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This paper describes the excellent photocatalytic and photoelectrochemical
performance of Ag@AgCl/TiOy nanotubes (Ag@AgCl/TNTs) that were suc-
cessfully prepared by a simple multistep reaction route. Using AgNOg3 as Ag
source and HCI as Cl source, AgCl was loaded onto synthetic TNTs by a
coprecipitation method, and some of the Ag* on the nanotubes was reduced to
Ag® by a photoreduction method. The crystal structure, morphology, and
properties of the materials were characterized by x-ray diffraction (XRD)
analysis, transmission electron microscopy (TEM), Brunauer—-Emmett-Teller
(BET) measurements, x-ray photoelectron spectroscopy (XPS), ultraviolet—
visible (UV-Vis) spectrophotometry, and photoluminescence (PL) techniques.
The effects of using different ratios of Ag@AgCl on the photocatalytic perfor-
mance of the composites were investigated via degradation of o-nitrobenzoic
acid (o-NBA). The results showed that the optimum doping ratio of Ag@AgCl
was 40%, and the removal rate of 0-NBA by 40%Ag@AgCl/TNTs (40%AC/T)
was 3.68 and 5.76 times higher compared with TNTs under visible light,
respectively. When Ag@AgCl was loaded on TiO5 nanotubes, the mechanism of
activity enhancement of the prepared material can be regarded as the surface
plasmon resonance (SPR) effect of Ag®, which enhanced the response of the
material to visible light, effectively achieving separation of photogenerated
electrons and holes.
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INTRODUCTION

Photocatalytic oxidation has been demonstrated
to be prominently superior for decomposition of
pollutants that are toxic and difficult to treat using
general biochemical methods.! Titanium dioxide
(TiOy), as one of the semiconductor materials with
photocatalytic properties, had attracted widespread
attention from researchers due to its advantages
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such as a suitable energy band potential, nontoxic
and harmless nature, low cost, ready availability,
good photoelectric conversion efficiency, and chem-
ical stability.>* However, titanium oxide can only
be activated by light in the ultraviolet region, which
accounts for only 3% to 5% of solar energy. In
addition, photogenerated electrons and holes with
slow transfer rates result in a low quantum effi-
ciency for TiO,. Compared with particles, titanium
dioxide nanocrystalline spheres, titanium dioxide
nanorods, and titanium dioxide nanotubes (TNTs)
have a larger specific surface area and more active
sites. Nevertheless, the use of titanium oxide with
different morphologies as photocatalysts suffers
from disadvantages such as low utilization of visible
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light and high photogenerated electron—hole recom-
bination rate.’ To improve the photocatalytic activ-
ity of these materials under visible light, many
studies have been carried out on titanium oxide
with different morphologies.*® Among them, Ag
nanoparticles exhibit strong absorption of visible
light due to the surface plasmon resonance (SPR)
effect,” while Ag@AgCl catalyst is also highly effi-
cient and stable under light. The heterojunction
formed between Ag@AgCl and titanium oxide shows
higher removal efficiency for organic materials.'* W
et al.'! successfully prepared Ag@AgCl plasmonic
photocatalyst via a hydrothermal-deposition—pho-
toreduction method, and the removal efficiency of
RhB reached 80.6% under irradiation for 2 h using
this catalyst. In addition, the combination of Ag
nanoparticles and AgCl improves the separation of
photogenerated electrons and holes.'? Recently, Ag/
AgCl-modified titanium oxide (TiOs) hollow
spheres,!! titanium oxide nanorods,'®'* and tita-
nium oxide nanoparticles’® have been reported to
show improved visible-light catalytic activity.

In this paper, we report that TiO, nanotubes
decorated with Ag@AgCl show enhanced respon-
siveness to visible light. Ag@AgCl/TNTs composites
were prepared by coprecipitation and photoreduc-
tion. First, AgCl was loaded onto TiOg nanotubes by
a coprecipitation method, then Ag/AgCl/TNTs com-
posite nanomaterials were prepared by photoreduc-
tion to reduce Ag* to Ag’. o-Nitrobenzoic acid (o-
NBA) was used as target pollutant, the photocat-
alytic activity of the composites was evaluated, and
the effect of the amount of Ag@AgCl doping on the
visible-light photocatalytic performance of the com-
posites was investigated. Furthermore, the mecha-
nism responsible for enhancing the visible-light
catalytic activity was explored by free-radical trap-
ping experiments and PL characterization.

EXPERIMENTAL PROCEDURES
Materials

Titanium oxide (P25) was purchased from
Degussa. All chemicals and reagents were of ana-
Iytical grade and used without further purification.
Deionized (DI) water was prepared using a labora-
tory ultrapure water purifier.

Preparation of Photocatalysts
Preparation of TNTs

TiO5 nanotubes were synthesized by a hydrother-
mal method.'® Typically, 0.4 g TiO, was added to
10 mol/L NaOH solution (40 mL) and stirred con-
tinually for 30 min, then ultrasonically for 30 min.
After mixing evenly, the solution was transferred to
a 50-mL Teflon-lined stainless-steel autoclave and
was treated at 150°C for 12 h. When the reaction
was complete, the product was washed to neutral
with DI water then immersed in 0.1 mol/LL HCI for
24 h and washed to neutral with DI water. The

precipitate was filtered and then dried in an oven at
80°C. Finally, the resulting white sample was
calcined for 120 min at 400°C in air to obtain TNTs.

Preparation of Ag@AgCl-Modified TiOs Nanotubes
(Ag@AgCl/TNTs)

Ag@AgCl nanoparticles were decorated on the
prepared TNTs by continuous precipitation—pho-
toreduction reaction. First, 0.1 g TNTs were dis-
persed in 40 mL water and subjected to ultrasound
for 30 min. Then, a certain volume of AgNO;
solution (0.1 M) was dropped into the solution under
magnetic stirring, and stirring was continued for
another 15 min. Subsequently, the same volume of
HCI solution (0.1 M) was transferred to the above
solution and stirred for 15 min. Finally, the mixture
solution was exposed to a 300-W metal-halide lamp
for 20 min to obtain Ag@AgCl/TNTs (X%AC/T for
short). Samples containing AgNO; solution at dif-
ferent doses are denoted as 30%AC/T, 40%AC/T,
and 50%AC/T, respectively. For comparison, a sam-
ple was prepared from P25 as raw material, being
denoted as X%AC/P.

Characterization

The crystal structure of the as-obtained nanocom-
posites was characterized by powder x-ray diffrac-
tion (XRD) analysis (Rigaku D/max 2500VL/PC)
using Cu K, (1 = 1.5406 A) radiation. The morphol-
ogy and microstructure of the prepared products
were observed by scanning electron microscopy
(SEM, JSM-5610LV) and high-resolution transmis-
sion electron microscopy (HRTEM, JEOL JEM-
2100). The specific surface area (Sgrt) was analyzed
by Ny gas adsorption—desorption isotherm (ASAP-
2000 Micromeritics Co., USA). The XPS spectrum
(Thermo Fisher Ecsalab 250xi) was used to study
the structure and components of each composite.
The absorption spectrum of each photocatalyst was
recorded in the wavelength range from 800 nm to
200 nm using an ultraviolet—visible (UV-Vis) spec-
trophotometer (Cary 5000) with BaSO, as reflec-
tance standard to determine the bandgap
Photoluminescence (PL) measurements were car-
ried out on a LS-50B fluorescence spectrophotome-
ter at room temperature with an excitation
wavelength of 280 nm.

Photocatalytic Experiments

The photocatalytic activity of the prepared com-
posites was investigated by removing o-NBA from
aqueous solution under visible light. Sunlight was
simulated using a 350-W xenon lamp with a 400-nm
cutoff filter to block ultraviolet light and leave
visible light. An XPA-7 photochemical reactor (Nan-
jing Xujiang Electromechanical Plant, Nanjing,
China) was employed for photodegradation experi-
ments. Typically, 50 mg catalyst was added to
50 mL 50 mg/L 0-NBA solution. Prior to diffraction
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analysis, the above mixed solution was stirred in the
dark for 30 min to achieve adsorption—desorption
equilibrium between the catalyst and organic pol-
lutant. In each experiment, about 5 mL suspension
was taken out at regular intervals and centrifuged
for 10 min. The relative concentration of o-NBA in
solution was determined by high-performance liquid
chromatography (HPLC). Firstly, the collected solu-
tion was filtered through a Millipore filter
(0.45 um), then the concentration of each sample
was measured by HPLC. The degradation efficiency
(D) after each experiment was calculated according
to the formula

Co—C,
Co

where C, is the concentration of the pollutant at a
certain sampling time ¢, and C, is the initial
concentration of the pollutant. The mobile phase
was water—methanol (35:65, v/v) with 1% acetic acid
at a flow rate of 1 mL/min. A C-18 column
(4.6 mm x 150 mm, 5 ym) was used at a tempera-
ture of 30°C. The sample volumes for injection were
all 20 uL, and the detection wavelength was
267 nm.

D:

x 100%, (1)

Photoelectrochemical Experiments

Photoelectrochemical experiments were carried
out using a CHIG60E electrochemical workstation
(Shanghai, CH Instruments, China) with a stan-
dard three-electrode cell. Indium tin oxide (ITO,
lcm x 2cm) glass plates were ultrasonically
cleaned in acetone, alcohol, and DI water for
30 min, respectively. A suspension of the prepared
sample (20 uL of 5 mg mL~!) was obtained by
ultrasonication in 0.1 wt.% chitosan solution (1
wt.% acetic acid) for 30 min, then dropped onto an
ITO substrate to form the working electrode. A 350-
W xenon lamp, Pt foil, and Ag/AgCl electrode (3 M)
were used as the light source, and auxiliary and
reference electrodes in the photoelectrochemical
experiments, respectively. The photocurrent
response curves of the different materials were
studied at 0.1 M mol/L. phosphate buffer solution
(pH 7.4). The open-circuit potential (OCP) was
measured in 0.1 M NaSO, solution. Electrochemical
impedance spectroscopy (EIS) and cyclic voltamme-
try (CV) were performed in Fe(CN)3 /Fe(CN)&~
(5 mM) containing KCI solution (0.1 M). The elec-
tron lifetime was evaluated by plotting the Bode
phase obtained by EIS under visible light.

RESULTS AND DISCUSSION
XRD Analysis

The XRD patterns of the as-obtained Ag@AgCl,
TNTs, and composites are shown in Fig. 1. The pure
TNTs had anatase phase structure without other

diffraction peaks.'” The five peaks characteristic of
Ag@AgCl at 27.93°, 32.36°, 46.35°, 54.92°, and 57.5°
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in Joint Committee on Powder Diffraction Stan-
dards (JCPDS) card no. 31-1238 were assigned to
(111), (200), (220), (311), and (222) crystal planes of
cubic AgCl, respectively. A weak peak was observed
at 20 = 38.13°, corresponding perfectly to (111)
planes of Ag in JCPDS card no. 04-0783.'® The
characteristic diffraction peaks of pure TNTs and
pure Ag@AgCl were observed in the XRD patterns
of the 40%AC/T and 40%AC/P catalysts, confirming
successful preparation of the composites. The XRD
patterns of the composites with different doping
ratios are shown in Fig. 1b. With increasing
Ag@AgCl doping amount, the diffraction peak of
AgCl became more prominent, but the diffraction
peak of Ag remained basically unchanged, probably
due to the low content of Ag nanoparticles or low
crystallinity.

TEM Analysis

The detailed microstructure of the prepared
materials was clearly observed by TEM. The TEM
image in Fig. 2a shows Ag@AgCl with irregular and
near-spherical shape and average size of about
10 nm. As seen in Fig. 2b, TiO, nanotubes formed
by curling were scattered randomly together, hav-
ing an average size of 70 nm. Figure 2c¢ reveals
particulate matter on the TiOy nanotubes, indicat-
ing successful deposition of Ag@AgCl on their
surface. These results indicate the formation of a
heterojunction between the TNTs and Ag@AgCl
nanoparticles, in agreement with the XRD results
described above.

BET Analysis

Figure 3 showed the adsorption isotherms and
pore size distribution of the TNTs and 40%AC/T.
The results in Fig. 3a, b demonstrate that the
adsorption—desorption isotherms of TNTs and
40%AC/T were of type IV, while the hysteresis loog
in the curves indicates mesoporous structure.®
Compared with the TNTSs, the adsorption capacity
of 40%AC/T was distinctly reduced while the hys-
teresis loop was significantly increased, which is
related to the blockage of pores on the nanotubes by
Ag@AgCl nanoparticles. As seen from Fig. 3¢, d, the
pore sizes of TNTs and 40%AC/T were mainly
distributed around 30 nm and 15 nm, respectively.
In addition to a narrow pore size distribution, the
composite had fewer pores of the same size. The
specific surface area and pore size parameters of
TNTs and 40%AC/T were calculated according to
the relevant formulae, and the results are shown in
Fig. 3c, d. The specific surface area and pore volume
parameters of 40%AC/T were reduced to some
extent, which can be attributed to the fact that
Ag@AgCl nanoparticles occupy part of the pores of
the TNTs.
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Fig. 1. XRD patterns of (a) ingredients and (b) composites with Ag@ AgCl different doping ratios.
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Fig. 2. TEM images

of (a) Ag@AgClI, (b) TNTs, and (c) 40%AC/T.
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XPS Analysis

The XPS spectrum was measured to verify the
chemical composition and states of the TNTs and
40%AC/T samples. The experimental results are
shown in Fig. 4a, where the survey spectrum indi-
cates that both TNTs and 40%AC/T samples con-
tained Ti, O, and C elements, while the 40%AC/T
sample also contained Ag and Cl elements. As
shown in Fig. 4b, two peaks divided into 368.0 eV/
368.9 eV and 374.0 eV/374.8 eV were observed for
40%AC/T, being assigned to Ag 3ds and Ag 3dszs.
The peaks at 367.03 eV and 373.08 eV correspond to
Ag*, while the peaks at 366.68 eV and 372.53 eV
indicate the presence of metallic Ag.'® As seen in
Fig. 4c, the Cl 2p peaks appearing at 197.33 eV and
198.85 eV were ascribed to Cl 2ps, and Cl 2pqs,
demonstrating that Cl was present as Cl™ ions on
the surface of the sample.%’ These results prove that
Ag and AgCl were successfully modified on the
surface of the TNTs. Figure 4d compares the Ti 2p
XPS results obtained from the surface of the TNTs
and 40%AC/T samples, where the binding energies
of about 458.87 eV and 464.2 eV can be respectively
attributed to the Ti 2ps3s and Ti 2py2 photoelectron
peaks of Ti** in TNTs. An additional peak at
458.4 eV suggests incorporation of C in the local
Ti—O bond structure.?! By comparison, the charac-
teristic Ti 2p XPS peaks showed a slight shift to
lower binding energy after the chemical reduction,
which can be attributed to electron transfer from
the conduction band to oxygen vacancy state. The
results also showed that after loadin§ stable Ti**
remained in the 40%AC/T sample.”? Figure 4e
shows high-resolution O 1s XPS spectra, where
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the characteristic peaks at O 1s can be fit by two
peaks; the peaks at 531.33 eV and 531.37 eV are
related to —OH in Ti—OH, while those at 529.57 eV
and 529.78 eV are associated with the Ti—O bond in
TiO,. Compared with TNTSs, the position of the O 1s
binding energy peak of 40%AC/T shifted towards
lower energy, and the adsorbed oxygen content also
decreased slightly. As seen from Table I, the O/Ti
atomic ratio in the TNTs and 40%AC/T samples was
about 2.66:1 and 2.16:1, respectively, in agreement
with the chemical composition of TiO,. Besides, the
sum of the weights of Ag and Cl elements was
10.12% of the sum of the weights of Ti and O
elements, yielding a mass ratio of Ag@AgCl of
12.04%.

UV-Vis Diffuse Reflectance Spectra and PL
Spectra

The UV-Vis absorbance spectrum shown in
Fig. 5a was applied to study the optical properties
of the TNTs, Ag@AgCl, and 40%AC/T samples. It
was clear that the TNTs showed no obvious
response to visible light, while Ag@AgCl showed a
strong response in the visible range.?® After
Ag@AgCl was modified on the surface of the TNTs,
40%AC/T showed slightly enhanced absorption of
light across the entire ultraviolet and visible region,
which can be attributed to the SPR effect of the
metallic Ag@AgCl nanoparticles (NPs) enhancing
the response of TNTs to visible light and the TiOq
nanotubes with larger active surface area dispersed
with Ag@AgCl of different size. The bandgap of the
photocatalyst was estimated using the formula
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Fig. 4. XPS spectra: (a) survey spectrum, and (d) Ti 2p, (e) O 1s, (f) Cl 2p of TNTs, and (b) Ag 3d and (c) Cl 2p of 40%AC/T.
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Table I. XPS results for chemical composition and relative content of each sample

Sample Ti (%) O (%) C (%) Ag (%) Cl (%)
TNTs 24.78 65.88 9.34 — —
40%AC/T 28.86 62.43 5.47 1.74 1.5
a) 1.2
@ (b)
1.0}
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8 S
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Fig. 5. (a) UV—Vis absorption spectra of Ag@AgCl, 40%AC/T, and TNTSs. (b) PL spectra of TNTs and 40%AC/T.

E, = 1240/ /o, (2)

where o is the absorption wavelength threshold
obtained by the intercept method and E, is the
bandgap of the sample. According to this formula,
the E, value of the TNTs is calculated to be 3.2 eV.

PL can be used to analyze the capture, separation,
and transfer of photogenerated electron—hole pairs
on the photocatalyst surface. For photocatalysts, a
lower PL intensity indicates a lower recombination
rate of photogenerated electron—hole pairs but
higher photocatalytic activity.?* Figure 5b shows
the PL spectra of the TNTs, 40%AC/T, and 40%AC/P
samples obtained under an excitation wavelength of
320 nm. It can be seen that addition of Ag@AgCl
caused an obvious reduction in the PL intensity,
suggesting the highest separation efficiency of pho-
togenerated electron—hole pairs. Studies have
shown that higher separation efficiency is beneficial
to improve the photocatalytic performance of a
material.

Photoelectrochemical Study

It is generally accepted that the separation effi-
ciency of electron—hole pairs has a significant effect
on the photoelectrochemical conversion rate.?® Sev-
eral photoelectrochemical experiments were carried
out to further study the transfer mechanism of
electron—hole pairs. Figure 6a shows the photocur-
rent response of the TNTs and 40%AC/T electrodes
under intermittent illumination. Compared with
40%AC/T, the pristine TNTs displayed weak pho-
tocurrent signals at 0V under illumination. A
higher photocurrent response indicates a higher
separation rate of electron—-hole pairs and

photoelectric conversion ability.?® The significant
increment of the photocurrent values observed after
the introduction of Ag@AgCl is due to the enhanced
electrical conductivity and light absorption.?” The
OCP can be used to study the photoelectrochemical
activity of the prepared materials. The potential
value decreases sharply when the photogenerated
electrons begin to accumulate under light irradia-
tion.”® As shown in Fig. 6b, the 40%AC/T sample
displayed a more significant change in the potential
value relative to TNTs, indicating that more elec-
trons accumulated under light irradiation, indicat-
ing better segaration of the photogenerated charges
in 40%AC/T.”

The EIS electrochemical technique has been
employed to investigate the rate of charge transfer
on the surface of materials.?° In general, the arc in
the Nyquist diagram represents the charge transfer
dynamics of the working electrode, while the diam-
eter of the semicircle reflects the charge transfer
resistance.®® EIS was performed in (5 mM)
Fe(CN)? /Fe(CN)§~  containing KCl  solution
(0.1 M) in the frequency range from 0. 0.1 Hz to
10 kHz at 0.24 V. According to the results shown in
Fig. 6¢, electron transfer impedance (R.;) of the
pure 40%AC/T sample was 103 Q, being lower than
the value of 210 Q for the TNTs. These results
indicate that addition of Ag@AgCl nanoparticles
could accelerate the transfer of electrons. The lower
R radius found for the 40%AC/T sample indicates
more efficient separation of photogenerated elec-
tron—hole gairs, and a faster interface charge trans-
fer rate.°? Bode plots obtained from EIS
measurements were applied to evaluate the electron
lifetime under illumination based on the formula®
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Fig. 6. (a) Photocurrent response curves, (b) OCP response curves, (c) EIS spectra, (d) Bode phase plots, and (e) CV spectra of TNTs and

40%AC/T.

Te = 1/(27fimax)s (3)

where 7. is the electron lifetime and f,,., is the peak
frequency of the Bode phase plots. As can be seen
from Fig. 6d, the Bode plot peak frequency of the

TNTs and 40%AC/T samples was found to be
257 Hz, and 120 Hz, respectively, corresponding to
7. values of 0.6 ms and 1.3 ms. The longer the
electron lifetime of the photocatalysts, the higher
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the charge separation efficiency.>* More impor-

tantly, the results in the Bode phase plots are in
accordance with the EIS and OCP results, confirm-
ing the superior photoelectrochemical properties of
40%AC/T. Figure 6e shows the CV curves of the
TNTs and 40%AC/T recorded at a scan rate of
100 mV/s. Note that both the oxidation and reduc-
tion peak show a higher peak-to-current ratio for
the TNTs than the 40%AC/T, confirming the good
redox ability and electron transfer rate of the
latter.®”

Photocatalytic Performance

The photocatalytic performance of the obtained
materials was evaluated by degradation of o-NBA
under visible light. Figure 7a shows the degrada-
tion of 0-NBA by different samples under visible
light. The blank sample without any photocatalyst
showed almost no degradation after a certain period
of illumination, indicating that the photostability of
0-NBA was good and the self-degradation of o-NBA
was negligible. Compared with P25, the degradation
rate of 0-NBA was significantly improved when
using the catalysts loaded with Ag@AgCl after
125 min of illumination; in particular, the degrada-
tion rate when using 40%AC/T reached almost
100%. These results clearly illustrate that all the
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samples loading with Ag@AgCl showed much better
photocatalytic activity compared with TNTs or P25.
Moreover, 40%AC/T showed higher photocatalytic
efficiency compared with 30%AC/T or 50%AC/T,
indicating the optimal Ag@AgCl doping amount.
Once the amount of Ag@AgCl exceeds a critical
value, it may cover some active sites on the surface
of the TNTSs, resulting in a reduction in the effi-
ciency of photogenerated charge separation and
transfer. For comparison, the identical mass of
Ag@AgCl was deposited on both TiOs nanotubes
and TiOp nanoparticles. It was found that the
photocatalytic activity of the TiO, nanotubes was
better compared with the nanoparticles. These
results can be attributed to the higher specific
surface area and stronger adsorption of the TiO,
nanotubes. The first-order Langmuir—-Hinshelwood
kinetics was obtained from the degradation kinetic
curve using the equation

—In(C/Cy) = Kt, (4)

where C, Cy, and K are the concentration (mg/L) of
the organic compound after illumination for time ¢,
the concentration of the organic compound in equi-
librium, and the rate constant (min '), respectively.
As shown in Fig. 7b, —In(C/C,) of the different
samples matched a good linear relationship with
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Fig. 7. (a) Photocatalytic degradation of o-NBA by all samples under visible-light irradiation, (b) kinetic fit for o-NBA degradation, (c) the
corresponding reaction rate constant k for all the samples, and (d) liquid chromatogram of o-NBA for all the samples.
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time ¢, indicating that the photodegradation process
of the pollutant follows a pseudo-first-order model
well. The rate constants (k) of the as-prepared
samples are shown in Fig. 7c, where it can be
observed that 40%AC/T exhibited the highest degra-
dation rate for o-NBA compared with TNTs. The
degradation rate of 0-NBA was 21.53 times that of
TNTs. The variation of the liquid chromatographic
peak of 0-NBA degraded by 40%AC/T photocatalysts
is shown in Fig. 7d. As the illumination time was
prolonged, the chromatographic peak of o-NBA at a
retention time of 2.57 min gradually disappeared
into a straight line within 125 min, indicating that
the 0-NBA was almost completely degraded. To
further evaluate the photocatalytic activity of the
prepared materials, the degradation effect on rho-
damine B (RhB) as a target pollutant is presented in
Supplementary Fig. S1.

Experiments to investigate the effect of the initial
concentration of 0o-NBA solution and 40%AC/T dose
on the degradation effect were also carried out using
10, 20, 30, 40, and 50 mg/L 0-NBA solutions and 0.5,
1.0, 1.5, 2.0, and 2.5 g/LL 40%AC/T doses. Figure 8a,
b shows that the degradation efficiency and pseudo-
first-order rate k£ decrease with increasing o-NBA
concentration. It can be seen that the degradation
efficiency for the different initial concentrations of
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0-NBA by 40%AC/T is in agreement with pseudo-
first-order kinetics, and the degradation rate con-
stant k& reaches a maximum at 15 mg/L, being 2.75
times higher than that at 30 mg/L. The degradation
efficiency and reaction kinetics of the 0-NBA pho-
todegradation at different 40%AC/T doses are
shown in Fig. 8¢, d. As the concentration was
increased to 15 mg/L, 20 mg/L, 25 mg/L, and
30 mg/L, the removal rate of 0-NBA increased from
95.52% to 100% after reaction for 125 min. The
pseudo-first-order kinetics can better describe the
photocatalytic degradation of o-NBA at different
40%AC/T doses. The optimal reaction rate constant
k was obtained when the concentration of the
catalyst was 1 g/L.

To verify whether the as-prepared sample com-
pletely degraded o-NBA, the total organic carbon
(TOC) and NO®~ content in the solution before and
after degradation were determined. It can be seen
from Fig. 9a that, after 125 min of visible-light
irradiation, the TOC removal rates of TNTs, P25,
and 40%AC/T from 15 mg/LL o-NBA were 8.03%,
11.21%, and 70.3%, respectively. The TOC removal
rate of 0-NBA solution was the highest with 40%AC/
T catalyst, which is consistent with the results of
the photocatalytic experiments. The removal rate of
TOC using 40%AC/T was 8.75 times that when
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Fig. 8. Effect of (a) 0-NBA concentration on its degradation and (b) the kinetic study. Effect of (c) catalyst dose on o-NBA degradation and (d)

kinetic study.
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Fig. 10. (a) Cycling degradation of 0-NBA under visible-light irradiation over 40%AC/T. (b) XRD patterns of 40%AC/T under visible-light

irradiation.

using TNTs and 6.27 times that when using P25. As
shown in Fig. 9b, the photodegradation of 15 mg/L
0-NBA solution by 40%AC/T catalyst revealed that
the NO® concentration in the solution increased
significantly and the concentration of NO?~
increased slightly after 125 min. The concentration
of NO3 in the solution increased from 2.74 mg/L to
6.10 mg/L. according to the fitting formula for
nitrate ions. These results show that NO?~ in the
0-NBA is broken under visible-light irradiation and
oxidized to the more stable NO3 . The rate of
increase of total N was calculated to be 60.38% after
deducting N in water, being basically consistent
with the degradation removal rate of o-NBA.

The stability of photocatalysts is also important
for their practical applications. The stability of the
40%AC/T photocatalyst was investigated under
visible light for degradation of o-NBA (Fig. 10a).
The results showed that the photocatalytic effect of
the prepared 40%AC/T did not change significantly
over five cycles of photodegradation of 0-NBA,
indicating that the composite has superior photo-
catalytic stability and can be recycled many times.

The stability of 40%AC/T was also examined by
XRD analysis (Fig. 10b). Comparing the patterns
obtained before and after the reaction, the XRD
spectra of the catalyst after repeated recycling
remained basically consistent with that of the
original catalyst. All the results described above
illustrate that the composite material showed high
lattice stability and good prospects for application in
actual treatment of wastewater.

Possible Photocatalytic Mechanism

Generally speaking, electrons (e), holes (h"),
superoxide ion radicals (O3 ), and hydroxyl radicals
(‘OH) play a certain role as active species in
photodegradation processes. To explore the main
photocatalytic mechanism of the reaction, AgNOs,
Ammonium oxalate (AO) p-benzoquinone (BQ), and
tert-butanol (TBA) were added as scavengers of e,
h*,-O5, and ‘OH radicals. Figure 11 shows that the
degradation efficiency of RhB after addition of
AgNO3, TBA, AO, and BQ was 99.93%, 98.92%,
70.71%, and 62.61%, respectively. The degradation
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Fig. 11. Degradation rate of RhB with 40%AC/T catalyst in presence
of various trapping agents.

Fig. 12. Schematic of charge separation and transfer in 40%AC/T
photocatalyst under visible-light irradiation.

efficiency was affected by the scavengers in the
following order: e~ < ‘OH < h* < +0O3. Therefore,
‘Oz and h* are the dominant active species, whereas
e and ‘OH play an auxiliary role in the photodegra-
dation process.

Given the analysis above, a possible photodegra-
dation enhancement mechanism of 40%AC/T com-
posite can be proposed as shown in Fig. 12. With
reference to related reports, the bandgap of TiO,
nanotubes and AgCl was calculated to be 3.2 eV and
3.25 eV, respectively.?® Due to the high bandgap,
TNTs and AgCl cannot be easily excited under
visible-light irradiation. Ag nanoparticles can suc-
cessfully separate absorbed photons into electrons
and holes due to the strong SPR effect. These Ag
nanoparticles produce photogenerated -electrons
with energy in the range from 1.0 eV to 4.0 eV,
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making it easy to overcome the Schottkg barrier for
transfer to the surface of the TNTs.?”3° After that,
the electrons were captured by dissolved oxygen in
the water to form ‘O3, which appear as the main
reactive active component on the surface of the
40%AC/T photocatalyst. The continuously formed
superoxide radicals can efficiently oxidize pollutants
and achieve high degradation rates. Simultane-
ously, some of the holes on Ag nanoparticles could
migrate to the surface of AgCl and react with CI™,
which would produce C1° atoms with excellent
oxidation capability. The C1° atom can effectively
oxidize organic compounds and self-reduce to Cl™
again.®® The residual holes in the valence band (VB)
of AgCl could be trapped by OH™ to form -OH,
accelerating the breakdown of pollutants to carbon
dioxide and water. Therefore, the modification of
Ag@AgCl reduces the driving threshold of visible
light and produces C1° with strong oxidizing ability,
effectively improving the photocatalytic activity of
the 40%AC/T photocatalyst.

CONCLUSIONS

Composite 40%AC/T based on TNTs were suc-
cessfully constructed by depositing AgCl NPs on
TNTs followed by photoreduction of some Ag* ions of
the AgCl nanoparticles to Ag®. The crystal phase,
composition, and morphology of the as-prepared
sample were characterized by XRD analysis, TEM,
XPS, UV-Vis, PL, and BET analysis. The photocat-
alytic activity of the 40%AC/T catalyst was investi-
gated by degradation of RhB and 0-NBA solutions.
The degradation rate of 10 mg/LL RhB by 40%AC/T
was 96.55% within 30 min, while the degradation
rate of 15 mg/L o-NBA solution by 40%AC/T photo-
catalyst could reach 100% within 125 min even
after five cycles of reaction. These results illustrate
that the 40%AC/T composite possesses strong visi-
ble-light absorption capability and low recombina-
tion efficiency of photoelectron-hole pairs due to the
dispersion of Ag@AgCl. In addition, the 40%AC/T
composites exhibited high photocatalytic activity,
which could be completely attributed to the SPR
effect of the Ag NPs and the formation of hetero-
junctions between Ag, AgCl, and TNTs.
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