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ABSTRACT: Many recent advances based on 2D materials have opened new %4
possibilities in photocatalysis. In this paper, a new 2D semiconductor composite 0. «©
consisting of carbon-doped carbon nitride (denoted as CCN) layers and Bi;,O,,ClL, :
layers was designed via an in situ method. A supramolecular chemistry approach was
employed to form CCN by using the hydrogen-bonded melamine—cyanuric acid
and barbituric acid, and Bi;;0,,Cl, layers were obtained by using a moderate
solvothermal method. CCN/Bi;,0,,Cl, composite had superior photocatalytic
performance for degrading antibiotic tetracycline (TC) under visible-light
irradiation. The degradation rate constant of 20%CCN/Bi;,0,,Cl, is 0.0409
min ', which is approximately 2.9-, 1.5-, and 32.1-fold those of pristine Bi;,0;,Cl,,
CCN, and BiOClI, respectively. Electrochemical measurements showed that CCN/ @ o ©
Bi;;,0,,Cl, composite has high photogenerated charge carrier separation efficiency.
According to the trapping and electron spin resonance results, superoxide radicals
and holes were the main active radicals in the degradation of TC. The enhanced
photocatalytic activity of CCN/Bi;,0,,Cl, can be attributed to enhanced charge separation. It is expected that the CCN/
Bi;;0,,Cl, composite could be utilized as visible-light photocatalyst for other environmental applications.
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Bl INTRODUCTION ternary semiconductor bismuth oxychloride (BiOCI) has
attracted extensive attention.*® BiOCI could not utilize visible
light, but it could construct the desired band-gap semi-
conductors where the band gap can be adjusted by the ratio

In recent decades, the rapid development of society has caused
some problems like energy shortage and environmental
deterioration.' ™ The emerging environmental contaminants . 8 )
such as phenols, pesticides, and antibiotics in water cycling of Cl and O, such as Bi;;01;,Cly. Bij;Op,Cl, has a unique

systems, especially in drinking water, have posed serious threats layered structure, excellent photophysical and chemical proper-
to organisms and human beings’ health even at low levels.5™° ties. Also, this material is nontoxic and chemically stable. These

The American Environment Protection Agency has listed them fascinating properties have attracted a great deal of resei{ch
as priority control contaminants.''™*5 Many effective treat- interest and can be applied to environmental remediation.”” It

ments have been developed to address these serious issues, hf‘s been employed to oxi‘dize“]:é%nzyl alcohol and. degrade
including biological treatment,'®'7 @ dsorption,18_23 photo- bisphenol A under visible light.”””® A number of Bi;,0,,Cl,-
catalysis,”* and so on. Biological degradation has proven to be}sed cor'nposite ph?;coca'talysts have beejn sylitshesized, S‘}Ch as
be a promising method for the degradation of organics since BiOl@Bi,0,,Cl,,"" Bi};0,,ClL,/f-Bi,05™" and BiOCI-

. 39 . . .
organics can transform into inorganic molecules via some Bi;,01,Cl.~ Nevertheless, Bi},0,;Cl, composited with non-
527 Nonetheless biological remediation metal photocatalysts has not been achieved. In addition, as

)

specific bacteria.”
reported by Zhang et al, the internal electric field between

requires a relatively long period of time.”**’ Different from ) - _ i
this, photocatalytic degradation technology could utilize solar (Bi),047) and (Cl,) drives the electrons from Bi;,0,,CL,, which
are further transferred to other semiconductors.”® This

energy to achieve the mineralization of contaminated organics.

The semiconductor photocatalyst has great potential in hypothesis is good for us to build an efficient photocatalysis
resolving environmental problems caused by organic pollu- system.
tants.”* To realizing this target, the key point is to search for
the appropriate photocatalysts with sufficient sunlight absorp- Received: February 16, 2018
tion and efficient photoinduced charge separation.‘n’32 Because Revised:  March 20, 2018
of its layer structure, and high chemical and optical stability, the Published: April 9, 2018
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Graphitic carbon nitride (g-C;N,) with a conjugated system
attracts tremendous scientific interest for water splitting, CO,
oxidation, and contaminant degradation.*'~* Wang et al.
prepared g-C3N, and applied it for water splitting under visible
light.** Many researchers have utilized g-C;N, in contaminant
degradation.” However, the low quantum efficiency, ultrafast
recombination of photoinduced charge carriers, and insufficient
sunlight absorption currently have limited the practical
application of g—C3N4.46_49 Fortunately, these shortcomings
might be overcome through composition with other photo-
catalysts, such as TiO,,°° Zn0,** Bi,WO4*' ™’ and
BiVO,.**>® Motivated by flourishing studies on composite
photocatalysts, we focused this work on the contact between g-
C;N, and Bi;;O,Cl, due to the good absorption properties of
g-C;3N, and good electrical conductivity of the Bi},O,,Cl, layer.

Herein, the Bi;;,O,Cl,-hybridized carbon-doped g-C;N,
(denoted as CCN) composites with different proportions
were fabricated in this study. The microstructure, optical
properties, and photoelectric performances of CCN/Bi;,0,,Cl,
were investigated. The degradation kinetics of the prepared
photocatalyst on common antibiotic pollutants (ie., tetracy-
cline) was explored under visible light. It is fascinating to find
that CCN/Bi;,0,,Cl, exhibits outstanding photocatalytic
activity toward degradation of tetracycline (TC) compared
with pristine Bi;;O,,Cl,. The band-gap structure and proposed
mechanism were proposed.

B EXPERIMENTAL SECTION

Preparation of Catalysts. The synthesized procedure of CCN
was in accordance to our previous report.59 The CCN samples were
prepared by using melamine (1 mmol), cyanuric acid (1 mmol), and
barbituric acid (0.1 mmol) in 80 mL of ethanol. Then, the mixture was
sonication for 1 h and stirred for another 2 h. The mixture was dried in
80 °C. The dried product was calcined at 550 °C for 4 h at a heating
rate of 3.6 °C min™". The obtained powder was centrifuged, washed,
and dried. Then, the yellow resultant carbon-doped carbon nitride
(CCN) was obtained. The typical bulk carbon nitride (CN) was
obtained by merely using melamine.

Bi;,0,,Cl, was prepared by a solvothermal method.*>®" Bi(NO,),-
SH,0 (2.5 mmol) was dissolved in ethylene glycol (10 mL). Then, the
mixture was added into 60 mL of distilled water containing 6 mmol of
NH,CI and 20 mmol of NaOH. The mixture was heated at 160 °C for
12 h. The resulting product was collected, washed with distilled water
and ethanol, and dried.

The CCN/Bi,0,,Cl, composite was prepared by an in situ method.
First, the as-prepared sample was dispersed into methanol (100 mL),
and kept under ultrasonic conditions for 1 h to promote the dispersion
of CCN. Then, a given mass of Bi;;O,,Cl, was added into the above
mixture, under sonication for another 1 h. After that, the mixture was
stirred for 12 h. Then, the mixture was separated and washed. The
sample was dried and further treated at 120 °C for 2 h in air to
enhance the interaction between Bi;;0,,Cl, and the carbon nitride
matrix. The samples were labeled X CCN/Bi;,0,,Cl, (X is the mass
ratio of CCN to samples). They were 5% CCN/Bi,0,,Cl,, 10%
CCN/Bi;,0,,Cl,, 20% CCN/Bij,0,,Cl,, and 30% CCN/Bi,0,,CL,.

Characterization Methods. The structure of samples was
obtained by scanning electron microscopy (SEM; FEI, Helios
NanoLab 600i dual beam system) and transmission electron
microscopy (HAADF STEM; Tecnai G2F20). X-ray diffraction data
was obtained by a Rigaku diffractometer. XPS data was obtained by an
ESCALAB 250Xi spectrometer (Thermo Fisher). The UV—vis diffuse
reflectance spectra (DRS) were measured on a Cary 300 UV—vis
spectrophotometer. Electron spin resonance (ESR) signals were
collected on a Bruker ER200-SRC spectrometer.

Photocatalytic Experiments. The photocatalytic degradation
activities were conducted by the degradation of TC. A 300 W Xe lamp
with a 420 nm cutoff filter was used as the light source. The
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degradation pollutants were SO mL of TC aqueous solution (20 mg
L™"). The dosage of photocatalyst was 1 g L™". Before irradiation, the
solution was stirred in the dark for 1 h to achieve a balance. Then, the
solution was exposed to visible light. At a given time, 3 mL of solution
was withdrawn and filtrated. The concentration of TC was determined
by the UV—vis spectrophotometer, and the maximum peak was 357
nm.

Electrochemical Measurements. The electrochemical properties
were realized in a CHI-660D workstation. The working electrode was
fabricated on fluorine-doped tin oxide (FTO) glass. The Pt plate was
utilized as the counter electrode and Ag/AgCl as the reference
electrode. Na,SO, solution (0.2 M) was used as the measure system
aqueous electrolyte. The photocurrent responses of the samples were
collected on 0 V. In addition, electrochemical impedance spectroscopy
(EIS) and the Mott—Schottky test were also performed in this system.

B RESULTS AND DISCUSSION

Catalysts Characterization. The morphology and compo-
sitions of Bi;;0,,Cl,, CCN, and CCN/Bi;,0,,Cl, were
determined by SEM with the energy-dispersive spectrometry
(EDS) analysis. As shown in Figure 1a, Bi;;,0,,Cl, possessed a

Figure 1. SEM images of samples Bi;,0,,Cl, (a), CCN (b), and
CCN/Bi;,0,,Cl, (¢, d). (e—i) Corresponding elemental maps of
CCN/Bij,0,,CL.

nanosheet structure. The CCN exhibited nanosheets with
stacked layers and smooth surface in Figure 1b. In Figure 1c,d,
the CCN nanosheet integrates with the 2D Bi;,0,,Cl,
nanosheet effectively, which may pose a large effect on the
photocatalytic activity. Meanwhile, the EDS mappings were
utilized to identify the elements of CCN/Bi},O,,Cl, in Figure
le—i. The elements are distributed on the surface, suggesting
that the CCN/Bi;,0,,Cl, is composed of CCN and Bi,;,0,,Cl,
components. Further detailed morphology and crystallography
of the samples were studied by TEM in Figure 2. The layered
structure of CCN (Figure 2a) and the nanosheet structure of
Bi;,0,,Cl, (Figure 2b) were found. The length and width of
the Bi;0,,Cl, nanosheet were 200—400 and 40—100 nm,
respectively. The Bi},0,,Cl, nanosheets disperse on the surface
of CCN uniformly, which would effectively enhance the
interaction between them (Figure 2c). The CCN/Bi},0,,Cl,
was further studied by HRTEM in Figure 2d. It was observed
that the lattice distance was 0.338 nm, corresponding to the
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Figure 2. TEM images of CCN (a), Bi;,0;,Cl, (b), and CCN/
Bi;,0,,CL, (). (d) HRTEM images of CCN/Bi,;,0,,CL,.

(115) facets of B;,;0,,Cl,. The CCN nanosheets were
employed as the substrate of B,,0,,Cl,, and marked in Figure
2¢,d. The interaction of B;,0,,Cl, and CCN enhances the
separation efficiency of photocarriers.

The crystal structures and phase purity of pristine CCN,
Bi;;0,,Cl,, and all the CCN/Bi;;0,,Cl, samples were
determined by XRD. The peaks of CCN located at 13.1° and
27.2° were indexed as (100) and (002), respectively (Figure
3a). The (002) peak of CCN obviously became weaker and
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Figure 3. (a) XRD patterns of samples CCN, Bi;,0;,Cl,, and CCN/
Bi},0,,Cl, (5%, 10%, and 20%). (b) FT-IR Spectra of samples CCN,
Bi},0,,CL,, and CCN/Bi;,0,,Cl,.

Figure 4. Elements were detected in the spectrum of CCN/
Bi;,0,,Cl, (Figure 4a). Peaks at 164.3 and 158.9 eV refer to Bi
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Figure 4. XPS spectra of CCN/Bi},0,,Cl, survey spectra (a), high-
resolution Bi 4f (b), high-resolution O 1s (c), high-resolution Cl 2p
(d), high-resolution C 1s (e), and high-resolution N 1s (f).

4f;,, and Bi 4f,/,, respectively, which indicated that the Bi*"
species was in CCN/Bi;,0,,Cl, (Figure 4b). The CI 2p peak
can be separated into 199.6 and 198.1 eV, respectively (Figure
4c). For the O 1s peak, it can be separated into two peaks. The
peak located at 530.9 eV may belong to the O—H bond
absorbed on the surface, and another peak at 529.8 eV may
result from the lattice Bi—O—Bi bond (Figure 4d). In Figure
4e, the peaks of C 1s at 287.8 and 284.5 €V are found, which
correspond to N=C—N bonding and C—C bonding,
respectively. The N 1s peak divides into two peaks, which
were located at 398.4 and 400.1 eV (Figure 4f). The binding at
398.4 eV was due to the triazine rings (C=N—C), and 400.1
eV was attributed to the tertiary nitrogen (N—C,).%
Additionally, the XPS of bulk CN, CCN, and Bi,O,Cl, is
shown in Figure S2. The carbon doping effect and composition
change have been confirmed by organic elemental analysis
(OEA). The carbon content in as-prepared samples increased
from 35.48% to 37.96% corresponding to the samples from CN
to CCN (Table 1). The quantity of carbon doping was about

broader compared to the bulk CN (in Figure S1), indicating the
reduced layer thickness.”” The main peaks of Bi;;0,,Cl, at
24.57°, 29.46°, and 32.97° could be ascribed to (115), (117),
and (200) of Bi;,0,,Cl, (JCPDS 37-0702), respectively.60 With
the increased CCN content, the intensity of (002) was
enhanced in the CCN/Bi;;0,,Cl,. These results indicated
that the CCN/Bi;,0,,Cl, samples were successful obtained.
Figure 3b shows the spectra of CCN, Bi;;O,,Cl,, and CCN/
Bi};0,Cl, composite. Signals in the 400—600 regions can be
attributed to Bi—O units stretching in Bi;,0,,Cl,. The bending
modes C—N bond of CCN was at 810 cm™". The band in
1200—1600 cm™' can be attributed to the stretching of
aromatic C—N. Signals at 1632 cm™ were related to the
stretching vibration of C=N.%® All the characteristic absorption
peaks of Bi;;O;,Cl, and CCN were observed in the CCN/
Bi;;O,,Cl, composite, indicating that Bij,0,,Cl, successfully
composited with CCN, which was consistent with XRD results.
The surface elemental compositions and binding state of
CCN/Bi},0,,Cl, composite were evaluated by XPS analyses in
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Table 1. Results of Organic Elemental Analyses for CN and
CCN

sample C/% H/% N/% C/N
CN 35.48 2.32 62.20 0.57
CCN 37.96 1.85 60.19 0.63

2.48%. The molar ratio of C/N increased from 0.57 in CN to
0.63 in CCN. Results show that carbon was incorporated into
CN successfully. In addition, the molar ratios of C/N by XPS
spectra were also presented (Table S1). The changes of C/N
molar ratio are also obtained after carbon doping, which is
consistent with the result of OEA.

Optical Properties and Electrochemical Analysis. DRS
spectra of Bi};,0,,Cl,, CCN, and CCN/Bi;,0,,Cl, composites
were presented (Figure Sa). The Bi;;0,,Cl, has an absorption
edge at about 520 nm and, meanwhile, the CCN at about 560
nm.>”** The optical transitions of Bi};,0,,Cl, and CCN were
indirect and direct, respectively.®®® The changes of (ahv) as a
function of (hv) are shown in Figure Sb. The band gaps of

DOI: 10.1021/acssuschemeng.8b00782
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Figure S. (a) UV—vis adsorption spectra of samples. (b) Plots of
(ahv)"* vs photon energy (hv) for Bij,0,,Cl, and plots of (ahv)? vs
photon energy (hv) for CCN.

Bi};,0,,Cl, and CCN were 2.33 and 2.21 eV, respectively.
Compared with the original Bi;,O,Cl,, the CCN/Bi;,0,,Cl,
photocatalyst had an enhanced absorption as the amount of
CCN increased.

The photocurrent response of the sample was used to certify
the efficiency separation of photogenerated electron—hole
pairs.66 The photocurrent responses of CCN, Bi;,0,,Cl,, and
CCN/Bi};,0,,Cl, at light on and off were stable and reversible
(Figure 6a). The photocurrent of CCN/Bi;,0,,Cl, was about

a —r 1 bm m 800
s o | ® con

= | — 3% CONBI_0, €1, A 0% CONBIO O,

. ia] e g 1200

g {

g £ |

= oo £ w0

£ | b ¥

o oosd | .

- | . 4

g sl oy

3 no3 »

0 120 150 180 o 100 200

200 00 500
Irradkation time{s) Z'kohm

Figure 6. Photocurrent transient measurement (a) and electro-
chemical impedance spectra (b) of photocatalysts.

3-fold that of Bi;;O,,Cl,. The separation efficiency of charge
can be further investigated by EIS. A smaller arc radius in EIS
represents more efficient charge separation. The EIS Nyquist
plots of Bi;;0,,Cl, and CCN/Bi;;0,,Cl, are presented in
Figure 6b. The radius of CCN/Bi;,0;,Cl, was smaller than that
of Bi;0,Cl,, which suggested that CCN/Bi};0,,Cl, had a
high efficiency of charges as compared to Bi;,O;,Cl,. These
results indicated that interaction existed in the interface of
CCN and Bi;;,0,,Cl,, which is suitable for the separation of
photogenerated carriers.

Photocatalytic Activity. The photocatalytic activities of
Bi,0,,Cl,, CCN, and CCN/Bi;,;0,,Cl, composites were
measured for the degradation of TC. TC is a colorless and
refractory pollutant. Figure 7a shows the degradation efficiency
of TC under different times. The adsorption efficiency of
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Figure 7. (a) Photodegradation rate of TC on different photocatalysts.
(b) Effects of initial concentration of TC on CCN/Bi;,0;,CL,.

samples was investigated (Table S2). The degradation of TC
aqueous solution was negligible without photocatalyst (Figure
7a). The removal of TC with BiOClI, Bi;,O;,Cl,, and CCN in 1
h of irradiation was 8%, 54%, and 82%, respectively. All of
CCN/Bi;,0,,Cl, composites showed superior degradation
activities compared to the pristine CCN and Bi;,0,,Cl,
which can be ascribed to the interaction of composites. When
the content of CCN is 20%, the CCN/Bi;,0,,Cl, presented
the highest photocatalytic activity with an efficiency of 94% in 1
h. However, excess CCN will act as the carriers’ recombination
center and hindered the light absorption of Bi;;0,,Cl,.
Therefore, the photocatalytic activity of 30% CCN/
Bi;,0,,Cl, was decreased.

In addition, the mechanical mixture of CCN and Bi;,0,,Cl,
with a 20% mass ratio showed lower photocatalytic activity than
that of 20% CCN/Bi;,0,,Cl,. As presented in Figure S3, all of
the samples fit well with the pseudo-first-order model.
Furthermore, the degradation rate for TC is shown in Table
2. The 20% CCN/Bi;;,0,,Cl, composite displayed the fastest

Table 2. Pseudo-First-Order Rate Constants (Kapp) and
Degradation Efficiencies for the TC in Different

Photocatalytic Systems

sample Kpp/min™" degradation efficiencies/%

BiOClI 0.0013 8.1
Bij,0,,Cl, 0.0157 622
5% CCN/Bi,,0,,Cl, 0.0343 88

10% CCN/Bij,0,,Cl, 0.0397 91.8
20% CCN/Bi;,0,,Cl, 0.0409 94

30% CCN/Bi,,0,,Cl, 0.0402 91.8
mixture 0.027 81.9
CCN 0.0278 80.9

reaction rate in degradation of TC with the apparent rate
constants of 0.0409 min~". The k values of all the composites
were higher than those of pure CCN and Bi},0,,Cl,. Figure S4
exhibits the photocatalytic degradation activity of TC by bulk
CN, CCN, bulk CN/Bi;,0,,Cl,, and CCN/Bi;,0,,Cl, under
visible-light irradiation. Obviously, the CCN and CCN/
Bi;;0,,Cl, showed higher activity than bulk CN and bulk
CN/Bi},0,,Cl,, respectively. As can be seen in Table S3, the
specific surface area of CCN was 179.03 m* g/, which was
about 13 times that of the bulk CN (13.55 m* g~*). Thus, CCN
could provide more active sites for photocatalytic reaction,
leading to the enhanced photocatalytic activity.

Effects of initial TC concentration (S, 10, 20, 30, and 40 mg
L") on the photocatalyst activities were investigated (Figure
7b). It was found that the removal efficiency dropped by
increasing the initial TC concentration. The efficiency declined
from 94% to 77% in 1 h oy irradiation, while the concentration
of TC increased from S to 40 mg L™". It can be said that a
higher concentration of TC could decrease the photo-
generation of the reactive oxygen species and lead to fewer
photons arriving at the surface of the photocatalyst. The result
suggested that lower TC concentration was suitable to obtain
the higher removal efficiency.

The stability of CCN/Bi,0,,Cl, was also evaluated. As
presented in Figure SS, after four cycles, the photocatalytic
activity of CCN/Bi;,0,,Cl, exhibited no obvious reduction,
indicating the good stability of CCN/Bi;,O;,Cl,. Furthermore,
the chemical stability of the fresh and used samples was further
characterized by FT-IR, XRD, XPS, and SEM. As shown in

DOI: 10.1021/acssuschemeng.8b00782
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Figures S6 and S7, no noticeable alternations in the crystal,
compositional, surface structure, and morphology are observed.
Therefore, it can be said that the CCN/Bi;,0,,Cl, has excellent
photocatalytic activity and good stability in the photocatalytic
degradation of pollutants.

TC has autofluorescence because of its rigid structure,”” and
3D excitation—emission spectra (EEMs) were used to further
explore the degradation and mineralization properties of as-
prepared CCN/Bi;,0,Cl, (Figure 8). According to previous

0
300 350 400
E

450
minm

Em{nm)

Figure 8. Three-dimensional EEMs of the aqueous solution: taken
from the original solution (a), collected after 60 min adsorption in
dark (b), and obtained after an irradiation time of 30, 60, 80, and 120
min (c—f), respectively.

studies, if TC began decomposition, then the humic acid peak
in Ag/Aem = (305—330 nm)/(430—450 nm) and the fulvic acids
peak in Ay /Aem (240—250 nm)/(435—450 nm) would
appear. No fluorescence was observed in Figure 8ab, which
indicated that TC was stable in the process of adsorption. The
intensity of fluorescence increased from 30 to 60 min (Figure
8c—e). When the time reaches 120 min, the fluorescence
decreased obviously, indicating that the low-molecular organic
acid has been degraded (Figure 8f). This result also suggests
that the CCN/Bi;,0,,Cl, exhibited high mineralization ability
to TC. Degradation products have been identified using high-
performance liquid—mass spectrometry (HPLC—MS). MS
spectra of the TC and possible intermediate at a different
reaction time have been added in Figure S8. Specifically, the
tetracycline (TC) molecular with m/z of 445.15 was first
attacked by the holes or ®OH to form its hydroxylated product
(m/z of 461.15). After that, the carbon chain of the
hydroxylated product was split into the product ions at m/z
of 358.10. When the reactions progressed, the product (m/z of
358.10) was further oxidized and ring-opened, which led to the
generation of intermediate compounds with m/z of 278.12, and
241.13. These ring-opening products were finally oxidized into
CO, and H,O. A suggested degradation pathway has been
proposed in Figure S9.

Possible Degradation Mechanism. For elucidation of the
reactive radicals of the 20% CCN/Bi;,0,,Cl, on the
degradation of TC during the photocatalytic process, the active
species trapping experiment was systematically investigated by
using isopropanol (IPA), benzoquinone (BQ), and EDTA-2Na,
which act as effective ®OH, O,°”, and hole scavengers,
respectively. The activity of CCN/Bi,,0,,Cl, causes a dramatic
change by the addition of BQ and EDTA-2Na, suggesting that
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0, and holes are the two main oxidative radicals (Figure
9a,b). However, the activity of CCN/Bi;,0,,Cl, has been
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Figure 9. (a, b) Photocatalytic activities of the CCN/Bi;,0,,Cl, for
degradation of TC under visible-light irradiation in the presence of
trapping systems. ESR spectra of Bi};0,,Cl, and CCN/Bi,;,0,,Cl,
dispersion under both the dark and visible-light irradiation (>420 nm)
conditions: in methanol dispersion for DMPO—0,*" (c), and in
aqueous dispersion for DMPO—eOH (d).

slightly changed with the addition of IPA, suggesting that the
oOH radical played an assistant role in the degradation of TC
over photocatalyst. For a study of the role of dissolved oxygen
in the degradation process, the CCN/Bi;;O,Cl, activities were
tested in air and N, saturated suspensions. The rate of
degradation was decreased from 94% to 33% in the N,
saturation. More dissolved oxygen was beneficial to the process
of photocatalytic degradation, which indicated that oxygen is a
necessary medium in forming the superoxide free radical. These
results agree with the above reactive radical test.

The above obtained results were further confirmed by ESR
spin-trap measurements which were performed for identifying
reactive radicals of CCN, Bi;;0,,Cl,, and CCN/Bi;,0,,CL,.
DMPO (5,5-dimethyl-pyrroline N-oxide) was employed as a
spin trap to capture ®OH and O,°”. As shown in Figure 9¢,d,
no ESR signal of the samples was detected in blank condition.
In Figure 9¢, upon visible-light irradiation for 8 min, a stronger
signal was produced in CCN/Bi,0,,Cl, than in Bi;;0,,Cl, and
CCN, suggesting that more O,°” was generated under
irradiation. Meanwhile, in Figure 9d, a four-line spectrum
with 1:2:2:1 was observed obviously in CCN/Bi;,0,,Cl,, which
were identified as the characteristic peaks of ¢ OH. The peak of
e¢OH in Bi;;0,,Cl, was also detected, but it was weaker than
that in CCN/Bi;,0,,Cl,. The results of ESR analysis are
consistent with the radical trap experiments.

For further study of the mechanisms of photogenerated
carriers, the conduction band (CB) and valence band (VB)
positions of CCN and Bi,0,,Cl, should be confirmed.’"*®
Mott—Schottky plots were utilized to calculate the flat band
potential of CCN and Bi;,0,,Cl, at frequency of 1000 Hz
(Figure 10a). The flat band potential of CCN was calculated to
be —0.47 V, and that of Bi;;0,,Cl, was —0.44 V, versus Ag/
AgCl electrode (SCE). Thus, they were —0.27 and —0.24 V
versus normal hydrogen electrode (NHE).>>%>%%70 In addition,
the VB-XPS spectra of CCN and Bi;;0,,Cl, are shown in
Figure 10b. For CCN and Bi;,0,,Cl,, it can be seen that the
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Figure 10. (a) Mott—Schottky plots of pure CCN and Bi;,0,,Cl, film
electrodes at frequencies of 1000 Hz in an aqueous solution of Na,SO,
(0.1 M). (b) Valence band XPS spectra of pure CCN and Bi;;O,,Cl,.

value between the Fermi level and VB were 2.08 and 1.80 eV,
respectively. It is known that the flat potential was equal to the
Fermi level for the n-type semiconductor. Then, the VB
positions of CCN and Bi,0,,Cl, were 1.81 and 1.56 eV,
respectively. As a result, their band gaps were 2.21 and 2.33 eV,
respectively (Figure Sb). Consequently, the CB positions of
Bi};,0,,Cl, and CCN were —0.77 and —0.40 eV, respectively.
In general, the mechanism of CCN/Bi;;,0,,Cl, composites
on TC degradation is shown in Figure 11. Bi;,0,,Cl, and CCN
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Figure 11. (3, b) Proposed charge separation process in the CCN/
Bi;,0,,Cl, heterostructures under visible-light irradiation.

can be excited and generate the electrons and holes under light
irradiation (Figure 11a). The electrons of Bi;,0,,Cl, can be
transferred to the CCN because the CB potential of the
Bij;0,Cl, is negative as compared to that of the CCN.
Simultaneously, holes could be concentrated on the VB of the
Bi};0,,Cl,. The O, captures the electrons to form the O,°".
Then, H* reacted with O,*~ and produced H,0,. The H,0,
was further reacted with electrons and generated eOH
radicals.*®”" The reactive radicals like ®OH and O,*” could
coefficiently oxidize the pollutant under visible-light irradiation.
Also, the holes on the VB of the Bi;;O,,Cl, could degrade the
pollutant directly. A proposed mechanism of charge separation
on CCN/Bi;,0,Cl, is presented in Figure 11b. For pristine
Bi};0,,Cl,, the photogenerated carriers will recombine. The
charge density of the Bi;,O,, layer was greater than that of the
Cl, layer, which can cause atom polarization to form an internal
electric field.*>”° The interaction between CCN and Bi;,0,,Cl,
enhanced the transfer of internal electric field, which is
beneficial for improving the photocatalytic activity of CCN/
Bi;;0,,Cl, composites.

B CONCLUSIONS

In summary, novel CCN/Bi;,0,,Cl, photocatalysts were
prepared via the ultrasonic chemical method. The CCN/
Bi},0,,Cl, composites exhibited outstanding photocatalytic
degradation activities for TC. The activity of the 20% CCN/
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Bi};,0,,Cl, sample is approximately 2.9, 1.5, and 32.1 times
higher than those of pristine Bi;;O,,Cl,, CCN, and BiOC],
respectively. The enhanced activity could be ascribed to the
electrostatic interaction between CCN and Bi;;,O,,Cl,. The
electrochemical results indicated that CCN/Bi;,0,,Cl, compo-
site exhibited a superior charge transport property. Three-
dimensional EEMs indicated that the CCN/Bi;,0,,Cl,
composite has a high mineralization ability to TC. Moreover,
the O,°7, h*, and eOH radicals in the CCN/Bi;,0,,Cl,
catalytic system were validated. It can be seen that this study
might provide a facile way for constructing highly efficient
photocatalysts. Furthermore, the CCN/Bi;,0,,Cl, composite
can be used in other refractory pollutant degradation and
environmental remediation applications.
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