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ABSTRACT: A novel efficient Ag@AgCl/g-CsN, plasmonic
photocatalyst was synthesized by a rational in situ ion exchange
approach between exfoliated g-C;N, nanosheets with porous 2D
morphology and AgNO;. The as-prepared Ag@AgCl-9/g-C;N,
plasmonic photocatalyst exhibited excellent photocatalytic per-
formance under visible light irradiation for rhodamine B
degradation with a rate constant of 0.1954 min~!, which is
~41.6 and ~16.8 times higher than those of the g-C;N, (~0.0047
min~') and Ag/AgCl (~0.0116 min~'), respectively. The
degradation of methylene blue, methyl orange, and colorless
phenol further confirmed the broad spectrum photocatalytic

ydrothermal
freatment
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degradation abilities of Ag@AgCl-9/g-C;N,. These results suggested that an integration of the synergetic effect of suitable size
plasmonic Ag@AgCl and strong coupling effect between the Ag@AgCl nanoparticles and the exfoliated porous g-C;N,
nanosheets was superior for visible-light-responsive and fast separation of photogenerated electron—hole pairs, thus significantly
improving the photocatalytic efficiency. This work may provide a novel concept for the rational design of stable and high

performance g-C;N,-based plasmonic photocatalysts for unique photochemical reaction.
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1. INTRODUCTION

Environmental pollution has become one of the arduous
challenges to the sustainable development of modern human
society. Recently, the “green-life” concept is inspiring
enthusiasm to exploit the novel, “zero” waste scheme and
eco-friendly photocatalysts for air purification and wastewater
cleaning. As a “green” method, the semiconductor photo-
catalytic degradation of organic pollutants has attracted
extensive attention because they can eliminate most organic
contaminants.' > Visible-light energy (~48% of the solar
spectrum) within solar spectra is far more abundant than UV
energy (~4% of the solar spectrum).® Therefore, the
development of visible-light-responsive photocatalysts for
efficient utilization of the sunlight has gained much attention.
Meanwhile, a high performance photocatalyst should possess
good separation of electron—hole pairs.>® Hence, the
construction of suitable structures within highly interactive
interfaces is of vital importance to achieve effective separation
of photogenerated charges and to extend absorption spectrum.
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Recently, two-dimensional (2D) materials have been widely
studied due to their unique structural and optical properties, of
which the g-C;N, material gained special attractions because of
its abundant, suitable bandgap and high chemical stability,
making it potentially suitable for solar energy conversion,
oxygen reduction, and environment purification.”” '’ However,
the photocatalytic performance of g-C;N, is far from
satisfactory due to its high photogenerated charge recombina-
tion rate and low absorption efficiency above 460 nm in
sunlight spectra.'’ Various chemical strategies have been
applied to improve photogenerated charge separation and to
extend light absorption of g-C;N,, such as nano/mesoporous
structure fabrication by hard or soft template approach,
copolymerization, semiconductor modification, metal and/or
nonmetal doping, etc."> However, poor light absorption
capacity and quantum efficiency remained in these modified
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g-C3N, systems. Therefore, it is still necessary to find a
reasonable strategy to further improve the photocatalytic
properties of g-C;N,-based photocatalysts.

Many novel advanced photocatalysts have been designed on
the basis of surface plasmon resonance (SPR) of metal
nanoparticles.”> An example involved the plasmonic photo-
catalysts, which displayed excellent plasmonic photocatalytic
performance under visible light irradiation for pollutant
degradation, water disinfection, and carbon dioxide reduc-
tion.!3716 Ingram et al. had designed a novel plasmonic metal/
semiconductor (Ag/N-TiO,) photocatalyst, which displayed
enhanced visible-light photocatalytic activity as compared to the
semiconductor alone.'” Zheng et al. developed a facile in situ
method to prepare noble-metal plasmonic photocatalysts M@
TiO, (M = Au, Pt, or Ag), which could selectively oxidize
benzene to phenol with a high yield.'® Commercially, Ag-based
plasmonic photocatalysts are more practical due to their
relatively low price. Xu et al. prepared AgX/g-C;N, (X = Br or
I) composites with high photocatalytic activities in methyl
orange (MO) degradation."’ Ma et al. synthesized Ag-AgCl-
WO; hollow spheres to photocatalytically degrade 4-chlor-
ophenol."”” Enhanced photocatalytic activity for MO degrada-
tion was observed by graphene oxide (GO)-hybridized 1D Ag/
AgCl nanocomposites, as reported by Zhu et al.*° Huang’s
group developed a series of Ag/AgX (X = Cl or Br) plasmonic
photocatalysts, which had strong absorption in the visible
region and showed high efficiencies in the photodegradation of
organic pollutants.”’~>> These studies clearly indicated the
increasing photocatalytic activities by incorporating AgX with
other semiconductors, of which Ag/AgCl nanomaterials
showed superior plasmonic photocatalytic activities to degrade
pollutants under visible-light irradiation.”*** This might be
attributed to the metallic Ag nanoparticles, which could
significantly expand light response range to visible light region
and could effectively promote photogenerated charge separa-
tion/transfer.”> However, the AgX species, prepared from
traditional methods, always suffer from decomposition under
sunlight irradiation, resulting in poor photocatalytic activities.
Besides, Ag nanoparticles produced by AgX usually form large
and disordered particles, which adversely affect their SPR effect
that relies on the shape, size, and distribution of the noble
metal.*® Ton exchange approach had been widely used in the
synthesis of hybrid composites. For example, Li et al. reported a
rapid, facile, and scalable method to fabricate a series of silver
nanotubes Ag X, such as Ag,S, AgCl, Ag;PO,, and Ag,C,0,,
from pregrown Ag,CO; nanorods via a rapid acid-etching anion
exchange process.27 AgVO,;@AgBr@Ag nanobelt heterostruc-
tures were fabricated as an efficient visible-light photocatalyst
through an anion exchange reaction, which displayed a high
performance to remove organic dye in the range of visible
light.28 ZnS:Ag,S porous nanostructures were prepared by a
simple ion exchange route, using ZnS nanosheets as sacrificial
templates, with controllable pore sizes by adjusting the
concentration of Ag ions.”® The above discussions clearly
indicated the advantages of ion exchange method, such as low
cost, simplicity, controllable porous size, and high contact
extent between composite phases.'**7%%!

Herein, in continuation of our interest in the g-C;N,-based
nanomaterials,>> > we prepared novel visible-light-driven
plasmonic photocatalyst, Ag@AgCl/g-CsN,, as porous nano-
sheet composites (defined as Ag@AgCl/CN) via ion exchange
approach. To the best of our knowledge, the synthesis of g-
C;N,-based plasmonic photocatalysts by protonated g-C;N, as

a precursor through ion exchange approach has never been
reported, especially for their applications to degrade organic
pollutants by visible-light photocatalysis. The experimental
results showed that the as-prepared Ag@AgCl/CN plasmonic
photocatalysts exhibited superior photocatalytic activities in
decomposing organic pollutants under visible light irradiation.
This strategy might provide a new route to develop new series
of stable and high efficient g-C;N,-based plasmonic photo-
catalysts.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Exfoliated Porous g-C;N, Nanosheets. Bulk
g-C3N, was prepared by heating melamine to 550 °C for 4 h with a
ramping rate of 2.5 °C/min. The typical exfoliated process was
undertaken by stirring bulk g-C;N, (320 mg) in 6 M HCl solution (80
mL). The mixed solution was then transferred into 80 mL Teflon and
heated in a sealed autoclave at 110 °C for 5 h. Upon cooling to room
temperature, the precipitate was purified by repeated centrifugation,
dispersion, and ultrasonication until neutral solution was obtained.
Finally, the exfoliated porous g-C;N, nanosheets were obtained by
drying at 80 °C under vacuum overnight.

2.2. Synthesis of Ag@AgCl/CN Plasmonic Photocatalysts.
The Ag@AgCl/CN plasmonic photocatalysts were synthesized by in
situ ion exchange approach. Exfoliated porous g-C;N, nanosheets (S0
mg) were dispersed in a mixed solution of 80 mL of ethylene glycol
and 0.9 mmol of AgNO;. This solution was stirred vigorously. The
obtained sample, defined as Ag@AgCl-9/CN, was washed and dried.
Samples Ag@AgCl-3/CN, Ag@AgCl-6/CN, and Ag@AgCl-12/CN
were prepared similarly to Ag@AgCl-9/CN by changing the initial
amount of AgNOj; to be 0.3, 0.6, and 1.2 mmol, respectively. For
comparison, two controlled samples were also prepared. The Ag@
AgCl-9 was prepared by the following procedure. An excess of NaCl
solution (0.1 mol/L) was added dropwise into 0.9 mmol of AgNO,
(100 mL) with vigorous stirring. After stirring for 6 h, the precipitate
was washed by water and alcohol several times, and dried under 40 °C.
The other one was made by direct precipitation of 0.9 mmol of
AgNOj;, NaCl, and 50 mg of g-C;N,, defined as dp-Ag@AgCl-9/CN.

2.3. Photocatalytic Degradation of Dyes and Phenol.
Rhodamine B (RhB), methylene blue (MB), methyl orange (MO),
and colorless phenol were selected as model pollutants for degradation
experiments under visible-light irradiation. The visible-light was
obtained from a 300 W Xe lamp, equipped with a super cold filter,
which provided the visible-light region from 400 to 700 nm. The
distance between the light source and the reactor was ~5 cm. The
aqueous suspensions were irradiated in an 150 mL open cylindrical
reactor whose base contained an optical window with a surface area of
~100 cm? and an average light intensity of ~90 mW/cm? The
photocatalytic activities of the photocatalysts (25 mg) were examined
by monitoring the degradation of dyes (10 mg/L, 100 mL) in a beaker
under stirring condition (400 rpm/min) at room temperature. The
mixtures were prestirred for ~3 h in the dark to ensure adsorption
equilibrium. The absorption spectra were recorded on a UV-—vis
spectrophotometer (UV-2550, Shimadzu).

2.4. Characterization. The as-prepared photocatalysts were
characterized by X-ray diffraction (XRD) for phase identification on
a D/MAX2500 V diffractometer using Cu Ka radiation. The
morphologies of photocatalysts were observed by field emission
transmission electron microscope (TEM, JEOL-2100). X-ray photo-
electron spectroscopy (XPS) data were obtained with an ESCA
Lab220i-XL electron spectrometer from VG Scientific using 300W Al
Ka radiation. The Brunauer—Emmett—Teller (BET) N, adsorption
analysis was conducted on an ASAP 2020 physisorption analyzer. The
pore-size distributions of the samples were also estimated using the
Barrett—Joyner—Halenda (BJH) method. UV—vis diffuse reflection
spectroscopy (DRS) was performed on a Shimadzu UV-2500
spectrophotometer using BaSOy as the reference.
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Scheme 1. Schematic Route for the Synthesis of Ag@AgCl/g-C;N, Plasmonic Photocatalysts
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Figure 1. XRD patterns (A) and UV—vis diffuse reflectance spectra (B) of as-prepared photocatalysts.

3. RESULTS AND DISCUSSION

The fabrication of Ag@AgCl/CN plasmonic photocatalysts is
shown in Scheme 1 via a two-step strategy. Exfoliated porous g-
C;N, nanosheets were first prepared by an acid-assisted
hydrothermal method, followed by successful deposition of
AgCl nanoparticles (as nanoislands) on the surface of exfoliated
porous g-C;N, nanosheets by ion exchange approach with high
dispersity. Meanwhile, AgCl nanoparticles were partially
reduced to Ag’ by the nature light to obtain the desired Ag@
AgCl/CN plasmonic photocatalysts.>®

3.1. Material Characterization. The XRD patterns of bulk
g-C;N,, exfoliated porous g-C;N, nanosheets, and the as-
prepared photocatalysts are collected in Figure 1A. A typical
interplanar stacking peak in conjugated aromatic systems was
observed for both bulk g-C;N, and exfoliated porous g-C;N,
nanosheets. The peak shift from 27.21° to 27.89° corresponded
to a decreased interplanar stacking distance from 0.326 to 0.319
nm. This result indicated a decreased gallery distance between
the layers in the carbon nitride, demonstrating the successful
exfoliation between the layered g-C;N, during the acid-assisted
hydrothermal process.”” For Ag@AgCl/CN plasmonic photo-
catalysts, the diffraction peaks at 32.34°, 46.31°, 54.96°, and
57.6° could be indexed to the (200), (220), (311), and (222)
planes, respectively, which agreed with the face-centered cubic
AgCl (JCPDS file: 31-1238),*® and the peak intensities
increased with the increasing AgNO; content. The peak
located at ~27.96° could be an overlap of (111) plane of
AgCl (20 = ~27.58°) and (200) plane of g-C;N, (20 =
~27.89°), resulting in the increment of intensity and decrement
of full width at half-maximum, as compared with exfoliated
porous g-C;N, nanosheets. In addition, the low-angle
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diffraction peak at 13.3° (d = 0.663 nm), derived from in-
planar repeated tri-s-triazine units, disappeared for the
exfoliated porous g-C;N, nanosheets due to the simultaneously
decreased planar size of the CN layers after protonation and
exfoliation. No obvious diffraction peaks were observed for Ag’,
probably due to its small size or high dispersity, which is in
agreement with the previous report.”’ In addition, the particle
sizes of Ag@AgCl/CN composites were calculated from
Scherrer formula, as shown in Supporting Information Table
S1. As disscussed above, the Ag@AgCl/CN composites were
successfully fabricated by the facile ion exchange approach.

The UV—vis spectra of the Ag@AgCl/CN plasmonic
photocatalysts are shown in Figure 1B. The absorption edge
of the exfoliated porous g-C;N, nanosheets indicated a slight
blue shift as compared with the bulk g-C;N,. In contrast to
exfoliated porous g-C;N, nanosheets with absorption edge at
~450 nm, the absorption intensities of Ag@AgCl/CN
composites became stronger in the whole interested spectrum
window, especially in the visible-light region, due to the strong
SPR absorption of Ag nanocrystals.>"*®*® In addition, the
absorption spectra were largely red-shifted, and a broad
absorption ranging from ~450 to ~800 nm was detected.
Accordingly, the suspension color was also changed from milky
to pink, indicating the generation of Ag nanocrystals (Figure
1B).*” Obviously, the introduction of Ag@AgCl can signifi-
cantly enhance the absorption in the visible-light region and can
even extend to near-infrared region, which is attributed to the
SPR of Ag nanoparticles.

The chemical compositions of the as-prepared plasmonic
photocatalysts are characterized by XPS spectra, as shown in
Figure 2. The successful modification of the g-C;N, suface by
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Figure 2. XPS survey spectra (A) of as-prepared photocatalysts, high resolution C 1s (B) and N 1s (C) spectra of bulk g-C;N, and Ag@AgCl-9/CN,
and high resolution Ag 3d (D) and Cl 2p (E) spectra of Ag@AgCl-9/CN.
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Figure 3. TEM images of bulk g-C;N, (A), exfoliated porous g-C;N, nanosheets (B) and Ag@AgCl-9/CN (C), and the dispersion photographs of
the as-prepared photocatalysts in water for 72 h (D).

acid-assisted hydrothermal treatment was confirmed by the new C;N, nanosheets (Figure 2A). As for Ag@AgCl-9/CN, new Ag
existing ClI peak in the survey spectrum of exfoliated porous g- peaks were observed, confirming the decoration of the Ag@
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Figure 4. Photocatalytic degradation of RhB by the as-prepared photocatalysts under visible light irradiation (A) and kinetic fit for MB degradation

by the as-prepared photocatalysts (B).

AgCl nanoparticles on the exfoliated porous g-C;N, surface.
The high resolution C 1s spectra can be divided into two peaks
located at ~285.2 and ~288.5 eV, being ascribed to the
standard reference carbon and the sp>-bonded carbon (N—
C=N), respectively (Figure 2B).>”* For high resolution N 1s
spectra (Figure 2C), the peaks centered at ~398.5 and ~399.9
eV belonged to the sp>-hybridized aromatic N atoms bonded to
carbon atoms (C—N=C) and the tertiary N atoms bonded to
carbon atoms in the form of N(—C),, respectively.”” The
emerging peak at ~404.2 eV corresponded to the charging
effects or positive charge localization in heterocycles or the
cyano functional groups, which originated from the protonation
of g-C;N, nanosheets.”” For Ag@AgCl (Supporting Informa-
tion Figure S1), two bands at ca. 367.5 and 373.5 eV were
observed, which were ascribed to Ag 3d;,, and Ag 3d;, binding
energies, respectively. In the case of Ag@AgCl-9/CN, the high
resolution XPS data of Ag 3d peaks are shown in Figure 2D.
Two peaks of Ag 3d located at ~367.7 and ~373.8 eV were
attributed to the Ag 3ds;, and Ag 3d;, binding energies,
respectively.**' These two bands could be further deconvo-
luted into two peaks. The peaks located at ~367.7 and ~373.8
eV were ascribed to Ag" in AgCl, and the peaks centered at
~368.8 and ~374.7 eV belonged to the metallic Ag" species.'®
In addition, the surface Ag® content (mole ratio of Ag’ to Ag® +
Ag") was semiquantitatively estimated by the XPS Ag 3d peak
area analysis and summarized in Supporting Information Table
S2. These results further corroborated the existence of metallic
Ag’ in Ag@AgCl-9/CN, as suggested by the UV—vis spectra.
The spectrum of Cl 2p (Figure 2E and Supporting Information
Figure S10) displayed double peaks located at ~197.6 and
~199.4 eV, which could be assigned to the characteristic
doublets of Cl 2p;/, and Cl 2p,,, respectively.®

Typical morphologies of the as-prepared plasmonic photo-
catalysts are shown in Figure 3. Bulk g-C;N, was presented as
irregular thick block material (Figure 3A), while pores can be
observed on the surface of the exfoliated porous g-C;N,
nanosheets after acid-assisted hydrothermal treatment (Figure
3B). Black Ag@AgCl nanoparticles (~8—12 nm) (as nanois-
lands) were uniformly deposited on the surface of exfoliated
porous g-C;N, nanosheets, as depicted in Figure 3C of the
morphology of Ag@AgCl-9/CN plasmonic photocatalyst.® The
HRTEM image of the Ag@AgCl-9/CN was displayed in
Supporting Information Figure S2. By measuring the lattice
fringes, the lattice distance of 0.23 and 0.32 nm corresponded
to the (111) plane of cubic Ag® and the (111) plane of cubic
AgCl, respectively. Besides, the HRTEM image clearly revealed
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a close interface between Ag’ and AgCl in the as-prepared
composite with the formation of heterojunction, which is
important for the separation of the photogenerated electron—
hole pairs to improve the quantum efliciency. The high
dispersity of Ag@AgCl nanoparticles was expected to provide
more active sites and to offer enhanced photocatalytic
performances.’ To further confirm the porous structures in
the hybrid material, the BET surface area and BJH pore size
distribution were measured to provide concrete evidence
(Supporting Information Figure S3). Meanwhile, the formation
mechanism of the porous structure was presented in
Supporting Information Figure S4. The strong coupling effect
between the Ag@AgCl nanoparticles and the exfoliated porous
g-C3N, nanosheets was confirmed by ultrasonicating and
stirring for 24 h in ethanol solution with no observed dropped
off Ag@AgCl nanoparticles. On the contrary, the Ag@AgCl
particles on the dp-Ag@AgCl/CN surface were peeled off after
ultrasonication, which was defined as soin-dp-Ag@AgCl-9/CN
(Supporting Information Figure SS). Figure 3D displayed the
dispersion photographs of the as-prepared photocatalysts in
water for 72 h under ambient conditions. The porous g-C;N,
was produced by partially acidic protonation of bulk g-CsN,
(Supporting Information Figure S6), and the precipitation can
be observed after a couple of 10 min periods (Figure 3D). By
hydrothermal treatment in the presence of hydrochloric acid,
highly dispersed exfoliated porous g-C;N, nanosheets were
obtained. The dispersion photographs clearly demonstrated
that exfoliated porous g-C;N, nanosheets and Ag@AgCl-9/CN
could be easily dispersed in water to form a stable dispersion
without visible sedimentation, which could significantly
facilitate the surface contact between the photocatalysts and
the organic pollutants to improve the photocatalytic perform-
ance.

3.2. Photocatalytic Performances. RhB was selected to
test the photocatalytic performances of the as-prepared Ag@
AgCl/CN photocatalysts under visible-light irradiation (4 > 400
nm), as collected in Figure 4A. No noticeable RhB degradation
was observed by direct photolysis without any photocatalysts,
indicating negligible direct photolysis of RhB in our case.® Only
~12% and ~26% RhB were degraded by AgCl and bulk g-C;N,,
within 60 min, indicating the poor photocatalytic activities.
Among all the as-prepared photocatalysts, Ag@AgCl-9/CN
exhibited the highest photocatalytic degradation efficiency, on
which RhB was almost quantitatively degraded within 30 min.
In comparison, the corresponding degradation efficiencies were
~33.5%, ~57.2%, ~72.4%, and ~83.5% for Ag/AgCl, Ag@

dx.doi.org/10.1021/am505528c | ACS Appl. Mater. Interfaces 2014, 6, 22116—22125
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Figure S. Recycle tests (A) and XRD patterns (B) of Ag@AgCl-9/CN under visible light irradiation.

AgCl-3/CN, Ag@AgCl-6/CN, and Ag@AgCl-12/CN, respec-
tively. This observation clearly illustrates the importance of the
amount of Ag@AgCl in the Ag@AgCl/CN composites to the
photocatalytic performances, which meant that the photo-
catalytic performances of the Ag@AgCl/CN photocatalysts
depended on the interaction among AgCl, Ag, and g-C;N,. For
the system of Ag@AgCl in Ag@AgCl/CN composites, the
charge distribution of Ag nanoparticles may change due to the
polarization interaction by AgCl, resulting in partial negative
and positive charged regions in the Ag nanoparticles that are far
from and close to the Ag/AgCl interface, respectively.”*** In
addition, driven by the polarization field around AgCl, the
excited electrons on the surface of Ag nanoparticles can force
away from the interfaces and prevent ghotoreduction of AgCl
to Ag under visible-light illumination.”*** That is, synergistic
effect between the improved absorption of visible light by
strong SPR of the Ag nanoparticles and polarization field
provided by the AgCl facilitates photogenerated charge
separation and interfacial transfer. For the system of AgCl/
CN in Ag@AgCl/CN nanocomposites, the strong hetero-
junction effect was formed on the interface between g-C;N,
nanosheets and AgCl due to its suitable band gap, which would
accelerate the photogenerated charge effective separation and
transfer, resulting in superior photocatalytic activities. Fur-
thermore, another possible reason for the superior photo-
catalytic performances of the as-prepared photocatalysts with
suitable ratio and size of Ag nanoparticles were their SPR
absorption over a wider visible light.>> The coupling effect
between the Ag@AgCl and g-C;N, nanosheet would be
weakened with increasing amount of Ag@AgCl (such as Ag@
AgCl-12/CN), which may damage the heterojunction inter-
faces, resulting in a decreased efficiency of photogenerated
charge separation and transfer (Supporting Information Figure
S7).* Therefore, the superior photocatalytic performance of
Ag@AgCl-9/CN may be attributed to its high dispersion and
suitable size of Ag@AgCl on the exfoliated porous g-C;N,
nanosheet surface. However, a further increment deposition
(Ag@AgCl-12/CN) could result in negative effects toward the
photocatalytic efficiency. In conclusion, an appropriate size and
dispersion of Ag@AgCl on g-C;N, nanosheets were important
for the enhancement of the photocatalytic activity.

A physical mixture of Ag/AgCl-9 and g-C;N, (defined as Ag/
AgCl-9+CN) was also tested for RhB degradation, which
exhibited much weaker photocatalytic activity as compared with
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Ag@AgCl-9/CN. This observation further corroborated the
importance of strong coupling heterojunction interface between
Ag@AgCl and g-C3N, to the effective photogenerated charge
separation and transfer.*> The lower photocatalytic activity of
dp-Ag@AgCl-9/CN was also observed, which could be ascribed
to the weak interactions between Ag@AgCl and g-C;N, and
large particle size of Ag@AgCl in dp-Ag@AgCl/CN by the
directly precipitation, as shown in Supporting Information
Figure S7D. This clearly illustrated the advantages of ion
exchange strategy over the directly precipitation to form strong
coupling interaction and to control the particle sizes of Ag@
AgCl. The weak interactions between Ag@AgCl and g-C;N, in
dp-Ag@AgCl-9/CN were tested by ultrasonicating for about 5
h to obtain soni-dp-Ag@AgCl-9/CN (Supporting Information
Figure SS), which exhibited an even lower degradation
efficiency of ~72.6% within 60 min (Figure 4A). Therefore,
in order to obtain high eflicient photocatalytic activity, a
suitable particle size, high dispersity, and a strong coupling
heterostructure of Ag@AgCI/CN should be achieved to
accelerate photogenerated electron—hole pair separation and
transfer.

The UV-—vis spectra change during the RhB photo-
degradation by Ag@AgCl-9/CN is collected in Supporting
Information Figure S8. A decreased absorption intensity at the
maximum absorption wavelength of RhB (4 = 553 nm) was
observed, as well as a blue shift in the absorption band,
indicating a dominant de-ethylation process.”* The disappear-
ance of the characteristic absorption peak of RhB within 30 min
indicated an excellent photocatalytic degradation activity of the
Ag@AgCl-9/CN toward RhB under visible-light irradiation.

To quantitatively investigate the reaction kinetics of RhB
photodegradation by the as-prepared photocatalysts, the
experimental data were analyzed by the pseudo-first-order
kinetic model

()
In] —| =Kt
C (1)

where K is the rate constant (min~'), C, is the initial
concentration of RhB, and C is the concentration of RhB at
time t. Linear relationships were obtained as depicted in Figure
4B, which indicated that the RhB photodegradation process can
be fitted by the pseudo-first-order model well. The highest
photocatalytic degradation rate was obtained by Ag@AgCl-9/
CN to be 0.1954 min~!, which was ~41.6, ~16.8, ~8.0, ~4.6,
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~2.3 times faster than those of the bulk g-C;N, (~0.0047
min~'), Ag/AgCl (0.0116 min~"'), Ag@AgCl-3/CN (0.0244
min~"), Ag@AgCl-6/CN (0.0424 min'), and Ag@AgCl-12/
CN (0.0843 min™'), respectively. Besides the excellent
photocatalytic efficiency, the reusability and stability of Ag@
AgCl-9/CN were also tested for practical applications (Figure
5). The good reusability can be confirmed by the consistent
photocatalytic activity even after eight cycles (Figure SA). The
stability of the used samples was examined by the XRD
patterns. A lower Ag” peak may be attributed to photocorrosion
of the Ag@AgCl-9/CN (Figure SB). That is, the stability
experiment results confirmed that the Ag@AgCl-9/CN
plasmonic photocatalyst exhibited broad spectrum photo-
catalytic degradation ability and stability, but the inevitable

presence of photocorrosion in the case of long working hours.
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The broad spectrum photocatalytic abilities of Ag@AgCl-9/
CN were further investigated by degrading MB, MO, and
phenol as pollutants (Figure 6). The highest photocatalytic
degradation efficiencies were also observed by Ag@AgCl-9/CN
as compared with other photocatalysts. The degradation
process can be finished within 60 and 70 min for MB and
MO, respectively (Figure 6A,B). To rule out photosensitization
effect under visible-light irradiation,** we also evaluated the
photocatalytic performance of Ag@AgCl-9/CN toward the
colorless phenol (Figure 6C). As expected, Ag@AgCl-9/CN
also exhibited the highest photocatalytic performance for
phenol degradation. The stability and recyclability of Ag@
AgCl-9/CN to MB, MO, and phenol degradation were also
examined with no significant reduction after five cycles (Figure
6D). The structure of the used sample remained the same
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except an extremely weak peak of Ag’, which may also be
caused by photocorrosion (Figure SB and Supporting
Information Figure S9). These results indicated that the Ag@
AgCl-9/CN plasmonic photocatalyst was an efficient visible-
light-driven photocatalyst with broad photocatalytic spectrum,
good reusability, and stability for potential practical applications
in wastewater treatment.

The photocatalytic degradation mechanism of dye pollutants
by the Ag@AgCl-9/CN plasmonic photocatalysts was system-
atically investigated by introducing isopropyl alcohol (IPA),
triethanolamine (TEOA), and p-benzoquinone (BQ), which
are known as effective *OH, holes, and *O,” scavengers for
photocatalytic reaction, respectively (Figure 7A).*> Meanwhile,
to further confirm the presence of superoxide radicals (*O,7), a
certain amount of O, was introduced. All scavengers were
observed to partially suppress the photodegradation rates as
compared to the absence of scavengers. The photodegradation
rates decreased in the order TEOA < BQ < IPA, indicating that
h* and *O, are the main oxidative species in the photocatalytic
process with a major species of h*. The generation of *O,~
radicals in the photocatalytic process was confirmed by the
DMPO-ESR technique as the presence of the characteristic
peaks of the DMPO—"0," adducts, as shown in Supporting
Information Figure S11.

On the basis of the above results, a reasonable photocatalytic
mechanism was proposed (Figure 7B). The g-C;N, nanosheets
can be excited by visible-light, while AgCl cannot.*> The
synergistic interaction between the SPR of metallic Ag and
polarization field around AgCl can force the photogenerated
electrons in Ag nanoparticles far away from the interfaces of
Ag/AgCl under visible-light irradiation to facilitate photo-
generated electron—hole pair separation and interfacial photo-
generated charge transfer. In addition, both the matching
energy bands (AgCl and g-C;N,) and heterostructure effects
are favorable for photogenerated electron—hole pair separation
at the interfaces. The Ag@AgCl nanoislands on the exfoliated
g-C3N, nanosheets provided more active centers by fully
exposing the adjacent area of island—sheet interfaces to the
pollutants. The separation and transfer of photogenerated
charge were also facilitated by the small size of Ag@AgCl
nanoparticles. During the photocatalytic process, the continu-
ous consumption of separated photogenerated electron—hole
pairs can enable continuous photocatalytic degradation. Due to
the relative negative conduction band (CB) potential of AgCl
(—0.09 eV vs NHE) to O,/°0,” (—0.046 eV vs NHE),
electrons on CB of AgCl can react with O, to produce *0,~.®
Meanwhile, the photogenerated holes had a great affinity to
capture electrons from adsorbed dye molecules; thus, it can
oxidize organic pollutants directly. The photogenerated holes
can also oxidize CI™ ions to *Cl, which are active radical species
to oxidize RhB by the regeneration of Cl” ions for the next
catalytic cycle.* Therefore, the major active species for the
photocatalytic degradation was identified as the holes and *O,”,
which is consistent with the trapping experiments (Figure 7A).

4. CONCLUSION

In summary, we have successfully synthesized a series of
efficient Ag@AgCl/g-C;N, plasmonic photocatalysts via in situ
ion exchange approach. A porous 2D morphology was observed
with the decoration of discrete Ag@AgCl nanoparticles as
nanoislands on the surface of exfoliated g-C;N, nanosheets.
The as-prepared Ag@AgCl/g-C;N, plasmonic photocatalyst
exhibited excellent photocatalytic activities to degrade RhB with

a rate constant of 0.1954 min~!, which was ~41.6 and ~16.8
times faster than those of g-C;N, (~0.0047 min~") and Ag/
AgCl (0.0116 min™"), respectively. Suitable particle size of Ag@
AgCl, high dispersity, and strong coupling effects were
identified as key elements for high photodegradation efficiency
of the as-prepared photocatalysts. This study might provide a
new perspective for the rational design of stable and high
performance g-C;N,-based plasmonic photocatalysts via ion
exchange method.
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