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In this study, a novel Ag/BizO4Cl photocatalyst has been synthesized by a facile photodeposition process. Its
photocatalytic performance was evaluated from the degradation of tetracycline (TC) under visible light
irradiation (1 > 420 nm). The 1.0 wt% Ag/BizO4Cl photocatalyst could significantly enhance the
degradation of TC compared with pure BizO4Cl, with the degradation level reaching 94.2% in 120
minutes. The enhancement of photocatalytic activity could be attributed to the synergetic effect of the
photogenerated electrons (e™) of BizO4Cl and the surface plasmon resonance (SPR) caused by Ag
nanoparticles, which could improve the absorption capacity of visible light and facilitate the separation of
photogenerated electron—hole pairs. In addition, electron spin resonance (ESR) analysis and trapping

Received 7th September 2018 . ) ) o ) . +
Accepted 17th October 2018 experiments demonstrated that the superoxide radicals (*O7), hydroxyl radicals ("OH) and holes (h")
played crucial roles in the photocatalytic process of TC degradation. The present work provides
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1. Introduction

Antibiotics, as one of the most significant medicines, have been
immoderately applied in our lives in agriculture, medicine and
planting, and are frequently detected in a wide range of envi-
ronmental samples, including treated wastewater and even
drinking water."* Furthermore, the very low concentration of
antibiotic solutions might lead to the appearance of drug resis-
tance among pathogenic microbes, and even generate multiple-
resistances in human beings. The abuse of tetracycline (TC) is
particularly serious.>® Moreover, the elimination of TC cannot be
achieved by the natural environment itself or by sewage treat-
ment plants.” Therefore, exploring an effective method for
eliminating TC from sewage has become an exigency. Recently,
several approaches have been explored for the removal of TC
from our environment, such as electrochemistry, precipitation,
adsorption and photocatalysis. Among these, photocatalysis has
been proven to be a promising environmentally-friendly tech-
nology for removing TC from the sewage because it can take
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environmental pollution, energy issues and other related areas.

advantage of green and sustainable solar energy, it is non-
poisonous, and photocatalysts can have stable properties. So
far, research into the degradation of TC by TiO,,"* CdS," SrTiO;
(ref. 13) and Ag,O (ref. 14) photocatalysts has been instigated by
several researchers. However, the practical applications of these
materials are limited due to the rapid recombination rates of the
electron-hole pairs, poor stability, and the low use efficiency of
solar energy. Therefore, it is imperative to overcome the above
shortcomings and explore novel photocatalysts which offer high
degradation efficiencies for TC under visible light irradiation.
Nowadays, bismuth oxyhalides (BiOX, X = Cl, Br, and I) as
a class of layered semiconductor materials have become prev-
alent as photocatalysts on account of their unique and excellent
electrical properties, suitable energy band positions and high-
efficiency photocatalytic activities.”>*® In particular, BizO,Cl
has a layered Sillén-Aurivillius-related oxide structure consist-
ing of [Biz0,] layers sandwiched between two slabs of [CI] ions
in an extraordinarily open crystalline structure.'*** On account
of the distinctive crystalline structure, there is a self-built
internal static electric field to facilitate the separation and
transportation of photogenerated electrons and holes to
improve the photocatalytic performance.”* However, unfortu-
nately, the use of Bi;O,Cl is constrained by its weak visible light
absorption and low rate of charge transfer when applied in
practice. Therefore, it is important to improve the photo-
catalytic performance of the single Biz;O,Cl photocatalyst.
Recently, noble metals such as Au, Pt and Ag have captured
considerable attention due to their splendid conductivity and

This journal is © The Royal Society of Chemistry 2018
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capacity for trapping electrons. In particular, Ag is fairly cheap
and exhibits intense local electromagnetic fields caused by
surface plasmon resonance (SPR), which can expedite the
separation of electron-hole pairs within a semiconductor and
improve the absorption of visible light.>** In recent years, Luo's
team has reported that the Ag/Bi;TaO;, plasmonic photocatalyst
exhibited a more excellent photocatalytic performance than
pure BizTaO, for the degradation of TC under visible light,
which was due to the SPR which facilitated the efficient sepa-
ration of photogenerated electron-hole pairs and enhanced the
absorption of visible light.*® To date, however, there has been no
work reported on the synthesis of an Ag/Bi;O,Cl photocatalyst
for the efficient degradation of TC under visible light.

In this work, Ag/Bi;O,Cl photocatalysts were synthesized by
a facile photodeposition process with different contents of
silver nitrate. The photocatalytic activities of the Ag/Bi;O,Cl
photocatalysts were measured by the degradation of TC under
visible light irradiation. Among these samples, the 1.0 wt% Ag/
Bi;O0,Cl photocatalyst showed outstanding photocatalytic
activity. Moreover, the separation and migration of photo-
generated charge carriers were evaluated by photocurrent and
electrochemical impedance spectroscopy (EIS) analysis.
Furthermore, active species trapping experiments and the
electron spin resonance (ESR) technique were used to analyze
the possible mechanism for the enhanced photocatalytic
process.

2. Experimental

2.1. Materials

Bi(NOs);-5H,0, NH,Cl, AgNO;, disodium ethylene-diamine
tetraacetate (EDTA-2Na), tertiary butanol (TBA), ascorbic acid
(VC), ethanol, and ethanediol were purchased from Aladdin
(Shanghai, China). They were of analytical grade and were used
as received from the commercial supplier without further
purification.

2.2. Preparation of photocatalysts

Bi;0,Cl nanosheets were prepared by the following hydro-
thermal method based on the literature report.”® Bi(NO3)3 - 5H,0
(1 mmol) (=98%, Aldrich) was dispersed in 10 mL ethanediol
with vigorous sustained magnetic stirring at 2000 rpm for
30 min. Subsequently, 25 mL NH,CI (0.34 mmol) solution was
added and a white slurry formed immediately. Thereafter, the
resultant mixture was transferred into a 50 mL Teflon-lined
stainless-steel autoclave with high-temperature resistance and
maintained at 160 °C for 12 h. A white precipitate formed after
the entire system cooled naturally to room temperature. The
product was collected centrifugally and washed three times with
deionized water and absolute ethanol. Then the obtained
product was dried at 60 °C in the oven overnight. Finally, the
yellow product was formed after the white precipitate was
transferred into porcelain boats and annealed at 550 °C for 5 h
in a muffle furnace at a heating rate of 5 °C min™".

The Ag/Bi;0,Cl photocatalysts were prepared by the method
of photodeposition. In a typical reaction, 0.5 g Bi;O,Cl powder
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was dispersed in 1 mg mL " AgNOj; solution (volume deter-
mined from the required proportion of Ag). The suspension was
stirred for 30 min, and then exposed to a 250 W xenon lamp for
1 h, as shown in Fig. 1. Thereafter, the as-prepared Ag/Bi;0,Cl
samples were obtained by centrifugation. In order to eliminate
the adsorbed silver ions (Ag'), the eventual products were
washed three times with deionized water. Finally, the as-
prepared samples were dried in the oven at 60 °C overnight.
The proportions of Ag were 0, 0.5 wt%, 1.0 wt%, 3.0 wt% and
5.0% (weight percent).

2.3. Characterizations

The X-ray diffraction (XRD) patterns of the as-prepared samples
were obtained by using a Rigaku D/MAX-2500 diffractometer (Cu
Ko, radiation, A = 0.1542 nm) with a scanning speed of 5° min "
in the 260 range of 10-80°. The energy dispersive X-ray spectros-
copy (EDX) images were collected with an accelerating voltage of
200 kV (SEM, Hitachi) with a F20 S-TWIN electron microscope
(Tecnai G2, FEI Co.). The transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images were collected
using a F20 S-TWIN electron microscope, operated at 200 kv
(Tecnai G2, FEI Co.) to obtain the chemical states of the photo-
catalysts. UV-vis diffuse reflectance spectroscopy (DRS) of the
photocatalysts was performed using a UV-vis spectrophotometer
(UV-2450, Shimadzu, Japan). The electron spin resonance (ESR)
spectra were detected by using a Bruker EPR A 300-10/12 spec-
trometer to measure the activated species. Photocurrents were
obtained and electrochemical impedance spectroscopy (ELS) was
conducted using a CHI 760D electrochemical workstation.

2.4. Photocatalytic activity tests

The photocatalytic activities of the as-prepared samples were
estimated by monitoring the degradation of TC under visible
light irradiation. The light source was a 250 W xenon lamp with
a 420 nm cutoff filter. In a typical photocatalytic experiment,
50 mg of sample was dispersed in an aqueous solution of
100 mL TC (10 mg L") in a photochemical reactor. Prior to the
bright irradiation, the suspension was stirred in the dark for
30 min to achieve an adsorption-desorption equilibrium
between the photocatalyst and TC. During the photocatalytic
reaction, 5 mL samples of the suspension were removed at
20 min intervals and centrifuged to obtain the supernatants.
The concentration of TC in each solution was measured by UV-
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Fig. 1 Synthesis process for the Ag/BizO4Cl photocatalyst.
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vis spectroscopy using the absorbance at the characteristic band
of 357 nm. The efficiency of degradation was calculated by using
C/Cy, in which C is the concentration of the reactants at
a certain irradiation time and C, is the original concentration.

2.5. Kinetic study of TC decomposition

To further comprehend the degradation process, the photo-
catalytic degradation kinetics were researched using the Lang-
muir-Hinshelwood (L-H) model which can be calculated by the
following equation:*-°

In(Co/C) = kappt

in which C,, C and k are the adsorption equilibrium concentra-
tion, TC concentration at a certain irradiation time (¢), and the
apparent reaction rate constant (inverse minutes), respectively.

2.6. Photoelectrochemical measurements

Photocurrent and EIS tests were carried out using a CHI 760D
electrochemical workstation in a standard three-electrode
configuration with an as-prepared sample as the working elec-
trode, a Pt plate as the counter electrode and an Ag/AgCl elec-
trode as the reference electrode. The electrolyte was
a 0.5 mol L™ Na,SO, aqueous solution. Each working electrode
was prepared as follows: 0.03 mL oleic acid, 0.01 g polyvinyl
pyrrolidone (PVP) and 0.03 g sample were dispersed in 3 mL
ethanol with stirring for 30 min to make a slurry. The mixture
was then spin coated onto a 15 mm x 20 mm indium-tin oxide
(ITO) coated glass, and the working electrode was heated in
a drying oven at 60 °C for 2 h. A 300 W xenon lamp served as the
visible light source (A > 420 nm).

2.7. Active species trapping experiments

Radical scavengers were employed in order to identify the active
species during the photocatalytic process of TC degradation
under visible light irradiation. Ascorbic acid (VC) was used to
capture "O*" radicals, isopropyl alcohol (IPA) was used for "“OH
radicals and disodium ethylene-diamine tetraacetate (EDTA-
2Na) was used for h'.** The concentrations of scavengers
were all 1 mM, and the experiments followed the process
described for the photocatalytic activity test. Furthermore, ESR
technology was used to search for the existence of *0*>~ and "OH
radicals in the photocatalytic reaction system under visible light
irradiation (A > 420 nm). Samples for ESR measurement were
prepared as follows: 10.0 mg sample was dissolved in 0.5 mL
methanol, and 45 pL. DMPO was added with ultrasonic disper-
sion for 5 min to form DMPO - ‘0*7; 0.5 mL deionized water
was used in place of methanol to form DMPO - "OH.***

3. Results and discussion

3.1. Structure and composition

The crystalline structures of the as-prepared samples were
revealed by the X-ray diffraction (XRD) analysis. Fig. 2a shows
the XRD patterns of the as-prepared pure Biz;O,Cl nanosheets
and the Ag/Bi;0,Cl photocatalysts with different contents of Ag
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Fig. 2 (a) XRD patterns of BizO4Cl and Ag/BizO4Cl samples. (b) EDX
spectrum of the 1 wt% Ag/BizO4Cl photocatalyst.

(0.5 wt%, 1.0 wt%, 3.0 wt%, 5.0 wt%). For all samples, the
characteristic peaks could be indexed to the monoclinic phase
of Bi;0,Cl (JCPDF No. 36-0760).>° Peaks of the Ag phase were not
detected which is probably due to the quite low contents of Ag.
In addition, the elemental composition of the Ag/Bi;O,Cl pho-
tocatalyst (1 wt%) was detected by EDX. As shown in Fig. 2b, the
elements of Bi, Cl, O and Ag were found in the Ag/Bi;O,Cl
photocatalyst, indicating that the Ag nanoparticles had been
deposited on the surface of the Bi;O,Cl nanosheets. Further-
more, the EDX showed that for the 1 wt% Ag/Bi;0,Cl photo-
catalyst, the atomic ratio of Bi : O : Cl was very close to 3:4:1
and the mass percent of Ag nanoparticles approached 1%.
Obviously, the above results confirmed that the tested amounts
were similar to the calculated values.

3.2. Microstructure analyses

To further affirm the successful deposition of the Ag nano-
particles on the Biz0,Cl nanosheets, the morphologies and
microstructures of the Biz;O,Cl nanosheets and 1 wt% Ag/
Bi;0,Cl photocatalyst were characterized by SEM, TEM and
HRTEM analysis. As shown in Fig. 3a and b, the SEM and TEM
images of the pure BizO,Cl nanosheets exhibited sheet-like
structures with clean and smooth surfaces. In contrast, the
TEM images (Fig. 3c and d) of the 1 wt% Ag/Biz;0,Cl photo-
catalyst clearly showed nanoparticles with diameters of
approximately 50 nm on the surface of the sample which

Biz04Cl

Ag

Fig. 3 (a) SEM and (b) TEM images of pure BizO4Cl nanosheets. (c and
d) TEM, (e) HRTEM and (f) SAED images of the 1 wt% Ag/BizO4Cl
photocatalyst. (g) HAADF-STEM image of the 1 wt% Ag/BizO4Cl
photocatalyst.
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illustrated that the Ag nanoparticles had been successfully
deposited on the surface of the Bi;O,Cl nanosheets. Meanwhile,
the HRTEM image of the 1 wt% Ag/Bi;O,Cl photocatalyst in
Fig. 3e showed a lattice-fringe spacing of 0.36 nm (d = 0.36 nm)
which corresponded to the (211) plane of the Bi;0,Cl nano-
sheets, and a spacing of d = 0.233 nm which matched well with
the (111) plane of Ag nanoparticles. Additionally, Fig. 3f, which
shows the SAED graphics with the typical dot patterns, indi-
cated that the Bi;O,Cl nanosheets were composed of mono-
crystalline nanoparticles.** Furthermore, the high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) patterns in Fig. 3g demonstrated that Bi, O, Cl,
and Ag elements were distributed throughout the whole mate-
rial, in accordance with the EDX analysis.

3.3. XPS analyses

To further research the surface composition and chemical
oxidation state of the Ag/Bi;O,Cl photocatalyst, X-ray photo-
electron spectroscopy (XPS) was conducted and the results are
shown in Fig. 4a. It is worth noting that the XPS survey spectrum
of the Ag/Bi;O,Cl photocatalyst displayed all the elements of Bi,
O, Cl and Ag, which was in keeping with the EDX and HAADF-
STEM results. Fig. 4b exhibits the Ag 3d spectrum; two charac-
teristic peaks at 367.18 eV and 373.18 eV, with a 6 eV spin-orbit
splitting value, suggested that the Ag species was present in the
Ag/Biz;0,4Cl photocatalyst system.>”"* In addition, Fig. 4c (O 1s
spectrum) shows that two different oxygen species presented on
the surface of the as-prepared sample; the binding energy at
530.48 eV was due to the Bi-O bond and the peak at 529.1 eV
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Fig. 4 XPS spectra of the 1.0 wt% Ag/BizO4Cl photocatalyst: (a) survey
spectrum, and (b) Ag 3d, (c) O 1s, (d) Cl 2p, and (e) Bi 4f spectra.
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was on account of the surface hydroxyl groups (Bi-O-H) in the
samples. It was notable that the CI 2p XPS spectrum in Fig. 4d
displayed two peaks at 197.13 eV and 199.03 eV, which corre-
sponded to the 2p;/, and 2p,,, orbitals of Cl™, respectively. As
shown in Fig. 4e, Bi 4f peaks at 163.58 eV and 158.28 eV were
ascribed to Bi 4fs;, and Bi 4f;,, which were assigned to Bi*" in
the samples. The results suggested that the samples possessed
Ag, Bi**, CI” and O>  states coexisting in the Ag/Bi;0,Cl
microcosmic architecture.**

3.4. UV-vis absorption spectra

The light absorption and energy band features of the as-
prepared samples were examined by UV-vis diffuse reflectance
spectroscopy (DRS). It was remarkable that the color of the as-
prepared samples transformed from yellow to brown with
increasing content of deposited Ag (Fig. 5a). Compared to pure
Bi;0,Cl nanosheets, the as-prepared Ag/Bi;O,Cl photocatalysts
showed an enhancement of photoabsorption in the visible light
region owing to the SPR effect of the Ag nanoparticles.*> In
particular, the 1 wt% Ag/Biz;O,Cl photocatalyst displayed an
excellent visible light absorption intensity, which implied that it
more easily produced photogenerated charge carries which
should improve its photocatalytic performance. Based on the
absorption spectra, curves of converted (ahv)" versus hv were
plotted and the equation ahv = A(hv — E,)"* was used to
calculate the band gap energies (E,), where a, i, v, A and E, are
the absorption coefficient, Planck constant, light frequency,
proportionality constant and the band gap, respectively.*
Importantly, the type of optical transitions of a semiconductor
determines the value of n (n = 1 for indirect transitions and n =
4 for direct transitions), and, the value of n for Bi;0,Cl has been
reported as 1 in previous literature reports.>*® As shown in
Fig. 5b, it was obvious that the energy gap varied from 2.78 eV to
2.6 eV. The band gap of the Biz;O,Cl nanosheets showed a few
changes after they were loaded with Ag nanoparticles, which
might be because the metallic clusters introduced localized
energy levels into the Bi;0,Cl band gap,** moreover, this change
was one of the most important reasons for the enhanced
degradation efficiency.

3.5. Photocatalytic tests

The photocatalytic activities of the as-prepared samples were
measured by TC degradation under visible light illumination. It
was found that TC in aqueous solution hardly degraded without
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Fig. 5 (a) UV-vis DRS of the as-prepared samples. (b) Plots of (ahv)*/2

versus hv for pure BizO4Cl nanosheets and the 1.0 wt% Ag/BizO4Cl
photocatalyst.
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the catalysts under visible light irradiation (Fig. 6a), so the
blank experiment of the direct photolysis of TC showed
a negligible effect. Compared to that of bare Biz;O,Cl nano-
sheets, the degradation efficiency was significantly enhanced
after the deposition of Ag nanoparticles. Fig. 6a shows that the
photocatalytic degradation efficiencies of TC were 61.5%,
70.3%, 94.2%, 75.2% and 73.8% for the bare Biz;O,Cl nano-
sheets, 0.5 wt% Ag/Biz04Cl, 1.0 wt% Ag/Biz0,Cl, 3.0 wt% Ag/
Bi;0,Cl and 5.0 wt% Ag/BizO,Cl, respectively. As shown in
Fig. 6b, it was obvious that the optimal level of Ag deposition
was 1.0% which gave the best degradation rate of 94.2%.
Superfluous Ag nanoparticles might enshroud the surface of the
samples and prevent the absorption of light leading to
a reduction in the number of photogenerated electrons and
holes in the Biz;O,Cl nanosheets; the nanoparticles might also
take up a greater proportion of the active sites on the surface of
the BizO,Cl nanosheets to reduce the surface adsorption capa-
bility of Bi;O,Cl for the TC molecules and reduce the photo-
catalytic activity. Notably, Fig. 6c shows that all the
photodegradation data could be fitted well to the Langmuir-
Hinshelwood model, which is associated with the pseudo-first-
order kinetic correlation (In(C/Cy) = kappt). As shown in Fig. 6d,
the values of the reaction rate constants (k,pp) of blank, pure
Bi;0,Cl nanosheets, 0.5 wt% Ag/Biz0,Cl, 1.0 wt% Ag/Bi;0,Cl,
3.0 wt% Ag/Biz0,Cl and 5.0 wt% Ag/Bi;0,Cl nanocomposites
were calculated to be 0.0000495, 0.00759, 0.00986, 0.0232,
0.0113 and 0.0108 min™", respectively. The rate constant of
1.0 wt% Ag/Bi;0,Cl was up to 3.05-fold greater than that of the
bare Bi;O,Cl nanosheets.

3.6. Photocurrents and EIS analysis

The efficient separation of photogenerated electron-hole pairs
could be demonstrated by the photocurrents which further
illustrated the reason for the high photocatalytic activity of the
photocatalysts. As shown in Fig. 7a, the intensity and stability of

94,206

(b)100%

80% — 75.2% 73806

61.1%
g 60%

isappearance

Gﬂ.ﬁ N N
N
0.4 |—=—Blank e

—e— BLOKCI 40%

<
e 0.5W% Ag/BROICT o
0.2 Fee 10Wt% A/BLOICT =
30W% AgBLOKCT 20% 1" g 406
0.0 f=—+—5.0W% Ag/BLOICI
0 20 40 60 80 100 120 0% - o
¢ (min) Blank Bi,0,Cl Ag/Bi,0,C1
(L] - s (d)0-03
25l ¢ BuO@
T4 05wt Ag/BOSCI 0.02
[ v 10w Ag/BLOKCI
gl.ﬂ 3.0wt% Ag/BxO4Cl
Cisl > SoweeagBOCl g"m
= 104 g 0.01
g
05 0.01
0.0 -
0.00
0 20 40 60 80 100 120
£ (min) Blank Bi;O,Cl  Ag/Bi;O,Cl
Fig. 6 (a) Photocatalytic degradation of TC with the as-prepared

samples under visible light irradiation. (b) The levels of TC disappear-
ance in the presence of the as-prepared samples. (c) Pseudo-first-
order kinetic plots for the TC photodegradation with pure BizO4Cl
nanosheets and Ag/BizO4Cl photocatalysts. (d) Reaction rate
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the photocurrent responses were enhanced when the as-
prepared samples were used as electrodes under visible light
illumination. Compared to the pure Bi;O,Cl nanosheets, the
1.0 wt% Ag/Bi;0,Cl photocatalyst displayed the highest photo-
current response, which illustrated that the introduction of the
Ag nanoparticles efficiently enhanced the separation of photo-
generated electron-hole pairs. Furthermore, the EIS electro-
chemical method effectively testified to the electron-transfer
efficiency on the electrodes.**™® As is well-known, a smaller
circular radius indicates a higher mobility and separation of
photogenerated electron-hole pairs. It could be observed from
the Nyquist plots (Fig. 7b) that 1.0 wt% Ag/Biz;O,Cl nano-
composites exhibited a smaller radius than any other sample,
which suggested that the 1.0 wt% Ag/Bi;0,Cl photocatalyst had
a resistance that was lower than those of the others and that it
exhibited an excellent efficiency of charge transfer due to the
modification with Ag nanoparticles.

3.7. Photocatalytic mechanism research

In order to confirm the main active substances responsible for
TC degradation, free radical trapping experiments were imple-
mented by adding various scavengers into the TC solution with
the 1.0 wt% Ag/Bi;O,Cl photocatalyst. Scavengers of 1 mM
ascorbic acid (VC), isopropyl alcohol (IPA) and disodium
ethylene-diamine tetraacetate (EDTA-2Na) were used to capture
'0*7, "OH, and h, respectively. The photocatalytic efficiency of
TC was affected by the addition of VC, IPA and EDTA-2Na
(Fig. 8a and b). Therefore, ‘0°>", "OH and h* all played a vital
role during the photocatalytic degradation of TC in the Ag/
Bi;0,Cl photocatalyst system under visible light irradiation.
To further demonstrate the above conclusion, the ESR
technique was used for detecting the presence of '0*~ radicals
and "OH radicals in the as-prepared Ag/Biz;O,Cl photocatalyst
reaction system. It can be clearly seen in Fig. 8c and d that four
intense characteristic peaks for DMPO-"O>~ adducts were
observed (1:1:1:1 quartet pattern) under visible light irra-
diation, as well as signals for DMPO-'OH radicals (1:2:2:1
quartet pattern);** the other four intense peaks are due to the
oxidation of DMPO. Therefore, based on the above experimental
results, ‘O®~ radicals and "OH radicals were identified as active
oxidation species during the photodegradation process.
Photostability and recyclability are crucial factors in the
practical application of a photocatalyst. The photostability and
recyclability of the 1.0 wt% Ag/Bi;O,Cl photocatalyst were
assessed by recycling the catalyst in consecutive photocatalytic

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 (a and b) Active species trapping experiments for TC degra-

dation over the 1.0 wt% Ag/BizO4Cl photocatalyst in the presence of
different scavengers under visible light irradiation. ESR spectra of (c)
DMPO-"0," in a methanol dispersion and (d) DMPO-"OH in an
aqueous dispersion.

TC degradation experiments under visible light irradiation. As
shown in Fig. 9a, there were no distinct changes in the photo-
catalytic degradation of TC over the 1.0 wt% Ag/Biz;O,Cl pho-
tocatalyst over five consecutive cycling experiments, which
demonstrated the high photostability and recyclability of the as-
prepared sample. Moreover, there was no obvious difference
between the XRD pattern of the photocatalyst prior to any
degradation experiments and that after five consecutive cycles
(Fig. 9b), which further illustrated the splendid photostability
and recyclability of the as-prepared nanocomposite.

In order to explain the charge separation process of the as-
prepared photocatalyst, the valence band (VB) edge position
and the conduction band (CB) edge position of Bi;0,Cl were
calculated by using the following empirical formulas:*

Ecp = x — E° —0.5E, 1)
EVB = ECB + E‘r (2)

in which Eyp and Ecg are the VB and CB edge potentials,
respectively; and x, E° and E, are the absolute electronegativity
of the semiconductor (6.08 eV), the energy of free electrons on

-
=
~
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n L L L n n
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Fig. 9 (a) The TC degradation efficiency of the 1.0 wt% Ag/BizO4Cl
photocatalyst under visible light irradiation over five cycles. (b) XRD
patterns of the 1.0 wt% Ag/BizO4Cl photocatalyst before and after five
cycles of photocatalytic degradation.
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the hydrogen scale (about 4.5 eV) and the band gap energy of the
semiconductor (2.78 eV), respectively.?® Therefore, the Ecg and
Eyp of Bi;O,Cl nanosheets were calculated to be 0.19 eV and
2.97 eV. Notably, the VB potential of the Bi;O,Cl nanosheets was
more positive than the redox potential of OH /"OH (1.99 eV vs.
NHE) and H,0/"OH (2.7 eV vs. NHE),* therefore the H,0 and
OH~ were oxidized by h* into ‘OH which played an oxidizing
role in the TC degradation process.

Based on the aforementioned discussion and the experi-
mental results, a possible mechanism for the degradation of TC
by the Ag/Bi;0,Cl photocatalyst was proposed and is shown in
Fig. 10. When the Ag/Bi;0,Cl photocatalyst is exposed to visible
light, the electrons (e™) in the VB of the Bi;0,Cl nanosheets can
be excited to the CB, leaving holes (h') in the VB of the Biz0,Cl
nanosheets. The photogenerated holes remain in the VB of
Bi;0,Cl nanosheets to directly oxidize OH™ or H,O to form ‘OH
active species. However, the super-oxygen radical ("O, ") cannot
be generated because the VB of the Bi;O,Cl nanosheets is more
positive than the O,/°0,” potential (—0.046 eV vs. NHE).”®
Therefore, the existence of Ag nanoparticles is extraordinarily
significant because the absorbance of the metallic Ag nano-
particles leads to the generation of abundant electron-hole
pairs, as shown in Fig. 10. The photogenerated electrons (e™) of
Bi;0,Cl are transferred to the Ag nanoparticles and recombine
with the plasmon-generated holes of the metallic Ag nano-
particles because the CB edge potential of Bi;0,Cl (0.19 eV vs.
NHE) is more negative than the Fermi level of Ag (0.4 eV vs.
NHE).*® Subsequently, electrons (e”) on the Ag nanoparticles
can be captured by O, in water to generate "O®~ radicals which
are vigorous oxidants that can oxidize TC to its degradation
products. Throughout the above analysis, the antibiotic is
gradually damaged by the Ag/Bi;0,Cl photocatalyst; the degra-
dation and charge carrier transfer processes can be described as
follows:

Bi304Cl + hv — Biz04Cl (h*) + Bi304Cl (¢7) (3)
H,O - H" + OH™ (4)
h* + OH™ — 'OH (5)
e +Ag > Ag(e) (6)

Potential (eV)

4 TC ) Il,:/()ll Degraded products

Degraded products
Ag/Bi;0,Cl photocatalyst Inner electromagnetic field

Fig. 10 The possible photocatalytic mechanism of the Ag/BizO4Cl
photocatalyst in the degradation of TC under visible light irradiation.
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0, +Ag(e) — "0O* +Ag 7)

‘0%~ ("OH or h") + TC — degradation products (8)

4. Conclusions

In summary, a novel Ag/Bi;O,Cl photocatalyst was successfully
synthesized by a simple photodeposition process. The as-
prepared Ag/Bi;O,Cl photocatalyst displayed significantly
higher photocatalytic efficiency than bare Bi;O,Cl nanosheets
for the degradation of TC under visible light irradiation. Among
the photocatalyst specimens, the 1.0 wt% Ag/Biz;O0,Cl sample
showed the optimal photocatalytic activity, reaching 94.2%
degradation of TC in 120 min under visible light irradiation.
The rate constant of the 1.0 wt% Ag/Bi;0,Cl sample was 3.05-
fold higher than that of the bare Bi;O,Cl nanosheets. The
enhanced photocatalytic activity for the Ag/Bi;O,Cl photo-
catalyst could be due to the SPR absorbance of the metallic Ag
nanoparticles. This work provides a new approach for synthe-
sizing novel Ag/Biz;O,Cl photocatalysts and studying the
possible mechanism of TC degradation.
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