of radical
species, promoting the complete oxidation ability for NO.
Moreover, the deposition of Au nanoparticles on BOI could
also lead to a decrease yield of NO,. To evaluate the
photocatalytic stability of the 6%La-BOI and 2%A—6%L-BO],
five successive photocatalytic cycles were carried out, and the
results are given in Figure Se. The results indicate that the NO
removal rate over the 2%A—6%L-BOI sample still maintained
high performance after five cycles, indicating the outstanding
stability and cycleability. In Figure 5f, the XRD patterns of the
2%A—6%L-BOI sample before and after the photocatalytic
reaction are nearly identical, indicating the stability of the
crystal structure.

3.3. Mechanism. The surface photovoltage spectroscopy
(SPS) was applied to study the separation and transfer
behaviors of photo-induced charge carriers under the
monochromic excitation. A stronger SPS signal means a
higher separation efficiency of photo-excited charge carriers.
The pure BOIL 2%A-BOI, 6%L-BOI and 2%A—6%L-BOI
samples show a clearly positive SPS signal after 300—450 nm
stimulated light (Figure 6a). In the SPS measurement process,
the disappearance of SPS signal less than 300 nm can be
attributed to the indium tin oxide glass where it commendably
absorbed the light with the wavelengths less than 300 nm. As
an n-type semiconductor, the surface band bends of BOI
upward in the air, indicating that the orientation of the internal
electric field is from inside to the outside.”® Thus, the photo-
induced holes are easily transferred to the surface of the
semiconductor, whereas the photo-induced electrons are
readily moved to the inside of semiconductor. With the
introduction of La®" into BOI, the surface barrier is increased,
and the space of charge region is compressed. Therefore, the
photo-induced electron—hole pairs are efficiently separated by
a large electric field. In addition, in the Au—BOI composites,
the Schottky barrier at the interface between Au and BOI is
formed due to the Fermi level of BOI higher than that of Au.*”
The Schottky barrier can effectively capture electrons and
transfer to the surface, suppressing the recombination of
electron—hole pairs and enhancing the signal of SPS.*
Therefore, the 2%A—6%L-BOI sample shows a higher SPS
signal than pure BOI, 2%A-BO]I, and 6%L-BOL.

Photoluminescence (PL) spectroscopy was used to further
characterize the recombination of photo-excited e”/h* pairs of
the prepared samples. The PL spectra of pure BOI, 2%A-BO],
6%L-BOI, and 2%A—6%L-BOI samples were measured with
325 nm excitation wavelength (Figure SS). It is clear that the
intensity of the PL spectrum of 2%A—6%L-BOI is much lower
than that of other samples. The intensity of the PL spectra of
6%L/BOI and 2%A-BOI are also lower than that of pure BO],
indicating that the La** doping and deposition of Au
nanoparticles improve significantly the separation and transfer
efficiency of photo-excited carriers.*"”** This is well consistent
with the experimental results of photocatalytic NO removal
under visible-light irradiation.
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Figure 5. Photocatalytic NO removal efficiency (a,b) of BOI and La-doped BOI samples under visible-light irradiation; photocatalytic NO removal
efficiency (c) and the variation of NO, concentration (d) by BOI, 2%A-BOI, 6%L-BOI, and 2%A—6%L-BOI samples; photocatalytic NO removal
efficiency by 6%L/BOI and 2%A—6%L-BOI samples for five cycles (e); XRD patterns of 2%A—6% La/BOI before and after the photocatalytic

reaction (f).

In order to propose the reaction mechanism for the
photocatalytic NO removal over the 2%A—6%L-BOI sample,
the scavenger tests were executed to investigate the type of
active species. As shown in Figure 6b, after the addition of IPA,
the removal rate did not significantly change compared with
the sample obtained without adding scavengers. It indicates
that *OH has a nonsignificant role during the photocatalytic
removal process. However, the removal rate of NO was
reduced after the addition of KI and BQ, confirming that both
h* and *O,” played an important role during the NO removal
process. It is noteworthy that the addition of K,Cr,O; in the
reaction system decreased the NO removal efficiency
significantly, indicating that the photogenerated electrons had
a significant role in the whole process of NO photocatalytic
removal.

To further distinguish the presence of active species with the
2%A—6%L-BOI photocatalyst during the photocatalytic
reaction process, ESR spectroscopic measurements were
conducted by $,5-dimethyl-1-pyrroline N-oxide (DMPO)
spin-trapping adducts to detect the *O,” and *OH radical
species. As shown in Figure 6¢,d, no signal could be detected
without light irradiation. However, a series of strong
characteristic peaks of DMPO-*0O,” were evidently detected
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after visible-light irradiation, implying that the sample can
produce massive *O,” radical species (Figure 6¢c). Further-
more, no signal representing *OH radical species was observed
over the 2%A—6%L-BOI sample even after irradiation for 12
min (Figure 6d). The trapping experiments and ESR results
confirm that h*, e7, and O,  radical species played an
important role during the NO removal process.

Furthermore, in situ DRIFTS with the reaction gas was used
to study the byproducts generated during the processes of
adsorption in the dark and photocatalysis process on the
surface of 2%A—6%L-BOI, respectively. The obtained FTIR
results are used to investigate the NO removal mechanism.
First, in the dark condition, several intermediates were
detected over the 2%A—6%L-BOI surface. As shown in Figure
7a, the bands are observed at 808, 914, 1035, 1193, 1400,
1619, and 2360 cm™.**** The bands at 914 and 1619 cm™
can correspond to the NO bands. It is worth noting that the
intensity of these bands becomes higher with the passage of
time because of the increase in adsorption of NO molecules on
the sample surface. The mixed gas (O, and NO) was co-
adsorbed on the surface of the sample, and NO was then
oxidized to N,O, and NO, by O, directly. Thus, the bands at
1035 cm™ (N,0,) and 808 cm™ (NO,) were detected. In
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addition, the bands representing NO," (1400 cm™') and
bidentate nitrites (NO;~) (1193 cm™) appeared.”>*® The
results suggest that NO, gas, including NO, NO,, and N,0,,
was further oxidized by oxidizing species. This phenomenon
can be ascribed to the O, on the sample surface, accepting the
free electrons located around the oxygen defects in the sample
surface to form *O,” species.”” Consequently, the partial NO
was oxidized to the final products (NO,* or NO;~) in the dark.
Besides, the NO can react with surface-adsorbed water
molecules to form NO," and OH~; therefore, the bands at
2360 and 3500 cm™! can be observed.”® Based on the in situ
DRIFTS results, here we propose the possible reaction
processes in the dark condition as shown in eqs S1—S4 in
the Supporting Information.

During the photocatalytic reaction under light irradiation,
the intensity of bands observed in the dark was changed along
with the emergence of new bands for NO;~ (1274 cm™) and
NO,™ (1545 cm™), as shown in Figure 7b. Under visible-light
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irradiation, the e”/h" pairs were generated, and photo-
generated e~ (eq SS in the Supporting Information) reacted
with adsorbed O, to produce *O,” radicals (eqs S6—S8 in the
Supporting Information).***>*” The h*, e7, and *0,~ radicals
are able to further oxidize NO, and NO," generated in the
dark process to prevent the further increase of toxic
intermediates (eqs S8—S12 in the Supporting Information).**
Therefore, it is observed that the intensity of bands belonging
to nitrate and nitrite became stronger, and the bands assignable
to NO, (including N,O, and NO,) were reduced when the
light was turned on. These observations are in accordance to
the presence of oxygen vacancies and Au nanoparticles in the
2%A—6%L-BOI composites, resulting in the production of
massive free radicals and enhancing the oxidative activity of
radical species.

Furthermore, the Fermi level of the compounds can be
obtained via CASTEP codes. As shown in Figure 8, the
positions of the Fermi levels of BOI and L-BOI are located at
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—1.2 and —1.12 eV/AVS, respectively. The position of the
Fermi level of Au is located at —0.367 eV/AVS, suggesting that
the Fermi level of Au is lower than that of BOIL According to
the positions of the Fermi levels and XPS-VB results, the VB
edges of BOI and L-BOI are positioned at —2.97 and —2.77
eV/AVS, respectively. In addition, based on the UV—vis
absorption spectra, the band gaps of BOI and 6%L-BOI are 2.9
and 2.36 eV, respectively. Thus, the CB edges of BOI and L-
BOI are located at —0.07 and —0.41 eV/AVS, respectively.
Moreover, the origin of charge transfer at the interface can be
revealed by work function analysis. Therefore, the work
functions of Au, BOI, and L-BOI are also calculated based on
the experimental results in Figure 8. The work functions of Au,
BOJ, and L-BOI are determined to be 3.54 (Figure 8a), 5.85
(Figure 8b), and 5.69 eV (Figure 8c). The order of the work
function is Au < L-BOI < BOI, and the photogenerated
electrons in Au nanoparticles will be available to be transferred
to L-BOI than to BOL The Fermi level of Au is upward,
whereas the Fermi levels of BOI and L-BOI are downward
until the equilibrium is obtained under the circumstances.
Hence, the transfer of electrons can inhibit the recombination
of photogenerated charge carriers.

According to the above results and discussion, a possible
photocatalytic mechanism for NO removal by 2%A—6%L-BOI
composites photocatalyst is proposed as shown in Figure 8d.
When La** is introduced into the BOI lattice, the band gap
decreases from 2.90 to 2.36 eV because of the formation of a
doping level and oxygen vacancy below the CB of BOL**
Therefore, under visible-light irradiation, the formation of
photo-excited e” and h* takes place between the doping levels
of La** and the VB of BOL The h* can directly oxidize NO to
form NO;™. The photo-excited e™ react with adsorbed O, to
generate *0,” that reacts with NO to form NO;~.* In
addition, Au nanoparticles loaded on the surface of L-BOI
inhibit the recombination of photo-excited charge carriers, as
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well as the light response is also enhanced utilizing the SPR
effect of Au nanoparticles. Thus, the photocatalytic perform-
ance of the prepared 2%A—6%L-BOI composite photocatalyst
was significantly improved.

4. CONCLUSIONS

Au nanoparticle-loaded La-doped Bi;O,I microspheres (2%A—
6%L-BOI) were prepared successfully. Both L-BOI and 2%
Au—6%L-BOI photocatalysts showed a stronger visible-light
absorption as compared to the pure BOIL The 2%A—6%L-BOI
photocatalyst exhibited an obvious improved visible-light
photocatalytic performance for the NO removal compared
with pure BOI, L-BOI, and A-BOI photocatalysts. It was found
that the 2%A—6%L-BOI photocatalyst also could reduce the
concentration of NO, formed as the intermediate. The
photocatalytic performance improvement of the 2%A—6%L-
BOI is ascribed to the synergistic effect of La ions doping,
oxygen vacancy, and plasmonic effect of Au nanoparticles.
According to trapping tests and ESR measurements, h*, e”, and
*0O,” were involved in the photocatalytic NO removal process.
The as-prepared photocatalyst showed excellent photostability
and repeatability and would be used as a promising material in
the air purification applications.
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