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Abstract

Many recent advances based on 2D materials have opened new possibilities in photocatalysis. In

this study, a new 2D semiconductor composite consisting of carbon-doped carbon nitride (denoted

as CCN) layers and Bi;;0,;Cl, layers was designed via an in-situ method. Supramolecular

chemistry approach was employed to form CCN by using the hydrogen bonded

melamine-cyanuric acid and barbituric acid complex, and Bi;;0;Cl, layers were obtained by

using a moderate solvothermal method. CCN/Bi;,0,7Cl, composite photocatalyst ha erior

response and electrochemical impedance spectroscopy showed Bi,,0,7Cl, composite
has high photogenerated charge carrier separation efficlen cgprding to the radical species
trapping experiments and electron spin resonan Q D, and h' were confirmed to be the
mainly active species involved in t

of organic pollutants. The enhanced

photocatalytic activities of CCN/#,0,,C d be ascribed to enhanced charge separation. It is

expected that the CCN/Bi,; omposite could be utilized as visible light phtocatalyst for
other environmental application®.

Keywords: Carbon-doped carbon nitride, Bi;»0,7Cl,, Semiconductor composites, Visible light

photocatalysis, Antibiotic degradation



INTRODUCTION

In the past few decades, the rapid development of society has caused some problems like
energy shortage and environmental deterioration.”” The emerging environmental contaminants
such as phenols, pesticides and antibiotics in water cycling system, especially in drinking water

have posed serious threats to the organisms and human beings’ health even at low
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concentrations.” = The U.S. Environment Protection Agency has listed them as priority control
contaminants."' > Many effective treatments have been developed to address these seri Ssues,
16-17 18-23

including biological treatment, adsorption, photocatalysis™ and sog on. \Wologic

degradation has been shown to be a promising method for removal of organics from wNeWater as

some specific bacteria can convert these organics to inorganic mo ith less secondary

pollution when compared with adsorption methods.>>?’

Howev oggcal treatment requires a
relatively long period time.”* Different with them, phofoc icglegradation technology could
utilize solar energy to achieve the mineralizatio C ted organics.

Semiconductor photocatalyst has great t1 Ny olving environmental problems caused by
organic pollutants.” * To realizingt 15Qhe key point in is to search for the appropriate
photocatalysts with sufi nlight absorption and efficient photo-induced charge
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separation. Bismuth oxyctloride (BiOCl), a wide-band-gap (about 3.2 eV) ternary
semiconductor, has attracted considerable attention owing to its layer structure, high chemical and
optical stability.33 BiOCI could not utilize visible light, but it could construct the desired bandgap
semiconductors where band gap can be adjusted by ratio of Cl and O, such as Bi;;07Cl,.

Bi;,0,7Cl, has a unique layered structure, excellent photophysical and chemical properties. Also,

this material is nontoxic and chemically stable. These fascinating properties have attracted a great



deal of research interest and can be applied to environmental remediation.* It has been employed

to oxidize benzyl alcohol and degrade bisphenol A under visible 1ight.35'36

Though a number of
Bi;,0,7Cl, based composite photocatalysts have been synthesized, such as BiOI@Bi12017C12,37
Bi;,0,7CL/B-B,05,® and BiOCI-Bi;»0,7CL.** Nevertheless, Bi;;0;7Cl, composited with
non-metal photocatalysts has not been achieved. In addition, as reported by Zhang et al., the
electrons originating from Bi,,0,7Cl, were driven by internal electric field (IEF) between (Cl,)
and (Bi;,017), and further transferred to other semiconductors.*® This hypothesis is goo s to
build an efficient photocatalysis system.

Polymeric graphitic carbon nitride (g-C;N4) with conjugated system attracts ndous
scientific interest owing to its excellent visible light activity, and high g @ stability for water
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splitting, CO, oxidation, contaminant degradation. Wang et orged that g-C3Ny could be

applied for H, production from water under visible light pn* Many researchers have

utilized g-CsN4 to contaminant degradation ight.45 However, the low quantum

efficiency, ultrafast recombination of i charge carriers and insufficient sunlight
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absorption currently has limite € pr application of g-C;Ny. Fortunately, these

shortcomings might be ove brough fabricating heterojunctions with other photocatalysts,

such as TiOz,50 ZnO,24 Bi, 06,51'53 and BiVO4.54'58 Motivated by flourish studies on

heterostructures, we focused the work on the heterojunction between g-C;N4 and Bi,0,7Cl, due

to the good optical properties of g-C3;N4 and well electrical conductivity of Bi;,0,7Cl, layer.
Herein, the Bi;,0;7Cl, hybridized carbon-doped g-C;Ny4 (denoted as CCN) composites with

different proportions were fabricated in this study. The obtained composites were denoted as x%

CCN/Bi;;07Cl,, where x refers to the weight percentages of CCN with Bi;,0,7Cl,. The



microstructure, optical properties and photoelectric performances of CCN/Bi;,0,7,Cl, were
investigated. The degradation kinetics of prepared photocatalyst on commonly antibiotics
pollutant (i.e., tetracycline) was explored under the irradiation of 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;0,7Cl,. The band gap structure and proposed
mechanism were proposed.

EXPERIMENTAL SECTION

Preparation of Catalysts. Melamine (C3H¢Ng), cyanuric acid (C3H3;N;03), a ric ,acj

(C5H4N,03) were received from Sinopharm Chemical Reagent Co., Ltd (Shanghai,

chemicals used in this study were reagent grade and used withou purification. The

synthesized procedure was according to our previous report.” Th mples were prepared by

using 1 mmol of melamine, 1 mmol of cyanuric acid and 0.1 | gf barbituric acid in 100 mL of
ethanol. Then the mixture was sonication for 1 % ambient temperature for another 2 h.
The mixture was dried and calcined at with a heating rate of 3.6 °C min™. The
obtained powder was centrifugedff washe dried. Then the yellow resultant carbon-doped

carbon nitride (CCN) was e typical bulk carbon nitride (CN) was obtained by using

3
w
melamine at 550 °C for 4 h witl®a heating rate of 3.6 °C min™.

Bismuth nitrate pentahydrate (Bi(NO;);-5H,0), ammonium chloride (NH4Cl), ethylene
glycol (EG), and sodium hydroxide (NaOH) were received from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). The Bi;,0,;Cl, was fabricated by a previously reported method with

60-61

some modifications. In a typical method, 2.5 mmol of Bi(NO3);-5H,0O was dissolved in a 10

mL of EG. Then the above solution was added into 60 mL of distilled water containing 6 mmol of



NH4Cl and 20 mmol of NaOH. The mixture was heated at 160 °C for 12 h. The obtained resultant

was collected and washed with distilled water and ethanol and dried.

The CCN/B1i,,0,7Cl, composite was fabricated by an in situ procedure. First, the as-prepared

was dispersed into 50 mL of methanol, and kept under sonication for 1 h to promote the dispersion

of CCN. Then, a certain amount of Bi;;O;7Cl, was added into the above mixture, and under

sonication for another 1h. After that, the mixture was stirred for 12 h. Then the mixture was

centrifuged, and washed three times with ethanol and distilled water. The sample was and

further treated at 120 °C for 2h in air to enhance the interaction between Bi;»O,CL an: carb

nitride matrix. The samples were denoted as X CCN/Bi;,0,;Cl, (X is the mass ratio CN to

samples). They were 5% CCN/Bi;,0,7Cl,, 10% CCN/Bi;,0,7,Cl,, 20% i,,0,,Cl,, and 30%

CCN/Bi12017Cl,.

Characterization Methods. The structure of sample amined by high-resolution
scanning electron microscopy (HR-SEM) (FELghe oLab 6001 dual beam system) and
transmission electron microscopy (HA EI Tecnai G2F20 S-TWIN). The crystal
phases of the samples were achi fro -ray diffractometer (D/max-2500; Rigaku, Japan)
using Cu Ka radiation (A = m). The scan region of 260 was from 10° to 80°. The binding
energy of the as-prepared saMiples was investigated by X-ray photoelectron spectra (XPS,
ESCALAB 250Xi spectrometer, Thermo Fisher, USA). Fourier transformed infrared (FTIR,
FTS-6000) spectra of samples were obtained. The UV-vis diffuse reflectance spectra (DRS) of
samples were measured on UV-vis spectrophotometer (Cary 300, USA) with BaSO,. The electron

spin resonance (ESR) signals of radicals spin-trapped by trapping reagent 5,5-dimethyl-lpyrroline

N-oxide (DMPO) was collected on Bruker ER200-SRC spectrometer under visible light



irradiation (> 420 nm).

Photocatalytic Experiments. The photocatalytic degradation activities were evaluated by the
degradation of TC under a 300 W Xe lamp (CELHXF300, Beijing, China) irradiation with a 420
nm cutoff filter. The degradation pollutants were 50 mL TC aqueous solution with the initial
concentration of 20 mg L. The dosage of photocatalyst was 1 g L. Before irradiation, the
solution was magnetically stirred for 1 h in dark to reach the equilibrium between adsorption and
desorption. Subsequently, the mixture was exposed to visible light. 3 mL of solution was out
at given time interval and the particles were separated by centrifugation agd fiNNed. T
concentration of TC was measured by the UV-vis spectrophotometer and the maximul k was

357 nm.

Electrochemical Measurements. The electrochemical me ts were realized in a

three-electrode system on an electrochemical workstatlo 60D, China). The working
electrode was prepared on fluorine-doped tin oxg @@ss, which was cleaned with ethanol
and dried. 10 mg sample was dispersed i 1) © yl formamide by sonication for 0.5 h. Then

the slurry was spread onto pretre T s, and dried in a vacuum oven for 2 h at 120 °C.
The platinum plate as the ¢ ctrode and the Ag/AgCl electrode as the reference electrode
were used in three-electrode syBtem. Na,SO, solution (0.2 M) was used as the measure system
aqueous electrolyte. The photocurrent responses of the samples as light on and off were measured
at 0 V. Visible light was obtained by the 300 W xenon lamp with a 420 nm cutoff filter. In addition,
the Mott-Schottky plots and electrochemical impedance spectroscopy (EIS) were also performed

in this system.

RESULTS AND DISCUSSION



Catalysts Characterization. The morphology and compositions of Bi;;0,;Cl,, CCN, and

CCN/Bij2047,Cl, were determined by SEM with the energy dispersive spectrometer (EDS)

analysis. As shown in Figure la, Bi;0;7Cl, possessed nanosheet structure. The CCN exhibited

nanosheets with stacked layers and smooth surface, as depicted in Figure 1b. As displayed in

Figure 1c-d, the CCN nanosheet integrates with 2D Bi;,0,7Cl, nanosheet effectively, which may

pose large effect on the photocatalytic activity. Meanwhile, the EDS mapping were utilized to

identify the elements of CCN/Bi;,0,7Cl, in Figure le-i. The elements of Bi, O, CI, C, are

distributed on the surface of the sample, indicating that the CCN/Bi;,0,7Cl, is cgmpo! of CC

and Bi;,0,7Cl, component. Further detailed morphology and crystallography of the s: were

studied by TEM in Figure 2. As shown in Figure 2a and 2b, the layer re of CCN and the

nanosheet structure of Bi;,0,7Cl, were found, respectively. Th and width of Bi;,0,Cl,
nanosheet were 200-400 nm and 40-100 nm, respectively- 17Cl, nanosheets disperse on
the surface of CCN uniformly, which would ance the interaction between them
(Figure 2¢). The CCN/Bi;,0,7Cl, was f y HRTEM in Figure 2d. It was observed
that the lattice distance was 0.333hm, co nding to the (115) facets of B;20,7Cl,. The CCN
nanosheets were employe g suostrate of B1,07Cl,, and marked in Figure 2c-d. The
interaction of B1,0,Cl, and C enhanced the separation efficiency of photogenerated carriers.
The crystal structures and phase purity of pristine CCN, Bi;;0,,Cl,, and all the
CCN/Bi,0,7Cl, samples were determined by X-ray diffraction (XRD). As shown in Figure 3a,
the peak of CCN nanosheets located at 13.1° and 27.2° were ascribed to the (100) and (002) planes,

respectively. The (002) peak of CCN obviously became weaker and broader compared to the bulk

CN (in Figure S1), indicating that the reduced layer thickness.®* The main peaks of Bij;0;;Cl, at



24.57°,29.46°, and 32.97° could be ascribed to (115), (117), and (200) crystal planes of Bi;,0;7Cl,,
respectively, which can be indexed with the standard phase of Bi;;0;7Cl, (JCPDS card no.
37-0702).60 As can be seen from the patterns of CCN/Bi;,0,7Cl, composites, the characteristic
peaks of Bij;0;;Cl, with different amounts of CCN are in agreement with the XRD patterns of
pristine Bi;,0,7Cl,, which indicating the keep of the Bi;,0,7Cl; structure. With the increase in the
CCN amount, the intensity of typical diffraction peak (002) was increased in the CCN/Bi;,0;7Cl.

These results indicated that the CCN/Bi,,0,7Cl, samples were successful obtained.

The surface bond structures of the as-prepared samples were studied by ET-I

shows the spectra of CCN, Bi,,0,7Cl,, and CCN/B1i,,0,7Cl, composite. The bands in 0-600

regions can be ascribed to the stretching mode of Bi-O units in thgq % Cl,. In the FT-IR

spectrum of CCN, the peak at 810 cm ' can be associated@e bending modes C-N

heterocycles. The peaks at 1247 cm ™', 1324 cm ™', 1414 &m 72 cm™' can be attributed to

112017Cl, and CCN were observed in the

the aromatic C-N stretching. The peak at 1632 g ted to the C=N stretching vibration
modes.” All the characteristic absorpti @

CCN/Bi;,0,7Cl, composite, indic<ng thai 17Cl, successfully composited with CCN, which

was consistent with XRD re

The surface elemental copositions and binding state of CCN/Bi;,0,7Cl, composite were
evaluated by XPS analyses in Figure 4. Elements like C, Bi, O, N, and Cl were detected in the
spectrum of CCN/Bi,,0,7Cl, (Figure 4a). As shown in Figure 4b, the two peaks located at 158.9
and 164.3 eV refer to Bi 4f7, and Bi 4f5,,, respectively, which indicated that the Bi** species was
in CCN/Bi,,0,7Cl,. The Cl 2p peak of CCN/Bi,,0,7Cl, can be separated into two peaks at 199.6

and 198.1 eV owing to the Cl 2p,,; and Cl 2psy,, respectively (Figure 4c). As for O 1s peak, it can

©o



be separated into two peaks. The peak located at 530.9 eV may belongs to the O-H bond absorbed
on the surface and another peak at 529.8 eV may results from the lattice Bi-O-Bi bond (Figure 4d).
In Figure 4e, the peaks of C 1s at 284.5 and 287.8 eV are found, which corresponding to C-C
bonding and N=C-N bonding, respectively. The N 1s peak divides into two peaks, which was
located at 398.3 eV and 400.1 eV (Figure 4f). The peak at 398.3 eV was owing to the triazine
rings (C=N-C) and 400.1 eV was ascribed to the tertiary nitrogen (N-C;).GO Additionally, the XPS
of bulk CN, CCN and Bi,,0,7Cl, were shown in Figure S2. The above results co, the
co-existence of CCN and Bi;,0,7,Cl, in the composites. In addition, the C/N molggula lar ratj

of the sample was summarized in Table S1. The mass ratio of CN was 0.66, while t N was

0.78. This evidence indicated the presence of carbon doping in CCN.

Optical Properties and Electrochemical analysis. The UV spectra of Bi;,07Cl,,

CCN, and different mass ratios of CCN/Bi;,0;7Cl, conlp ¢ shown in Figure 5a. The
pristine Bi;,0;7Cl, has an absorption edge at ab Qd meanwhile the absorption edge of
CCN appeared at about 560 nm. The ba p amples can be calculated with the formula

frequency, a constant, and gap cnergy, respectively. The n constant represents the

ohv=A (hv-Eg)"/z, where a, 4, v, A<and Ei e absorption coefficient, Planck’s constant, light
%y 50, 64

semiconductor transition.*®

e optical transition of Bi;;0;7Cl, and CCN were indirect and
direct, respectively. The changes of (ahv) as a function of the energy of incident photons (4v) are
depicted in Figure 5b. The band gaps of Bi;0,7Cl, and CCN were 2.33 eV and 2.21 eV,
respectively. Compared with pristine Bi;;0,7Cl,, the CCN/Bi;;0,;Cl, photocatalyst had an
enhanced absorption as the amount of CCN increased.

The photocurrent response of sample was used to certify the efficiency separation of

10



photogenerated electrons-holes pairs.66 As shown in Figure 6a, the photocurrent responses of CCN,
Bi,,0,,Cl, and CCN/Bi;,0,,Cl; at light on and off were stable and reversible. The photocurrent of
CCN/Bi,0,7Cl, was about 3 times higher than that of the pristine Bi;07Cl,. The separation
efficiency of charge can be further investigated by the electrochemical impedance spectroscopy
(EIS). A smaller arc radius in EIS represents a more efficient separation of charge. The EIS
Nyquist plots of Bi;;0,7Cl, and CCN/Bi;,0,;Cl, were presented in Figure 6b. The arc radius of
CCN/Bi,0,7Cl, was smaller than that of Bi;,0,7Cl,, which suggested that CCN/Bi, had
high efficiency of charges than Bi;,0,7Cl,. These results indicated that interactign w isted j

the interface of CCN and Bi;,0,7Cl,, which suitable for the separation of photogeneratq& c®riers.

Photocatalytic activity. The photocatalytic activities of Bi;,0;7,Cl,, d CCN/Bi;,0,,Cl,

composites were evaluated for the degradation of TC. TC is a d and refractory pollutant.

Figure 6a shows the degradation efficiency of TC as iogpof time. Before irradiation,

adsorption/desorption equilibrium between t st and contaminants in aqueous

solution was reached in 60min (Table S a, the degradation of TC aqueous solution

was negligible without photocatalgt, indic that the TC is stable under visible light irradiation.

The removal of TC with B 17Cl, and CCN in 1h 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 as-prepared composites exhibited the highest photocatalytic
activity, and the efficiency was 94% in 1 h. However, Excess CCN would offer as the
recombination centers of electron-hole pairs and hindered the light absorption of Bi;;0,7,Cly,

leading to a less photocatalytic activity. Therefore, the photocatalytic activity of CCN/Bi;,0,,Cl,

11



composites decreased when the content of CCN was increased to 30%.

In addition, the mechanical mixture of CCN and Bi;,0;7Cl, with a 20% mass ratio showed
lower photocatalytic activity than that of 20% CCN/Bi,,0,7Cl,. To further studied the kinetic
behaviors of the pollutants degradation in the CCN/Bi;,0,7Cl,, the TC degradation data were
further investigated by applying the L-H model. As presented in Figure S4, all of them fitting well
with the pseudo-first-model. Furthermore, the reaction rate constant and degradation rate for TC
were shown in Table 1. The 20% CCN/Bi;,0,7,Cl, composite displayed the fastest reactj te in
degradation of TC with the apparent rate constants of 0.0409 min '. The k galue all t
composites were higher than those of pure CCN and Bi,0,7Cl,. Figure S5 ex¥\jbited the
photocatalytic degradation activity of TC by bulk CN, CCN, /Bi1,047Cl,, and

CCN/Bi,0,7Cl, under visible light irradiation. Obviously, the C d /B11,017Cl, showed

much higher photocatalytic activity than bulk CN and bu 17Cly, respectively. As can be

seen in Table S3, the BET specific surface are 179.03 m? gfl, which was about 13
times of the bulk CN (13.55 m’ g "). Th rovide more active sites for photocatalytic

reaction, leading to the photocatalgfic acti hanced.

From the viewpoint of d&fadation efficiency and practical application, 20% CCN/Bi,,0,7,Cl,
was selected to degrade TC. Effects of initial TC concentration (5, 10, 20, 30, and 40 mg L'l) on
the photocatalyst activities were investigated Figure 6b. It was found that the removal efficiency
has dropped by increasing the initial TC concentration. The efficiency declined from 94% to 77%
in 1h irradiation, while the concentration of TC increased from 5 to 40 mg L!. 1t 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

12



lower TC concentration was suitable to obtain the higher removal efficiency. Consequently,

TC has auto-fluorescence because of its rigid structure.”’ To further explore the degradation
and mineralization property of as-prepared CCN/Bi;,0,7Cl,, 3D EEMs technology was employed.
As shown in Figure 7, TC samples mappings were collected in both adsorption and
photodecomposition process with CCN/Bi,,0,7Cl, under visible light degradation. According to

previous studies, two predominant peaks (peak A at Aex/Aem = (305-330 nm)/(430-45

peak B at Aex/Aem = (240-250 nm)/(435-450 nm)) would appear when TC mo n to
decompose . The two peaks could be explained to the humic acids- and fulvic acids-like
fluorescence region, respectively. As shown in Figure 7a-b, no flu ls were observed,
indicating that TC molecules were not decomposed in the ess ption. With the increase
of irradiation time from 30 min to 60 min, the fluore pnte increased (Figure7c-d). When
the time reaches 120 min, the fluorescence reased obviously, indicating that the

humic acids-like matter and fulvic acids{ike mafer had been degraded (Figure7f). This result also

suggests that the CCN/Bi1§;CIZ@ high mineralization ability to TC.

The photostability of CCNWBi;,0,;Cl, was also evaluated. As presented in Figure S5, after
four cycles, the photocatalytic activity of CCN/Bi;;0,7Cl, exhibited no obvious reduction,
indicating the good stability of CCN/Bi;,0,7Cl,. Furthermore, the chemical stability of the fresh
and used samples was further characterized by FT-IR spectra in Figure S6. The XRD peaks of
used CCN/Bi;,0;7Cl, were consistent with the fresh CCN/Bi;,0,Cl, in Figure S7. Therefore, it

can be said that the CCN/Bi;,0,7Cl, has excellent photocatalytic activity and good stablity in the

o° ’[?ﬁ?& [zey1]: BCEiX B




photocatalytic degradation of pollutants.

Possible Degradation Mechanism. To elucidate the reactive radicals of the 20% CCN/Bi;,0,,Cl,

on the degradation of TC under visible light irradiation during the photocatalytic process, the

active species trapping experiment was systematically investigated by using isopropanol (IPA),

benzoquinone (BQ) and EDTA-2Na, which are acted as effective *OH, *O, , and holes scavengers,

respectively. As shown in Figure 9a and Figure 9b, the activity of CCN/Bi;,0,7,Cl, under visible

light irradiation causes a dramatic change by the addition of BQ and EDTA-2Na, sugg that

*0, and holes are the two main oxidative species. However, the activity of CCY/Bi; Cl, h

been slightly changed with the addition of IPA, suggesting that *OH radical played sistant

role in the photocatalytic degradation of TC over photocatalyst. tigate the role of

dissolved oxygen in the degradation process, the CCN/Bi,,0,7C 1tjes were tested in air and

N, saturated suspensions. The rate of degradation was Ue om 94% to 33% in the N,

saturation. More dissolved oxygen was benefigigl t % beess of photocatalytic degradation,

which indicated that oxygen is a necess e forming super oxygen free radical. These

results agree with the above reactifff radica

¢ turther confirmed by ESR spin-trap measurements which

were performed for identifying Yeactive radicals of CCN, Bi;,0,7;Cl, and CCN/Bi;,0,7Cl,. DMPO

was employed as a spin trap to capture *OH and *O, . As shown in Figure 9¢ and 9d, no ESR

signal of the samples has detected in blank condition. In the Figure 9c, upon visible-light

irradiation for 8 min, A stronger signal was produced in CCN/Bi;,0,,Cl, than Bi;;,0;Cl, and

CCN, suggesting more *O, was generated under irradiation. Meanwhile, in the Figure 9d, a

four-line spectrum with 1:2:2:1 was observed obviously in CCN/Bi;,0,7,Cl,, which were identified

14



as the characteristic peaks of *OH. The peak of *OH in Bi;,0,7Cl, was also detected, but it was
weaker than CCN/Bi;,0,7Cl,. The results of ESR analysis are consistent with the results of the
radicals trap experiments.

To further studied the mechanisms of photogenerated electrons and holes, the conduction
band (CB) and valence band (VB) positions of pure CCN and Bi;,0;7Cl, should be confirmed.’"
Mott—Schottky analysis were utilized to measure the flat band potential of the pure CCN and

Bi;,0,7Cl, at frequency of 1000 Hz (Figure 10a). The flat band potential of CCN was ated

to be -0.47 V and the Bi;,0,;Cl, was —0.44 V versus the Ag/AgCl electrode (SLE),
—0.27 V and —0.24 V versus the normal hydrogen electrode (NHE).SZ’ 65. 6970 1y 1t®n, the
VB-XPS spectra of CCN and Bi;,0,7,Cl, were shown in Figure 10b. and Bi;,0,Cl,, it

can be seen that the gap between the VB and Fermi level were 2. 80 eV, respectively. It is

known that the flat potential was equal to Fermi leve semiconductor. So the VB

positions of CCN and Bi;,0,7Cl, were 1.81 and a6 % ectively. According to the Figure 5b,

0 lated to 2.21 and 2.33 eV, respectively.
an 20,7Cl, were -0.40 and -0.77 eV, respectively.

e mechanism of CCN/Bi;,0;,Cl, composites on TC

the band gap of the CCN and Bi;,0O

Consequently, the CB positions o

Based on the above
degradation was showed in Fidtire 11. As shown in Figure 11a. Under visible light irradiation,
CCN and Bi;,047Cl, can be excited and generate the electrons and holes. The electrons on the CB
0fBi;,0,7Cl, can be transferred to the CCN due to the CB potential of the Bi;,0,7Cl; is negative
than the CCN. Simultaneously, holes could be concentrated on the VB of the Bi;;0,7Cl,. Then the
O, capture the electrons to form the O, . Then, *O, reacted with H' and generated H,O,, which
was further excited by electrons and changed into *OH. The reactive radicals like *OH and <O,

15



could co-efficiently oxidize pollutant under visible-light irradiation. Also, the holes on the VB of
the Bi;,0,7Cl; could be degraded pollutant directly. A proposed mechanism of charges separation
on CCN/Bi;,0;7Cl, was presented in Figure 11b. The charge density surrounding [Bi,,0,7] layer
was higher than that of [Cl,] layer and their electrostatic potential differences was large. This
charge distribution between [Bi;,0;7] and [Cl,] layers in Bi;,0,7Cl, would polarize the related
atoms to form internal electric field (IEF) along [001] orientation.*> ™ For pristine Bi;;0;;Cl, of

numerous [Bi;,0,7] and [Cl,] layer, the electrons and holes separated by IEF would r ine.

The interaction between CCN and Bi;,0,7Cl, enhanced the separation and trangfer
photo-generated carriers, which is beneficial for improved the photocatalytic WgtiWity of
CCN/Bi;,0,7Cl, composites.

CONCLUSIONS @

In summary, novel CCN/Bi;,0,7;Cl, photocatalysts We’ ig#ated via the facile ultrasonic
chemical method. The CCN/Bi;;07Cl, c¢ 0 hibited outstanding visible light
photocatalytic activities toward the deg (Q The optimum photocatalytic activity of a
CCN/Bi;,0,7,Cl, sample is appro@Q.S, and 32.1 times higher than the activities of
pristine Bi;,0,Cl,, CCN, al respectively. The enhanced photocatalytic activity could be
attributed to the electrostatic int®raction between CCN and Bi;,0,7Cl,. The results of photocurrent
response and electrochemical impedance spectroscopy indicated that CCN/Bi;,0,7,Cl, composite
exhibited superior charge transport property. 3D EEMs indicated that the CCN/Bi;20,;Cl,
composite has high mineralization ability to TC. Moreover, the roles of *O, , h" and *OH species

in the CCN/Bi,,0,7Cl, catalytic system were validated by active species trapping experiments and

ESR detection. It can be seen that this study might provide a facile way for construction highly



efficient photocatalyst. Furthermore, the CCN/B1,,0,7Cl, composite can be a candidate that can be
used in other refractory pollutant degradation as well as other environmental remediation
applications.
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Figure captions:

Figure 1 SEM images of samples Bi;;0,;Cl, (a), CCN (b), CCN/Bi;;0;7Cl, (c-d), and

corresponding elemental maps of CCN/Bi;,0,7Cl, (e to i).

Figure 2 TEM images of CCN (a), Bi;,0,7Cl, (b), CCN/Bi;,0;7Cl, (¢), and HRTEM images of

CCN/Bi;,0,-Cl; (d).

Figure 3 (a) XRD patterns of samples CCN, Bi;,0,7Cl,, and CCN/Bi;,0,7Cl, (5%, 10%, and 20%);

(b) FT-IR Spectra of samples CCN, Bi,,0,7Cl,, and CCN/Bi,,0;Cl,.

Figure 4 The XPS spectra of CCN/Bi;,0,7Cl, (a) survey spectra, (b) high resolutign BIN§(c) hi

resolution O 1s, (d) high resolution CI 2p, (e) high resolution Cls, and (c) high resoluti S.

Figure 5 (a) UV-vis adsorption spectra of samples, and (b) The plots o vs photon energy

(hv) for Bi,,0,7,Cl, and the plots of (ozhv)2 vs photon energy (hv

Figure 6 (a) Photocurrent transient measurement lect®chemical impedance spectra of
photocatalysts.

Figure 7 (a) Photodegradation of different photocatalyst, (b) effects of initial
concentration of TC on C 1

Figure 8 3D EEMs of the aque®s solution: (a) taken from the original solution; (b) collected after

60 min adsorption in dark; and (c—f) obtained after an irradiation time of 30, 60, 80 and 120 min,

respectively.

Figure 9 Photocatalytic activities of the CCN/Bi,,0,7,Cl, (a and b) for degradation of TC under

visible light irradiation in the presence of trapping systems. ESR spectra of Bi;;07Cl, and

CCN/Bi;,0,7Cl, dispersion under both the dark and visible light irradiation (> 420 nm) condition:
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(c) in methanol dispersion for DMPO-<O5’, (d) in aqueous dispersion for DMPO-+OH.

Figure 10 (a) Mott—Schottky plots of pure CCN and Bi;,0,,Cl, film electrodes at frequency of
1000 Hz in an aqueous solution of Na,SO4 (0.1 M); (b) valence band XPS spectra of pure CCN
and Bi;,0;,Cl.

Figure 11 Proposed Charge Separation Process in the CCN/Bi;;0,7,Cl, heterostructures under

Visible Light Irradiation (a-b).
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corresponding elemental maps of CCN/Bi;,0,7,Cl, (e to i:.
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Figure 2 TEM images of CCN (a), Bi;;0,,Cl, (b), CCN/Bi;,0,

QQ’Q

)gand HRTEM images of

CCN/Bi;,0,,Cl; (d).
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Figure 3. (a) XRD patterns of samples CCN, Bi;;0,;Cl,, and CCN/Bi;,07Cl, (5%, 10%, and

20%); (b) FT-IR Spectra of samples CCN, Bi,,0,7Cl,, and CCN/Bi;,0,7Cl,.
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Figure 5. (a) UV-vis adsorption spectra of samples, and (b) The plots of (ahv) 12 g

(hv) for Bi;,017Cl, and the plots of (ahv)’ vs photon energy (hv) for CCN.

36 4.0

Of



1600

a — Bi.0,Cl, b W B0 Ci
0.154 — CCN ® ccN
= —— 20% CCN/BIi, 0, ClI, A 20% CCNBI O CI,
p.E o1z Lighton  Light off 12004 ) b
Q s |
s | £ ) ,
i [=]
z 0094 £ s00 .
2 N <.,
2 o0sd v . "
- I .
s | 400 Y o
E 003 ot
o |
0.00 ' ' - 0 r r r
90 120 150 180 0 100 200 300 400
Z'fkohm

Irradiation time(s)

500

Figure 6. (a) Photocurrent transient measurement and (b) electrochemical impedance spectra of

photocatalysts.
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Figure 7. (a) Photodegradation rate of TC on different photocatalyst, (b) effects of initial

concentration of TC on CCN /Bi;,0,,Cl,.



300 350 400 450 500
Em(nm)

Figure 8 3D EEMs of the aqueous solution: (a) taken from the origg ) collected after

60 min adsorption in dark; and (c—f) obtained after an irr 10n 30, 60, 80 and 120 min,

respectively.

NeY



a,, D 1007 55414
£ 7852% 7501 %
08 2
. z
=06 5 &0 53.05 %
(4] \ =
P2 g I 3 2
049" o adsink e N g« 3308 %
—d—- B0 \\ e 3
- IPA \ —
021 §-EDTA2Na b = i
N B ‘
00 : : " 0
ot 3 "?%meﬁ?nim o o Noadditive BQ  IPA EDTA-ZNa N,
¢ | Bi 0,0l dark DMPO-0, d Bi O, CI, dark DMPO-OH
Bi O C!, iradiated
o e 1 A, T LER f
g CCN nan'\\a"\._/ i . S | cenoan ¥ V
] AN
= & [Cen iradiated y
z 2 e ___I-'b_H\u'\_,___\r_,_._ E—
5 % |conmi o ol dark .
‘:" 2 —— " S —
T £ |CcCNBi D CI nrrauna'.elu )
320 322 324 326 328 318.15 318.30 318.45 18.60
Field (mT) Field (mT)

Figure 9. Photocatalytic activities of the CCN/B1|ZO|7CI&(@Cgradat10n of TC under
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Figure 10. (a) Mott—Schottky plots of pure CCN and Bi;,0,7Cl, film electrodes at frequencies of

1000 Hz in an aqueous solution of Na,SO4 (0.1 M); (b) valence band XPS spectra

and Bi]zOnClz.
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Table 1 Pseudo-First-Order Rate Constants (kapp) and Degradation Efficiencies for the TC in

Different Photocatalytic Systems

Catalyst Kapp(min'l) Degradation Efficiencies (%)

BiOCl 0.0013 8.1
Bi;,0,,Cl, 0.0157 62.2

5% CCN/Bi,,0,,Cl, 0.0343 88
10% CCN/ Bi;,0,,Cl, 0.0397 91.8
20% CCN/ Bi;2047,Cl, 0.0409 4
30% CCN/ Bij,0,,Cl, 0.0402 91.8
Mixture 0.027 81.9

CCN 0.0278 80.9
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