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ABSTRACT

Constructing highly efficient visible-light-driven (VLD) photocatalysts for organic pollutants degradation has
been unearthed as a promising and green strategy on environmental remediation. In this study, a novel iodine
vacancy-rich BiOI/Ag@AgI (Ag@Agl/V;-BOI) Z-scheme heterojunction photocatalyst was successfully con-
structed, where Ag@AgI nanoparticles in-situ grown on the surface of defective BiOI nanosheets. The mor-
phology and structure, optical, photoluminescence, and photo-electrochemical properties of the photocatalysts
were detailedly characterized. Tetracycline (TC) as a refractory antibiotic was chosen as target pollutant to
evaluated the photocatalytic performance of the Ag@Agl/V;-BOI photocatalyst. The Z-scheme Ag@Agl/V-BOI
photocatalyst possessed significantly boosted photocatalytic efficiency for the degradation of TC under visible
light irradiation (A > 420nm), which was better than that of BiOI, V;-BOI, and Ag@AgI. The impacts of
photocatalyst dosages, initial TC concentrations, inorganic anions and light irradiation conditions on TC de-
gradation were also explored. Importantly, the intermediates and possible decomposition pathways of TC were
illustrated through liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) and three-
dimensional excitation-emission matrix fluorescence spectroscopy (3D EEMs) analysis. The enhanced photo-
catalytic activity of the Ag@Agl/V;-BOlI is attributed to the synergetic effect among iodine vacancies, Agl/V;-BOI
heterojunction and metallic Ag®. Additionally, the photocatalyst presented high recyclability and stability. This
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work can afford a new reference for fabricating photocatalyst with synergistic effect and amazing capacity for

practical wastewater treatment.

1. Introduction

With the rapid growth of industrialization and urbanization, the
environmental pollution is becoming an overwhelming problem across
the world [1-7]. Among of all problems, water pollution is one of the
most urgent issues to be solved, especially for the antibiotics owing to
their potential threat to the survival of aquatic animals and plants or
even human health [8-12]. As a typical antibiotic, tetracycline (TC) is
widely distributed in water bodies and hardly be decomposed naturally
due to its antibacterial nature and chemical stability. Moreover, con-
ventional treatment methods, including physical adsorption [13-16],
chemical oxidation [17-20] and biological filtration [21-23], are lim-
ited by complex process, expensive infrastructure and possible sec-
ondary pollution. Therefore, developing an efficient, convenient and
“green” technique for TC removal has become a critical and pressing
task.

Recently, semiconductor photocatalysis technique which can utilize
solar light to solve energy and environmental issues has aroused
widespread concerns, owing to its high-performance, energy-efficient
and economic properties [24-27]. Among the numerous photocatalysts,
bismuth oxyiodide (BiOI) has been widely investigated because of its
suitable band gap and desirable photocatalytic performance under
visible light irradiation [28,29]. However, as for pristine BiOl, the re-
lative photocatalytic activity still needs to be enhanced due to its fast
recombination rate of photo-generated electron-hole pairs [30]. Thus,
the appropriate modification is necessary to further promote the pho-
tocatalytic activity of BiOl. Engineering vacancies in the lattices of
photocatalysts have been proved to be effective to improve the photo-
catalytic activity of photocatalysts, as vacancies can not only facilitate
the separation of photo-generated electron-hole pairs, but promote the
transfer of photo-induced charges [31-33]. In previous reports [34,35],
it has been found that the iodine vacancy-rich BiOI possessed much
better photocatalytic performance than that of stoichiometric BiOI
since iodine vacancy played an important role in the regulation of the
charge separation and transportation. Moreover, for BiOl, iodine va-
cancies are easily formed as a result of its unique layered structures,
which are composed of [Bi,0,]2" slabs and inserted negative double
iodine slabs with weak van der Waals interactions along the c-axis [36].
Accordingly, it is feasible to prepare defective BiOI modified with io-
dine vacancies for promoting the photocatalytic performance.

Although vacancies display significant potential for the enhance-
ment of photocatalytic activity, there is still room for improvement.
Previous reports demonstrated that the construction of heterojunction
is an advisable approach to designing high-efficient photocatalysts
[28,29]. Among the heterojunction photocatalysts, the Z-scheme pho-
tocatalytic system has outstanding ability to inhibit the recombination
of photo-generated electron-hole pairs [37-40]. Therefore, finding a
suitable photocatalysts to construct a Z-scheme system with defective
BiOI is a promising way. Recently, much attention has been drawn to
Ag@AgX (X = Cl, Br, I)-based composite photocatalysts due to the
surface plasmon resonance effect and excellent capability to transfer
electrons of metallic Ag®. For example, Ag@AgBr/PbBiO,Br [40],
Ag@AgX/BiOX (X = Cl, Br) [41], Ag@AgCl/CeO, [42], Ag@AgX/
RGOs (X =Cl, Br, I, RGO = reduced graphene oxide) [43] and
Ag@Agl/Bi-BiOI [44] all possessed increased VLD photocatalytic de-
gradation and disinfection activity. However, studies on Ag@AgI na-
noparticles modified iodine vacancy-rich BiOI nanosheets have never
been investigated. Also, a visible light photocatalytic TC degradation
with this Ag@AgI/V;-BOI nanocomposite has not been reported.

In this study, a novel photocatalyst which was composed of
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defective BiOI nanosheets (iodine vacancy) and in-situ Ag@AgI nano-
particles (Ag@Agl/V-BOI) was successfully synthesized. The photo-
catalytic performance of the photocatalysts was evaluated through the
TC removal efficiency under visible light irradiation. Moreover, the
possible decomposition pathways of the degradation process were il-
lustrated through the liquid chromatography coupled with tandem
mass spectrometry (LC/MS-MS) and three-dimensional excitation-
emission matrix fluorescence spectroscopy (3D EEMs) analysis. It was
demonstrated that the synergetic effect among iodine vacancies, Agl/
V-BOI heterojunction and metallic Ag® should contribute to the en-
hanced photocatalytic activity towards TC degradation. A possible io-
dine vacancies assisted Z-scheme photocatalytic mechanism was pro-
posed for better understanding the intrinsic reaction procedures by
Ag@Agl/V;-BOI photocatalyst.

2. Materials and methods
2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3-5H50), potassium iodide
(KD), silver nitrate (AgNO3), ethylene glycol (EG) and tetracycline (TC)
were purchased from Sinopharm Chemical Reagent Co. Ltd (Shanghai,
China). All chemicals were from commercial sources and used without
any further purification. De-ionized water (18.25MQ cm specific re-
sistance) was used in all the experiments.

2.2. Preparation of V-BOI nanosheets

The defective BiOI nanosheets with iodine vacancies (Vi-BOI) were
synthesized by a facile EG-assisted hydrolysis method and further cal-
cination treatment. Typically, Bi(NO3)35H>O (2mmol) and KI
(2 mmol) were firstly dissolved into 50 mL of EG and 50 mL of de-io-
nized water under ultrasonic treatment, respectively. Then, Bi
(NO3)3'5H,0 solution was dropwise added into KI solution resulting in
brick-red precipitate and kept stirring at room temperature for 3 h. The
precipitate was separated via filtration, washed three times with de-
ionized water and ethanol, and dried at 60 °C for 12 h. Finally, the BiOI
nanosheets were heat treated at 340 °C for 2 h in air at a heating rate of
3°Cmin~" and cooled to room temperature naturally.

2.3. Preparation of Ag@AgI/V-BOI nanocomposite

The Ag@Agl/V;-BOI nanocomposite was prepared via an in situ ion-
exchange process and a photo-deposition route. Briefly, 0.30 g of V;-BOI
sample was firstly dispersed into 100 mL de-ionized water containing a
certain amount of AgNO3 under ultrasonic processing, and vigorously
stirred in dark for 12 h. Through the in situ ion-exchange process, Agl
nanoparticles formed on the surface of Vi-BOI nanosheets, while the
generated BiO™ ions dissolved in the solvent (V-BOI + Ag* — Agl |
+ BiO™) [45]. Next, the suspension was irradiated by a 300 W xenon
lamp equipped with a UV cutoff filter (A > 420 nm) for 30 min so that
the Ag™ species on the surface of Agl/V;-BOI were reduced to Ag®. Then
the resulting precipitate was filtered, washed with de-ionized water and
ethanol repeatedly, and dried at 60 °C overnight. The initial mass ratios
of AgNO3 to V-BOI were regulated 2%, 5%, 10% and 20% meanwhile
the corresponding products were denoted as 2%, 5%, 10% and 20%-
nanocomposite, respectively. For comparison, an Ag@AgI sample was
synthesized through direct precipitation of AgNO3; and KI aqueous so-
lution followed by visible light irradiation reduction for 30 min. Ad-
ditionally, a mechanically physically mixed Ag@AgI and V;-BOI sample
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(AgNO3/Vi-BOI mass ratio = 10%, denoted as Mix) was prepared.
2.4. Characterization

The crystal structures of the samples were determined by X-ray
diffraction (XRD, XRD-6100, Shimadzu) with Cu Ka radiation, oper-
ating at a 20 range from 10° to 80°. X-ray photoelectron spectroscopy
(XPS) was analyzed on a spectrometer (Escalab 250Xi, Thermo) using
an Al Ka X-ray source (1486.6 eV). The mass ratio of bismuth and io-
dine was measured on an X-ray fluorescence spectrometer (XRF, XRF-
1800, Shimadzu). The morphologies were observed by using a field-
emission scanning electron microscopy (FESEM, SU8010, Hitachi) with
energy-disperse X-ray spectroscopy (EDS). Transmission electron mi-
croscopy (TEM) and high resolution TEM (HRTEM) images were ac-
quired using a transmission electron microscope (TEM, Tecnai G2 F20,
FEI) at an accelerating voltage of 200 kV. The Brunauer-Emmett-Teller
(BET) specific surface areas were measured on a surface area analyzer
(Belsorp-minill, BEL) by nitrogen adsorption-desorption. The ultra-
violet visible diffused reflectance spectra (UV-vis DRS) were collected
on an UV-vis spectrophotometer (Cary 300, Varian) in the wavelength
range from 300 nm to 800 nm with BaSO,4 as the reference. The total
organic carbon (TOC) assays were conducted on Shimadzu TOC-VCPH
analyzer. The three-dimensional excitation-emission matrix fluores-
cence spectra (3D EEMs) and the photoluminescence (PL) spectra were
acquired on a fluorescence spectrophotometer (LS-55, PerkinElmer).
The electron spin response (ESR) signals of free radical were examined
on a spectrometer (JES-FA200, JEOL) under visible light irradiation
(A > 420 nm) using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as spin-
trapped reagent.

2.5. Photocatalytic activity tests

The photocatalytic activities of the nanocomposites were evaluated
by the degradation of TC under visible light irradiation (A > 420 nm).
Visible illumination was obtained by a 300 W Xe lamp (CEL-HXF300,
Ceaulight) equipped with a 420 nm cutoff filter. Typically, 30 mg of the
sample was dispersed into a 100 mL of 20 mg L~ ! TC aqueous solution.
Prior to irradiation, the suspensions were fiercely magnetically stirred
for 30 min in the dark to reach the adsorption—-desorption equilibrium.
Then, visible light irradiation was carried out. At given reaction time
intervals, 4 mL of the reaction suspensions were taken out and cen-
trifuged to remove the photocatalyst powder, and the concentration of
TC was monitored by an UV-vis spectrophotometer (UV-2700,
Shimadzu) through checking its characteristic absorbance at 357 nm.

The degradation efficiency (DE, %) was calculated by the following
equation:
= GG X 100%

Co (@]
where C, is the initial concentration of TC, and C; is the TC con-
centration at time t.

DE (%)

2.6. Degradation intermediates identification

The degradation intermediates of TC were identified by a LC-MS/
MS system (1290/6460 Triple Quad, Agilent) equipped with a Kromasil
C18 column (250 X 4.6 mm, 5um). The elution was performed via
0.1% (v/v) of formic acid aqueous solution (A) and acetonitrile (B) at a
flow rate of 0.2mLmin"!. The injection volume was 2pL, and the
column temperature was 30 °C. Linear gradient elution as follows: the
initial 90% A was reduced to 10% A over 10 min and kept 4 min. Then
the mobile phase A returned to 90% in 1 min and maintained 1 min. MS
was conducted in the positive ion mode using an electrospray ionization
(ESI) source under the following conditions: capillary voltage, 4.0 kV;
gas (N,) flow rate, 11 Lmin~}; gas temperature, 300 °C; nebulization
pressure, 15 psi. MS was scanned by mass range from 200 to 600 m/z.
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2.7. Photo-electrochemical measurements

The transient photocurrent response measurements were conducted
on a conventional three-electrode model on a CHI 760E workstation. A
Pt electrode and a saturated calomel electrode (SCE) were used as
counter electrode and reference electrode, respectively. 0.2 M Na,SO4
was used as electrolyte and a 300 W Xe lamp equipped with a 420 nm
cutoff filter was utilized to provide visible light. The working electrode
was fabricated through coating photocatalyst on a fluorine-doped tin
oxide (FTO) glass. Briefly, 10 mg of the photocatalyst was dispersed
into 100 pL of 25% polyvinyl alcohol (PVA) solution to get slurry. After
1h of ultrasonication, the slurry was dropped onto a 1 cm? effective
working area of the 1 cm X 2 cm FTO glass which has been cleaned by
acetone, ethanol and de-ionized water, respectively. The electro-
chemical impedance spectroscopy (EIS) was tested based on the above
workstation and three-electrode system under a 5mV amplitude of al-
ternating voltage in the frequency range of 10°-10~ ! Hz.

3. Result and discussion
3.1. Characterization of the obtained samples

Fig. 1 shows the XRD patterns of BiOI, V;-BOI, 10% Ag@Agl/V;-BOI
and Ag@Agl, respectively. For the pure BiOI and Ag@AgI, character-
istic diffraction peaks can be easily indexed to the BiOI of tetragonal
phase (JCPDS NO. 10-0445) and the AglI of hexagonal phase (JCPDS
NO. 09-0374), respectively. Compared to pristine BiOl, the diffraction
peak (1 02) of Vi-BOI shifts slightly to the lower diffraction angle and
other peaks ((1 0 3) and (1 1 4)) nearly disappear. It is mainly attributed
to the volatilization of iodine element on calcination treatment re-
sulting in the excess bismuth and oxygen in the [Bi,0,]*" lattice, which
can bring about expansion and distortion for BiOI crystal structure
[34,35]. Moreover, when Ag@AgI was involved in the V;-BOI, a distinct
change in XRD pattern was observed. It is noted that diffraction peaks
of Agl ((100), (002), (110) and (11 2)) exist in the pattern of 10%
Ag@Agl/V-BOL. The diffraction peak (102) of 10% Ag@Agl/V;-BOI
has a little expansion compared with V;-BOI due to the iodine element
on Agl is derived from V;-BOI via in situ ion-exchange process [44].
Notably, there is no obvious diffraction peaks of Ag® emerged in the
patterns because of high dispersity and low content of Ag® [46]. From
XRD analysis, it is found that 10% Ag@Agl/V;-BOI nanocomposite was
successfully fabricated. And no other peaks originated from impurities
appear, indicating good crystalline of the photocatalysts.

a Agl
Ag@Agl

Fo—3
110)
112)

e 3
>
>

10% Ag@AgI/Vi-BOI

Intensity (a.u.)

<(200)

BiOI (¥)

i JCPDS NO.10-0445

60 70 80

2 Theta (degree)

Fig. 1. XRD patterns of pure BiOl, V;-BOI, Ag@AgI and 10% Ag@Agl/V;-BOI
samples.
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The surface chemical compositions and chemical states of surface
elements for BiOI, V;-BOI and 10% Ag@AgI/V-BOI were analyzed by
XPS. As displayed in Fig. 2a, three elements of Bi, O and I can be easily
found in the survey XPS spectra of the BiOI and V;-BOI while four
elements of Bi, O, [ and Ag can be detected in the 10% Ag@Agl/V-BOI,
which are in coincidence with their chemical compositions. Meanwhile,
the high-resolution XPS spectra of Bi 4f, O 1s, I 3d and Ag 3d are shown
in Fig. 2b-e, respectively. As presented in Fig. 2b, the two peaks of BiOI
situated at 159.08 eV and 164.28 eV belong to Bi 4f;,, and Bi 4fs,,
indicating that Bi exists as Bi®* in the BiOI [47]. The binding energy of
Bi 4f in V1-BOI and 10% Ag@Agl/Vi-BOI upward shift slightly com-
pared with BiOL This is because that O atoms replace some I atoms and
the formation of Agl consumes a part of I atoms, which can increase the
interaction between Bi®* and 0%~ [34,48]. Fig. 2c illustrates the high-
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resolution spectra of O 1s, the binding energy of O 1s for BiOI, V;-BOI
and 10% Ag@Agl/V;-BOI gradually raise due to the enhanced interac-
tion between Bi®* and O?. Moreover, the expansion of the peaks is
mainly ascribed to the chemisorbed oxygen and the surface hydroxyl
groups [47]. As for I 3d (Fig. 2d), the peaks of BiOI at 619.48 eV and
630.88 eV are assigned to I 3ds,, and I 3ds,», respectively [29]. In
comparison to BiOl, the binding energy of I 3d in V;-BOI decrease
slightly, which is in accordance with the results published in previous
papers [35]. After involving Ag@AgI, the bind energy of I 3d for 10%
Ag@Agl/V;-BOI marginally increase, implying that I~ of V-BOI and
10% Ag@Agl/V;-BOI are in different ambient chemical environment. In
Fig. 2e, the Ag 3ds,, and Ag 3ds,, peaks of 10% Ag@Agl/V-BOI are
deconvoluted into four characteristic peaks, where 368.34 and
368.68 eV refer to Ag 3ds,» and the other two peaks (374.36 and

13d Vi-BOI

10% Ag@Agl/Vi-BOI

BiOl

T ¥ ] " L
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Binding Energy (¢V)
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Fig. 2. XPS spectra of the BiOI, V;-BOI and 10% Ag@Agl/V;-BOI samples: (a) total survey, (b) Bi 4f, (c) O 1s, (d) I 3d, and (e) Ag 3d.
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374.78 eV) are attributed to Ag 3ds,», respectively. The two new peaks
located at 368.68 and 374.78 eV are assigned to Ag° species [46]. In
addition, XRF was utilized to measure the mass ratios of Bi and I in the
samples [33]. As exhibited in Table S1, the atomic ratio of Bi/I in-
creased from 1.06 for BiOI to 1.38 for Vi-BOI, indicating that some
iodine atoms were escape and iodine vacancies were formed during
calcination treatment. Therefore, the XPS and XRF results clearly de-
monstrate the presence of iodine vacancies and the successful pre-
paration of Ag@Agl/V-BOI heterostructures.

The morphology and microstructure of BiOI, V;-BOI, and 10%
Ag@Agl/V-BOI were characterized by FESEM and the corresponding
images are displayed in Figs. S1 and 3a and b. As depicted in Fig. S1,
the BiOI and V-BOI all present as 3D hierarchical structure which is
assembled with nanosheets. As for the 10% Ag@Agl/V;-BOI (Fig. 3a
and b), its surface expresses some difference compared with that of the
Vi-BOL From Fig. 3b, it can be observed that the Ag@AgI nanoparticles
are tightly attached to the V;-BOI nanosheets, demonstrating Ag@AgI is
successfully introduced to V-BOI. Additionally, the SEM-EDS elemental
mapping of 10% Ag@AgI/V;-BOI shows the distribution status of the
component elements. All four elements (Bi, O, I and Ag) are uniformly
distributed throughout the whole nanocomposite as illustrated in Fig.
S2.

Further detailed information about the morphology and micro-
structure of 10% Ag@Agl/V-BOI was obtained by utilizing TEM and
HRTEM technique and the images are depicted in Fig. 3c and d. The
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TEM image (Fig. 3c) distinctly reveals that the Ag@AgI nanoparticles
are uniformly distributed in the V;-BOI, which is in accordance with the
results presented in the SEM image. Moreover, the HRTEM image
shown in Fig. 3d illustrates that three different lattice fringes of 0.283,
0.229 and 0.232nm are observed in the photocatalysts. The fringe in-
terval of 0.283 nm is in line with the interplanar spacing of (1 1 0) plane
for tetragonal phase BiOI, while the fringe intervals of 0.229 and
0.232 nm are ascribed to the (1 1 0) plane of hexagonal phase Agl and
(111) plane of face-centered cubic Ag, respectively [28,46,49]. The
TEM and HRTEM images indicate the intimate attachments of Ag@AgI
nanoparticles on Vi-BOI nanosheets.

Meanwhile, Fig. S3 exhibits the nitrogen adsorption—desorption
isotherms of the BiOI, V;-BOI and 10% Ag@Agl/Vi-BOI samples. All the
isotherms belong to the classical type IV, implying the existence of
mesopores [50]. The BET specific surface area (Sggr) and pore volume
of the three samples are listed in Table S2. As collected in Table S2, the
Sger were measured to be 10.93, 11.34 and 11.41 m? g_1 for BiOI, V;-
BOI and 10% Ag@Agl/V;-BOI, while the pore volume of them were
calculated to be 0.034, 0.070 and 0.081 cm® g™, respectively. Overall,
the Sper and pore volume of BiOI, Vi-BOI and 10% Ag@Agl/V{-BOI
increase in turn, which would adsorb more active species and reactants
and provide more reaction sites for photocatalysis.

Fig. 3. (a and b) FESEM, (c) TEM, and (d) HRTEM images of 10% Ag@Agl/V;-BOL
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3.2. Photocatalytic performance

The photocatalytic performance of Ag@Agl/V;-BOI nanocomposite
was assessed through the degradation of TC. Fig. 4a depicts a diagram
of TC removal efficiency on photocatalysts with different components.
Obviously, all the samples can adsorb TC to some degree in the dark-
ness. As shown in Fig. S4, the adsorption capacity of BiOIl, V;-BOI and
10% Ag@Agl/Vi-BOI increased in turn due to the increased Spgr and
pore volume. Therefore, more active species and reactants can be ad-
sorbed and more reaction sites can be provided for photocatalysis. With
the prolongation of irradiation time, the concentration of TC gradually
reduced for the all samples. The degradation efficiency was only
29.26% for pure BiOI within 60 min visible light irradiation, while
60.86% of TC was degraded by V;-BOI under the same condition. After
coupling with appropriate amount of Ag@AgI, the TC degradation ef-
ficiency was improved significantly and 10% Ag@Agl/V;-BOI presented
the highest degradation efficiency of 86.40%. The time-dependent
UV-vis spectra of TC on 10% Ag@Agl/V;-BOl is displayed in Fig. 4b. As
exhibited in Fig. 4b, the absorbance of TC decreased with the increase
of reaction time. This prominent enhancement is due to the synergistic
effect among iodine vacancies, Agl/V;-BOI heterojunction and Z-
scheme bridge metallic Ag®, which can accelerate separation and slow
recombination of the photo-generated electron-hole pairs and thus
greatly promote the photocatalytic activity. In contrast, the single
Ag@AgI can merely degrade 66.59% of TC. Notably, the photocatalytic
activity of physically mixed Ag@AgI and V;-BOI was much inferior than
that of the 10% Ag@Agl/V-BOI nanocomposite, suggesting that the
Ag@AgI and V-BOI on 10% Ag@Agl/V;-BOI have formed interface
chemical contact intimately. Furthermore, the plots of —In(C,/Cp)
versus irradiation time (t) are discovered to be linear correlation as
shown in Fig. 4c, indicating that the reaction follows a pseudo-first-
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Fig. 5. The total organic carbon (TOC) removal efficiencies of the BiOI, V;-BOI
and 10% Ag@Agl/V;-BOL

order model. The apparent rate constants (k) are evaluated by the fol-
lowing equation and are illustrated in Fig. 4d [46]:

ln(g) = —kt

Co (2)
where Cy and C, is the concentration of TC at time 0 and t, respectively.
It can be clearly observed that the k value of 10% Ag@Agl/V;-BOI

(0.0317 min~ 1) is largest from Fig. 4d, which is about 7.2 times and 2.3
times as that of BiOI (0.0044min~!) and V;-BOI (0.014 min~ 1Y),
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degradation; and (d) apparent rate constants for the degradation of TC.
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respectively. Moreover, the removal efficiency of total organic carbon
(TOC) was investigated to evaluate the mineralization ability of the
photocatalysts. As illustrated in Fig. 5, the TOC removal efficiencies for
the pristine BiOI, V;-BOI and 10% Ag@AgI/V-BOI were 12.37%,
31.35% and 47.78%, respectively. The results mentioned above de-
monstrate that the 10% Ag@AgI/V;-BOI nanocomposite not only pos-
sessed the best photocatalytic performance for the TC degradation but it
also had excellent mineralization ability, and the enhanced photo-
catalytic activity can be ascribed to the synergetic effect among iodine
vacancies, Agl/Vi-BOI heterojunction and Z-scheme bridge metallic
Ag®. Besides, in order to optimize reaction conditions in the practical
applications, various conditions such as photocatalyst dosages, initial
TC concentrations, presence of inorganic anions and light irradiation
conditions for the impact of the TC degradation performances were
investigated, as shown in Fig. 6.

3.2.1. The impact of photocatalyst dosages

In practical applications, the control of photocatalyst dosage is ne-
cessary as it can directly influence the cost and photocatalytic perfor-
mance. As depicted in Fig. 6a, the TC was hardly degraded without the
proposed photocatalyst, indicating the photolysis of TC is negligible
under visible light irradiation. The degradation efficiencies of TC sig-
nificantly increased from 66.35% to 86.40% along with the dosages of
10% Ag@Agl/V-BOI photocatalyst increased from 0.10gL™' to
0.30 gL~ '. However, as the photocatalyst amount further increased,
the TC degradation efficiency gradually decreased. The phenomenon is
because the photons are a constant on a certain period of time when the
visible light irradiation is stable. Hence there is an optimal amount of
photocatalyst which can make the maximum use of photo energy [51].
When the photocatalyst dosage is less than the optimal amount, the
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photons utilization rate is insufficient and thus results in the low TC
degradation efficiency. With the increase of photocatalyst dosage more
than the optimal amount, the photocatalytic activity is inhibited be-
cause of the increased turbidity and decreased transmissivity of solu-
tion. Thus, the photocatalyst dosage of 0.30 gL.~! is chosen as the op-
timal dosage for the experiments.

3.2.2. The impact of initial TC concentrations

Actually, the concentration of TC varies extensively in the natural
environment. It is essential to discuss the impact of initial TC con-
centration on the photocatalytic performance of the photocatalyst.
Fig. 6b displays the degradation efficiency of TC for 10% Ag@AgI/V;-
BOI nanocomposite on different initial concentrations of TC. Obviously,
it can be seen that the initial TC concentration had a distinct influence
on the photocatalytic degradation reaction, and the removal efficiencies
of TC declined from 86.40% to 47.12% when the initial TC con-
centrations increased from 20mgL~" to 60 mgL ™!, respectively. This
is due to the depressed light penetration and accumulated inter-
mediates. Specifically, the increase of initial TC concentration restrains
the penetration of light to aqueous solution, resulting in the reduction
of available photons. Besides, the increased intermediates of TC ag-
gravate the adsorption competition between TC molecules and inter-
mediates and lead to the inhibition of TC degradation [50]. Herein, the
initial TC concentration of 20mgL~" is picked out for the investiga-
tions.

3.2.3. The impact of inorganic anions

Various inorganic anions in actual water bodies affect the treatment
of pollutants. To investigate the influence of inorganic anions for the TC
degradation by 10% Ag@Agl/V;-BOI photocatalyst, the sodium salts of
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Fig. 6. The impact of (a) photocatalyst dosages, (b) initial TC concentrations, (c¢) inorganic anions, and (d) light irradiation conditions on the TC photocatalytic

degradation efficiency in the presence of 10% Ag@Agl/V;-BOL
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Cl™, S04%~, NO3 ™~ at a concentration of 0.05 M were adopted because
Na™ exhibit an inapparent influence for the photocatalytic degradation
of TC [28]. As depicted in Fig. 6¢, the presence of Cl~ restrained the TC
degradation slightly, but the change was negligible. A slightly stronger
inhibition can be found within the NO3;~, which can be ascribed to the
fact that the NO3;~ can occupy the active sites of 10% Ag@AgI/V-BOI

. "n
me - CH
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photocatalyst, leading to a decline of photocatalytic activity for TC
degradation [38]. As for SO4>7, it can significantly reduce the TC
photocatalytic degradation efficiency due to the following reasons. On
one hand it inhibits the adsorption of TC molecules on the surface of
photocatalyst, on the other it can act as quenchers of h* and -OH.
Therefore, moderate pretreatment of wastewater is essential for TC
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removal with 10% Ag@Agl/Vi-BOI photocatalyst.

3.2.4. The impact of light irradiation conditions

To clarify the impact of light irradiation for the TC degradation
efficiency, control experiments were performed by employing a 300 W
Xe lamp equipped with or without an optical filter. Fig. 6d shows the
degradation efficiency of TC on 10% Ag@Agl/V-BOI photocatalyst
under different irradiation conditions. In the darkness, there was no
obvious removal of TC when the suspensions reached the ad-
sorption-desorption equilibrium. But when the 10% Ag@Agl/V;-BOI
photocatalyst was exposed to visible light (A > 420 nm), 86.40% of TC
was degraded on 60 min irradiation. Additionally, a higher TC de-
gradation efficiency can be acquired under full spectrum condition
(A > 350nm) compared with the degradation under visible light ir-
radiation, which can reach to 91.66%. The results are attributed to the
enhanced photons energy which are rooted in the short wavelength
light source [39]. Thus, the 10% Ag@Agl/V-BOI photocatalyst has
great potentials in practical wastewater treatment since the widely
wavelength range of the solar light.

3.3. Possible degradation pathway of TC

The possible degradation pathway of TC was proposed for dee-
pening the understanding of the TC photocatalytic degradation process.
The degradation intermediates of TC in the presence of 10% Ag@Agl/
V1-BOI photocatalyst were identified by LC-MS/MS. The MS spectra and
proposed molecular structure of all products (after 60 min of degrada-
tion) are displayed in Fig. S5. According to the detected intermediate
products and the related reports, three possible degradation pathways
of TC were proposed and illustrated in Scheme 1. Pathway I is mainly
the hydroxylation process. First TC was transformed to TC 1 and TC 2
via hydroxylation and multiple hydroxylation reactions, which has
been reported in Deng’s study [52]. Subsequently, one methyl of the
amino group on TC 1 and TC 2 were attacked by -OH, leading to the
formation of compound TC 3 and TC 4, respectively [53]. Besides, TC 2
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can change to TC 5 by losing an H,O molecule. Pathway II mainly in-
cludes the detachments of N-methyl and amino group. This route was
through the loss of one N-methyl (TC 6) followed by the degradation of
TC 6 to TC 7, TC 8 or TC 9 via loss of another N-methyl, H,O molecule
or amino group, respectively [54]. And the TC 9 can further transform
to TC 10 via dehydration reaction. Pathway III is successive fragmen-
tation induced by reactive species. The generation of TC 11 was at-
tributed to the deamidation reaction of TC, while the loss of dimethy-
lamino group on TC 11 formed TC 12. Then the TC 12 was fragmented
into TC 13 via dehydroxylation, opening of benzene rings, deethylation
and addition reaction. Finally, the TC 13 was changed to TC 14 and TC
15 via deacetylation and oxidation reaction. And similar degradation
pathway was proposed in previous investigation by Zhu et al. [55].
Additionally, 3D EEMs can also explain the TC degradation pathway
to a certain extent. As revealed in Fig. 7a and b, no apparent changes of
fluorescence signals can be seen between the initial TC solution and the
solution obtained after 30 min of dark adsorption, implying that TC
molecules are hardly degraded or transformed to other products during
the adsorption process. When the solution was irradiated by visible
light for 10min, one fluorescence peak located at Ao/
Aem = (340-350 nm)/(500-510 nm) appeared (Fig. 7c), which was as-
cribed to the generation of humic acid-like organic matters [56]. With
the irradiation time was prolonged to 20 and 40 min, the peak was blue-
shifted to Aex/Aem = (335-345nm)/(495-505nm), and another new
peak emerged in the fulvic acids-like fluorescence region of Ao,/
Aem = (305-315nm)/(420-430 nm) [56], as shown in Fig. 7d and e.
According to previous reports, a blue shift is related to the break-up of
large molecules into smaller fragments and decomposition of condensed
aromatic moieties, such as a reduction in the number of aromatic rings
and a decrease in the degree of the n-electron system [57]. After 60 min
of reaction, the intensity of the peaks was weakened (Fig. 7f), which
might be ascribed to a part of intermediates be degraded and evolved to
CO, and H,0. These results are consistent with the proposed TC de-

gradation pathway.
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3.4. Mechanism of enhanced photocatalytic activity

The optical properties play an important role in assessing the pho-
tocatalytic abilities for photocatalysts. The UV-vis DRS of BiOI, V{-BOI,
Ag@Agl and Ag@Agl/V-BOI are presented in Fig. 8a. It can be ob-
served that the absorption edge of V;-BOI (661 nm) is blue-shifted in
comparison to BiOI (682 nm) because the I atoms were replaced by O
atoms in their structures. For Ag@Ag], its absorption edge is 446 nm,
and the enhancement of visible light absorption at 570 nm is owing to
the surface plasmon resonance (SPR) effect of Ago nanoparticles [58].
In contrast to the spectrum of Ag@AgI, the spectrum of Ag@AgI/V;-BOI
presents a broad absorption band between 400 nm and 650 nm that
almost contain entire visible light range, ensuring the response of
photocatalysts under visible light irradiation.

Moreover, the band gap energy (E;) of the pure V-BOI is calculated
from UV-vis DRS taking the following formula and is exhibited in the
inset of Fig. 8a [59]:

ahv = A(hv—Ep)"/? 3)

where a, h, v, A, and E, are the absorption index, Planck constant, light
frequency, a proportionality constant and band gap energy, respec-
tively. Additionally, n relies on the characteristics of the optical tran-
sition process in a semiconductor. For Vi-BOI, the value of n is 4 for the
indirect transition [34]. Thus, the E; of V-BOI is estimated to be
1.76 eV from the plot of (ahv)'/? versus (hv) in the inset of Fig. 8a.
Photoluminescence (PL) emission is considered to be an effective
technique for studying the generation, separation, migration and re-
combination of charge carriers in photocatalysts. Generally, a lower PL
intensity indicates a higher photo-excited electron-hole pairs separation
efficiency [59]. Fig. 8b reveals the differences on PL spectra of BiOI, V-
BOI and 10% Ag@AgI/V-BOI under an excitation wavelength of
400 nm. Obviously, the V-BOI shows reduced PL intensity in
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comparison with the pristine BiOI, which signifies that the iodine va-
cancies result in the inhibition of photo-induced electron-hole pairs
recombination. This phenomenon is supported by the result given in
previous report that the iodine vacancies can act as traps for photo-
generated holes and promote the separation of charge carriers conse-
quently [34,35]. Besides, the 10% Ag@AgI/V;-BOI presents the lowest
PL intensity, suggesting that it owns the highest separation efficiency of
photo-induced charge carriers among the prepared photocatalysts.

To further investigate the charge migration and recombination
properties, the transient photocurrent responses and EIS analysis were
employed. As shown in Fig. 8c, the photocurrent of 10% Ag@AgI/V;-
BOI is much higher than that of BiOl, V;-BOI and Ag@AgI under visible
light irradiation, indicating that the 10% Ag@Agl/V;-BOI has the fastest
separation rate of photo-excited charges. This can be owing to the sy-
nergic effect between iodine vacancies, Agl/V;-BOI heterojunction and
Z-scheme bridge metallic Ag®, which greatly promotes the photo-gen-
erated electron-hole pairs separation, inhibits the charges recombina-
tion and prolongs the charge carriers lifetime, and thus improving the
photocurrent density [41]. Besides, the EIS analysis obtained a similar
result. Fig. 8d illustrates the EIS changes of BiOI, V;-BOI, Ag@AgI and
10% Ag@Agl/V;-BOL. It is obvious that the relative size of arc is in the
order of BiOI > V-BOI > Ag@Agl > 10% Ag@Agl/V-BOI, which
reveals that the 10% Ag@Agl/Vi-BOI expresses a more efficient charge
separation and electron transfer ability. Therefore, the photocurrent
and EIS results all explicitly prove the excellent photo-electrochemical
properties of 10% Ag@Agl/V-BOI nanocomposite.

The photocatalytic decomposition of organic contaminants usually
happens through the oxidation by h*, -OH and -0, radicals [60,61].
In order to determine the active species generated during the photo-
catalytic degradation process of TC on 10% Ag@AgI/Vi-BOI photo-
catalyst under visible light irradiation, free radicals trapping experi-
ment was performed via adding quenchers. Herein, sodium oxalate
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Fig. 8. (a) UV-vis DRS, (b) PL spectra, (c) transient photocurrent responses, and (d) EIS Nyquist plots of the samples.
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(NayC,04, 10 mM), isopropanol (IPA, 10 mM) and 4-hydroxy-2,2,6,6-
tetramethylpiperidinyloxy (TEMPOL, 10 mM) were used as quenchers
of photo-generated h™, -OH and -0, ", respectively [62]. As shown in
Fig. 9a, the TC degradation was greatly inhibited by adding TEMPOL
and Na,C,04, and weakly suppressed after the addition of IPA. It is
suggested that the h™ and -0, ~ play a dominated role in photocatalytic
degradation of TC for 10% Ag@Agl/V;-BOI photocatalyst, while the -
OH plays a secondary role. The active species were further confirmed
by ESR signals analysis. Fig. 9b shows the ESR signals of -O,~ trapped
by DMPO in the presence of 10% Ag@Agl/V-BOI photocatalyst. Ob-
viously, there were no signals in dark, but intensive characteristic sig-
nals were detected under visible light irradiation. Similarly, as ex-
hibited in Fig. 9¢c, the characteristic signals of -OH can be ignored in
dark while also can be found under visible light irradiation. The ESR
results demonstrate that the -O,~ and -OH is generated during the
photocatalytic degradation process, which are in coincidence with the
free radicals trapping experiments.

To explain the mechanism of enhanced photocatalytic activity, the
valence band (VB) and conduction band (CB) potentials of V;-BOI and
Agl should be initially confirmed. For V{-BOI, the potential of VB (Eyg)
is estimated to be 2.44 eV through VB-XPS in Fig. S6, and the potential
of CB (Ecp) is calculated to be 0.68 eV by the following formula [52]:
Ecp = Evp—E, @
where Ej is evaluated to be 1.76 eV from the above investigation. As for
Agl, on the basis of our previous reports [46,49], the Eyg, Ecg and E, are
confirmed to be 2.35, —0.42 and 2.77 eV, respectively. Based on the
experimental data and theoretical analysis above mentioned, a Z-
scheme mechanism for the TC photocatalytic degradation over
Ag@Agl/V-BOI nanocomposite is proposed, and illustrated in Scheme
2. It can be observed that both the V;-BOI and Agl can be excited to
generate electrons and holes under visible light irradiation. According
to conventional p-n heterojunction, the photo-excited electrons on the
VB of Agl would migrate to the VB of Vi-BOI and the photo-excited
holes on the CB of V;-BOI would transfer to the CB of Agl [63]. But, the
electrons on the CB of V}-BOI cannot react with O, to generate -O,~ as
the CB potential of V;-BOI (0.68 eV vs NHE) is more positive than the
reduction potential of O5/-0,~ (—0.33 eV vs NHE) and the holes on
the VB of Agl cannot react with OH™ to form -OH because the VB
potential of Agl (2.35eV vs NHE) is more negative than the oxidation
potential of OH™ /-OH (2.40 eV vs NHE) [64]. However, the -OH and -
O,~ radicals are confirmed to be produced and participated in this
photocatalytic degradation process from the radicals trapping experi-
ment and ESR analysis. Besides, the iodine vacancies can act as traps for
holes and the metallic Ag® can serve as mediators for electrons transfer
[35,41], so the Z-scheme mechanism is more reasonable to explain the
enhanced photocatalytic activity. In this Z-scheme photocatalytic
system, the photo-generated holes on the VB of Vi-BOI are firstly
trapped by iodine vacancies and then migrate to the surface of Vi-BOI,
which significantly accelerate the transportation of photo-generated
holes and restrain the recombination of photo-induced electron-hole
pairs over Vi-BOL The holes can directly react with TC, or react with
H,0 to form -OH and degrade TC subsequently owing to the VB po-
tential of Vi-BOI (2.44 eV vs NHE) being more positive than the oxi-
dation potential of OH™ /-OH (2.40 eV vs NHE). Moreover, the elec-
trons on the CB of V;-BOI easily flow into Ag and transfer to the VB of
Agl, recombining with the remainder holes on the VB of Agl. It is faster
than the recombination rate of holes and electrons for Agl itself, which
greatly promote the separation of the charges over Agl. Meanwhile, the
photo-excited electrons in the CB of Agl can react with dissolved O, to
produce ‘O, for TC degradation due to its negative CB potential
(—0.42 eV vs NHE). Therefore, the photocatalytic activity of Ag@Agl/
V1-BOI is improved remarkably.
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3.5. Recyclability and stability

To explore the recyclability and stability of the 10% Ag@AgI/V;-BOI
photocatalyst for the photocatalytic degradation of TC, the 10%
Ag@Agl/V-BOI powders were reused four times under the same
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Scheme 2. The proposed mechanism for the enhancement of photocatalytic activity.

reaction conditions and the results are presented in Fig. 10a. After four
cycles, the 10% Ag@Agl/V;-BOI sample still holds an excellent photo-
catalytic activity for the degradation of TC and the photocatalytic de-
gradation efficiency is 81.17%, only decreases 5.23%. The HRTEM
image (Fig. 10b), XRD pattern (Fig. 10c) and UV-vis DRS (Fig. 10d) of
the used photocatalyst (four times) indicate that its structure, phase and
optical properties keep unchanged after the photocatalytic reactions for
four times. Therefore, the 10% Ag@Agl/V;-BOI photocatalyst possesses
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an excellent recyclability and stability for the photocatalytic degrada-
tion of TC under visible light irradiation, which have great potential in
future practical applications.

4. Conclusions

In summary, a novel Z-scheme heterojunction photocatalyst of
Ag@Agl/defective BiOI (Ag@Agl/V;-BOI) was developed and applied

(b)

—— Before reaction
—— After reaction

(d)

Absorbance (a.u.)

400 50 G0 700 800
Wavelength (nm)

Fig. 10. (a) Cycling runs for photocatalytic degradation of TC in the presence of 10% Ag@Agl/V-BOI; (b) HRTEM image of the used 10% Ag@Agl/V;-BOI; (c) XRD
patterns and (d) UV-vis DRS of the 10% Ag@Agl/V;-BOI before and after the photocatalytic degradation process.
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to TC elimination. The fabricated 10% Ag@Agl/Vi-BOI photocatalyst
possessed the optimum photocatalytic efficiency for the degradation of
TC under visible light irradiation (A > 420 nm), which was better than
that of BiOI, V;-BOI and Ag@AgI. Three possible decomposition path-
ways of the degradation process were proposed based on the LC/MS-MS
and 3D EEMs results. Active species trapping experiments and ESR
signals revealed that -O,~, h™ and -OH were the active species in-
volved in TC photocatalytic degradation process. It is worth pointing
out that the synergetic effect among iodine vacancies, Agl/V;-BOI het-
erojunction and metallic Ag® should contribute to the improved pho-
tocatalytic performance towards TC removal because the iodine va-
cancies can act as traps for holes and the metallic Ag® can serve as
mediators for electrons transfer. This work highlights the indispensable
role of iodine vacancies and Z-scheme heterojunction in the enhance-
ment of photocatalytic performance and provides a new insight to the
design of novel photocatalysts for practical wastewater treatment.
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