
COMPOSITES

Facile fabrication of BiOCl/RGO/protonated g-C3N4

ternary nanocomposite as Z-scheme photocatalyst

for tetracycline degradation and benzyl alcohol

oxidation

Jinjuan Xue1 , Xinyao Li1 , Shuaishuai Ma2 , Peng Xu2 , Mingxin Wang1,* , and Zhaolian Ye2,*

1School of environmental and Safety Engineering, Changzhou University, Changzhou 213164, People’s Republic of China
2College of Chemistry and Environmental Engineering, Jiangsu University of Technology, Changzhou 213001,

People’s Republic of China

Received: 7 June 2018

Accepted: 30 August 2018

Published online:

5 September 2018

� Springer Science+Business

Media, LLC, part of Springer

Nature 2018

ABSTRACT

A novel ternary BiOCl/RGO/PCN nanocomposite was successfully fabricated

through coupling-protonated g-C3N4 (PCN) sheets with GO by electrostatic

attraction, followed by in situ synthesis of BiOCl layers on the surface on PCN/

GO via hydrothermal reaction and simultaneously achieving the reduction in

GO. The as-prepared BiOCl/RGO/PCN composite exhibited significantly

enhanced photoactivities toward the degradation of representative antibiotic

tetracycline and selective aerobic oxidation of benzyl alcohol compared to

pristine g-C3N4, protonated g-C3N4, pure BiOCl and binary BiOCl/PCN com-

posite under simulated solar light irradiation. The structure–property relation-

ship was explored by several effective characterization techniques. The results

show that RGO coordinated well with two semiconductors of BiOCl and PCN,

and BiOCl/RGO/PCN composite with closely contacted interface exhibited

broad optical adsorption range and effective photogenerated charge carrier

separation efficiency, which are attributed to the improved photocatalytic per-

formance. The results also demonstrate that a Z-scheme charge process was

formed between BiOCl and PCN with RGO serving as electron transfer medium

to promote the fast transporting of photoinduced electrons. Therefore, more

photoinduced electrons and holes could retain in the CB of PCN and in the VB

of BiOCl with strong redox ability, respectively, which is beneficial to the further

effective generation of active radicals participating in photocatalytic reaction.

This work provides a promising Z-scheme ternary photocatalyst with facile

synthetic method and potential application in environmental pollution elimi-

nation and green oxidative organic transformation.
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Introduction

Semiconductor photocatalysis, which not only can

decompose environmental pollutants and produce

hydrogen from water splitting but also can drive

green organic synthesis, is an effective way to deal

with the worldwide environmental purification and

energy-shortage problems [1–3]. Among a variety of

photocatalysts, the Z-scheme photocatalysts could

simulate the natural photosynthesis process with

high photocatalytic performance under visible-light

illumination, becoming a research hot spot in recent

years [4–6]. In a Z-scheme photocatalytic system, the

photoinduced electrons would transfer from the

more positive CB in a semiconductor to the more

negative VB in another coupled semiconductor,

obtaining the maximum overpotentials as well as the

efficient separation of photogenerated charge pairs

[7, 8].

Recently, a metal-free semiconductor g-C3N4 has

become a promising catalyst in the field of photo-

catalysis due to its easy preparation, physical and

chemical stability, appropriate band gap and fasci-

nating electronic property [9–11]. However, as a single

semiconductor, the photocatalytic activity of g-C3N4 is

still limited by the narrow responsive range of visible

light and the fast recombination of photoinduced car-

riers. As reported, constructing g-C3N4-based hetero-

junctions with matched band structures is an effective

way to address the aforementioned problems [12–15].

In particular, g-C3N4-based Z-scheme heterojunctions

have sparked more research attention due to the spe-

cial transfer way of photoinduced electrons. To date,

several g-C3N4-based Z-scheme heterojunctions have

been developed, such as g-C3N4/Ag3PO4 [16, 17],

g-C3N4/TiO2 [18], g-C3N4/BiOI [19], and g-C3N4/

MoS2 [20]. The Z-scheme heterojunctions exhibited the

obvious dual enhancements on the spatial separation

of charge carriers and the strong redox ability in the

photocatalytic reactions.

BiOCl is a layered semiconductor with wide band

gap of 3.5 eV and has been used as an excellent UV-

light-drivenphotocatalyst [21]. Since the band structure

positions of g-C3N4 (ECB= –1.12 eV, EVB= ? 1.57 eV)

and BiOCl (ECB= ? 0.10 eV, EVB= ? 3.5 eV) matched

well [22], BiOCl is an ideal heterojunction partner with

g-C3N4 to form Z-scheme photocatalytic system. Fur-

thermore, as we know, when an electron mediator is

introduced in the Z-scheme heterojunction, more

effective electron transfer would be achieved.

Normally, noblemetals and carbon nanomaterials with

good electroconductivity have been applied as the

electron mediators in Z-scheme photocatalytic system,

such as g-C3N4/Au/BiOBr [23], g-C3N4/Ag/Ag3VO4

[24], g-C3N4/CNTs/Bi2MoO6 [25], and NGQD-modi-

fied g-C3N4/Bi2WO6 [26] heterojunctions. However,

the exploration of g-C3N4-based Z-scheme photocata-

lystswithhigher surfacearea,moreactive reaction sites,

fast separation of photoinduced charge pairs and

extended photoresponse range is still underway.

Over the past few years, antibiotic residues have

been frequently detected in water environment along

with the extensive use of antibiotics in human ther-

apy and the farming industry [27]. Antibiotic resi-

dues in aqueous system have the potential to induce

negative environmental effects even in low concen-

trations, including antibiotic resistance to bacteria,

perturbations in ecosystems and possible risks to

human health through drinking water and food-

chain [28]. Tetracycline (TC) represents a major pro-

portion of the antibiotics currently in use and, it is

quite persistent in water and soil [29], resulting in

potential harmfulness on living ecosystems. It is

essential to develop appropriate methods for typical

antibiotic TC removal. Nowadays, semiconductor

photocatalysis appears to be a green technique for TC

removal compared to the conventional adsorption

and microbial degradation methods. Recent publica-

tions demonstrate that TC can be effectively degra-

ded by g-C3N4-based photocatalysts, such as CDs/g-

C3N4/MoO3 Z-scheme photocatalyst [30], g-C3N4/

Bi3TaO7 nanocomposite photocatalyst [31], and CoO/

g-C3N4 p–n heterojunction photocatalyst [32].

Recently, organic transformations over photocata-

lysts by using solar energy also have attracted

increasing attention since the synthesis process is

environment friendly and relatively low cost [33, 34].

In particular, photocatalytic oxidation of alcohols to

ketones or aldehydes is of great significance for

bringing functionality into petroleum-based feed-

stocks [35]. Till now, photocatalytic oxidation of

benzyl alcohol to benzaldehyde has been successively

developed over photocatalysts such as Au–Pd/LDH

[36], sulfuric acid-modified g-C3N4 [37], and VO@g-

C3N4 [38]. The continuous exploration of effective

photocatalysts for both pollutants degradation and

green oxidative organic transformations is still on the

way. Fe(III)-modified BiOBr was fabricated for

improved photocatalytic benzyl alcohol oxidation

and dye pollutants degradation [39], Ramacharyulu
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reported MgO/g-C3N4 photocatalyst for 4-nitrophe-

nol degradation and benzyl alcohol oxidation [40].

The photocatalysts for both antibiotic TC degradation

and benzyl alcohol oxidation are rarely reported. In

our previous work, we have developed 3D marigold-

like Bi2WO6/Ag2O/CQDs heterostructure with visi-

ble-light-driven photocatalytic activity toward tetra-

cycline degradation and benzyl alcohol oxidation

[41].

Based on the background and consideration men-

tioned above, in this work, we report a ternary

heterojunction consisting of BiOCl layers and proto-

nated g-C3N4 (PCN) sheets, with reduced graphene

oxide (RGO) attaching on the surfaces of the two

semiconductors as an electron transfer mediator.

PCN/GO binary composite was first formed by elec-

trostatic attraction, following that BiOCl combined

with PCN/GO by a simple in situ synthesis method,

and then, BiOCl/RGO/PCN was obtained through

hydrothermal process. The as-prepared BiOCl/RGO/

PCN ternary composite exhibited remarkably

improved photocatalytic activities in the degradation

of representative antibiotic TC and selective oxidation

of benzyl alcohol in comparison with the correspond-

ing binary composite or bare semiconductors under

simulated solar light irradiation. Such designed tern-

ary photocatalyst can show effective charge transfer as

well as broadened photoresponsive range with the

introduction of RGO. Furthermore, a probable photo-

catalysis mechanism over BiOCl/RGO/PCN photo-

catalyst was proposed in view of the radical trapping

experiments and results demonstrated that the

Z-scheme mechanism is more reasonable than the

traditional double charge transfer mechanism in

BiOCl/RGO/PCN photocatalyst.

Experimental

Preparation of photocatalysts

Pristine g-C3N4 (CN) was synthesized by polymer-

ization of melamine at 550 �C with a heating rate of

2 �C/min under air atmosphere for 4 h. Graphite

oxide (GO) colloid (solid content * 2.13 wt%) was

prepared by the modified Hummers’ method as

reported previously [42]. PCN was prepared by the

protonation of g-C3N4. Typically, 0.5 g of g-C3N4 was

dispersed in 100 mL of HCl (2 mol/L) solution under

ultrasound for 60 min, and the suspension was

further stirred for 6 h. Then, the light yellow powder

was collected after centrifugation and washed until

the pH close to neutral. For the synthesis of BiOCl/

RGO/PCN sample, 0.3521 g of GO colloid was first

dispersed in 65 mL of ethylene glycol solution by

ultrasonic treatment. Then, 0.15 g of PCN powder

was added to the above suspension (the mass ratio of

PCN to GO is 20:1) and ultrasonicated for another

60 min. After that, 0.2793 g Bi(NO3)3�5H2O and

0.0336 g NaCl were dissolved into the above sus-

pension and stirred vigorously for 30 min, then the

solution was transferred into a Teflon-lined stainless-

steel autoclave (100 mL) and heated at 140 �C for 8 h.

The obtained product was collected by centrifuga-

tion, washed, and vacuum-dried at 60 �C overnight.

The mass ratio of BiOCl, PCN and GO was calculated

to be 20:20:1 in BiOCl/RGO/PCN sample. At the

same time, BiOCl/PCN sample was also synthesized

by the same method without the addition of GO. An

additional hydrothermal reaction with GO as the

only reaction precursor was also performed, and the

hydrothermal reaction conditions including the sol-

vent (ethylene glycol) is as same as that of the syn-

thesis of BiOCl/RGO/PCN sample. After reaction,

the obtained product was collected by centrifugation,

washed, and vacuum-dried at 60 �C overnight.

Characterization

The structure and crystallinity of the as-prepared

catalysts were analyzed by powder X-ray diffraction

(XRD) on a D/max 2000 PC diffractometer (Rigaku),

employing Cu Ka radiation (k = 0.15401 Å) operated

at 40 kV at a scan rate of 0.02� s-1 in the 2h range

from 10� to 80�. Fourier transform infrared (FTIR)

spectra were performed on a Nicolet 370 FTIR spec-

trometer (Thermo Nicolet, USA) using pressed KBr

pellets in the region of 500–4000 cm-1. The mor-

phology and microstructure of the samples were

investigated by field emission scanning electron

microscopy (FE-SEM, SUPRA55 SAPPHIRE, Zeiss) at

an acceleration voltage of 5 kV and transmission

electron microscopy (TEM, JEM-2100, JEOL) operat-

ing at 120 kV. X-ray photoelectron spectroscopy

(XPS) was performed on a PerkinElmer PHI 5300 XPS

spectrometer with Mg Ka (1253.6 eV) radiation as the

excitation source to investigate the chemical states of

the elements. UV–Vis diffuse reflectance spectra

(DRS) were obtained by an UV–vis spectrophotome-

ter (UV-2700, Shimadzu) using BaSO4 as a reflectance
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standard, and the data were recorded in the range of

300–800 nm. The N2 adsorption–desorption iso-

therms were measured on a surface aperture

adsorption instrument (ASAP 2020, Micromeritics

USA) by N2 physisorption at 77 K. Electrochemical

impedance spectroscopy (EIS) measurements were

carried out on a CHI920 workstation. Photolumines-

cence (PL) spectra were detected with a Horiba

Jobin–Yvon fluorescence spectrophotometer at an

excitation wavelength of 365 nm.

Photocatalytic activity tests

The photocatalytic experiments were carried out in a

photochemical reactor equipped with reflux water to

keep the temperature constant. And a 500-W xenon

lamp (emitting wavelengths over the range 300–

1000 nm) was used as the simulated solar light

source. (1) Photocatalytic degradation of tetracycline

(TC). In a typical photocatalytic degradation test,

20 mg of the photocatalyst was dispersed in TC

aqueous solution (10 mg L-1, 40 mL) and the sus-

pension was magnetically stirred in the dark for

60 min to achieve adsorption–desorption equilibrium

before light illumination. During the degradation

reaction, 1 mL of the suspension was withdrawn at

preselected time intervals and filtered through a 0.45-

lm PTFE syringe filter to remove the particles. The

concentration of TC in the liquid was analyzed by a

high-performance liquid chromatography (HPLC,

Shimadzu LC-20A). (2) Photocatalytic oxidation of

benzyl alcohol. In a typical photocatalytic oxidation

test, 50 mg of the photocatalyst was dispersed in

10 mL acetonitrile with the addition of 0.5 mmol

benzyl alcohol. Prior to irradiation, the quartz reactor

was saturated with O2 and the suspension was stir-

red for 60 min in the dark. After irradiation for 10 h

with O2 bubbling, the reaction solution was cen-

trifuged to remove the particles and the products in

clear liquid were determined by a gas chromatogra-

phy (GC, Agilent GC-7820A). The conversion and

selectivity were defined as the following calculation

formulas [43]:

Conversionð%Þ ¼ ðC0 � CtÞ
C0

� 100

Selectivity ð%Þ ¼ Cp

ðC0 � CtÞ
� 100

where C0 is the initial concentration of the benzyl

alcohol, Cp and Ct are the concentrations of the

benzyl alcohol and benzaldehyde when the reaction

time is t, respectively.

Results and discussion

Catalysts characterization

The crystalline nature and structure of the as-pre-

pared catalysts were studied by XRD (Fig. 1). In

Fig. 1a, two typical diffraction peaks at 13.1� and

27.5� assigned to (001) and (002) crystal planes can be

observed, corresponding to the in-plane structure of

tri-s-triazine units and interlayer stacking of the

conjugated aromatic groups, respectively [44]. It is

noted that the peak positions for PCN are the same as

that of CN, indicating that the acidification process

has no influence on crystalline phase of CN. As for

pure BiOCl sample, all the diffraction peaks well

corresponded to the tetragonal phase of BiOCl

(JCPDS No. 06-0249) [45]. For BiOCl/PCN and

BiOCl/RGO/PCN sample, both of the characteristic

peaks of PCN and BiOCl appeared in the XRD pat-

terns aside from 13.1�, which may be resulted from

the overlap of other strong peaks. However, no

obvious diffraction peak for RGO can be found in

BiOCl/RGO/PCN sample, which is resulted from the

low RGO content and weak intensity of RGO [46]. In

order to verify whether GO can be transformed into

RGO after hydrothermal reaction, we performed an

additional hydrothermal reaction with GO as the

only reaction precursor. Figure 1b shows the XRD

patterns of precursor GO and the product after

hydrothermal reaction with GO as the only reaction

precursor. The main characteristic peak at 2h = 23.5�
corresponding to the (002) plane of RGO [47] can be

found in the XRD pattern of sample 2, while the

precursor GO (sample 1) shows an intensive charac-

teristic (001) peak at 2h = 11.4�, indicating that GO

was transformed into RGO after hydrothermal

reaction.

The morphology and microstructure of the as-

prepared samples were investigated by FE-SEM and

TEM. As can be seen from Fig. 2a, the clear stacking

edge demonstrated that pristine CN owns two-di-

mensional lamellar structure, while PCN exhibited a

smaller thin sheet-shaped morphology with diame-

ters of 100–200 nm (Fig. 2b), implying that the acid

treatment caused pristine CN break into small sheets

with decreased size. Figure 2c shows that the pure
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BiOCl has a nanoplate morphology and the nano-

plates tend to form a spherical superstructure. The

detailed morphology of BiOCl can be further

observed from TEM images. Figure 3a clearly shows

that the size of BiOCl nanoplates is 100–200 nm with

thickness of about 20 nm. Interestingly, the TEM

image of BiOCl (Fig. 3b) at high resolution displays

that the nanoplate is made up of plenty of BiOCl

nanocrystals with the size of 8–10 nm. Typical mor-

phologies of BiOCl/RGO/PCN composite are illus-

trated well in Figs. 2d and 3c, from which PCN and

BiOCl are wrapped well and infiltrated with RGO,

demonstrating that the three components coordi-

nated well in the heterojunction. The HRTEM image

(Fig. 3d) exhibits two different lattice intervals of

0.344 nm and 0.275 nm, which can be assigned to

(101) plane and (110) plane of BiOCl, respectively

[48, 49].

Figure 4a shows the FTIR spectra of as-prepared

CN, PCN, BiOCl and BiOCl/RGO/PCN samples. As

for pristine CN, the peaks in 1200–1700 cm-1 region,

including the peaks at 1638, 1569, 1410, 1320 and

1241 cm-1, can be assigned to the typical stretching

modes of CN heterocycles in g-C3N4 [26]. And the

peak located at 807 cm-1 is attributed to the charac-

teristic breathing vibration mode of the tri-s-triazine

units in g-C3N4 framework [50]. In addition, the

broad peak at around 3000–3500 cm-1 is

attributable to O–H stretching vibrations of surface-

absorption water molecules [51]. The FTIR spectrum

of PCN shows the same feature curve as that of

pristine CN, implying that protonation process did

not change the phase structure of g-C3N4. As can be

seen, the FTIR spectrum of BiOCl shows a peak at

524 cm-1, which is attributed to the Bi–O stretching

mode [52, 53]. Furthermore, the BiOCl/RGO/PCN

sample shows a combined spectra of BiOCl and

g-C3N4. However, the characteristic absorption peak

of COO- from the surface functional groups of RGO

(site about 1460 cm-1) was hard to be distinguished

due to the low RGO content in BiOCl/RGO/PCN

sample and the overlap of the strong band in the

1200–1700 cm-1 region for g-C3N4.

UV–Vis diffuse reflectance spectra were recorded

to reveal the optical properties of the as-prepared

samples. As illustrated in Fig. 4b, the adsorption

spectrum of CN exhibits a steep edge at about

450 nm, which can be assigned to the band gap

transition, whereas that of PCN exhibited a redshift

to the wavelength of 460 nm. According to the for-

mula of the band gap value of the semiconductor:

k = 1240/Eg (k is the limiting wavelength, Eg is the

band gap energy), the band gap energies for CN and

PCN were determined to be about 2.75 and 2.69 eV,

respectively, implying that the protonation treatment

endows g-C3N4 to process narrower band gap. For

pure BiOCl, the adsorption edge is located around

375 nm and has no adsorption in the visible-light

region. When coupling BiOCl with PCN, the BiOCl/

PCN sample shows optical response to visible light.

Moreover, it is noted that an obvious enhancement

on optical absorption intensity in wavelengths

Figure 1 a XRD patterns of CN, PCN, BiOCl, BiOCl/PCN and BiOCl/RGO/PCN samples, b XRD patterns of precursor GO (sample 1)

and the product after hydrothermal reaction with GO as the only reaction precursor (sample 2).
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ranging from 350 to 800 nm can be achieved with the

introduction of RGO in BiOCl/RGO/PCN sample.

The above results demonstrate that BiOCl/RGO/

PCN can take advantage of more solar energy, lead-

ing to the generation of more photogenerated charge

carriers under visible-light irradiation.

The surface area and pore structure of BiOCl/

RGO/PCN sample were analyzed by N2 adsorption–

desorption isotherms and pore size distribution curve

(Fig. 4c, d). As can be seen, BiOCl/RGO/PCN,

BiOCl/PCN and PCN samples exhibit a type-IV iso-

therm and a type-H3 hysteresis loop, implying the

presence of slit-shaped pores aggregated from flake-

like materials [50, 54, 55]. The pore size distribution

curve for BiOCl/RGO/PCN sample also certifies that

mesopores are presented in the composite. Parame-

ters obtained from N2 adsorption–desorption exper-

iments are listed in Table 1. The specific surface area

values are 6.399, 37.931, 57.068, 64.422 m2/g for CN,

PCN, BiOCl/PCN and BiOCl/RGO/PCN samples,

respectively. It is found that CN turned into smaller

sheets in morphology after protonation process and

the specific surface area of PCN (37.931 m2/g) is

nearly six times higher than that of CN. Thus, the

photocatalytic activity of PCN is expected to be

improved compared to CN. Moreover, the combina-

tion of BiOCl with PCN further increased the specific

surface area and the introduction of a small amount

of GO into the composite resulted in a small increase

in specific surface area. As expected, BiOCl/RGO/

PCN photocatalyst would exhibit enhanced adsorp-

tion ability to the reaction substrates, which further

contributes to the improved photocatalytic activity.

The XPS spectra were carried out to further reveal

the detailed elemental composition and chemical

status of BiOCl/RGO/PCN sample. Figure 5a shows

the survey XPS spectrum of BiOCl/RGO/PCN com-

posite, in which the binding energies of Bi 4f, Cl 2p, C

1s, N 1s, O 1s appeared at the corresponding photo-

electron peaks, respectively. From Fig. 5b, two

Figure 2 FESEM images of pristine CN (a), PCN (b), pure BiOCl (c), and BiOCl/RGO/PCN composite (d).
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binding energy peaks at 159.5 and 164.9 eV can be

observed, which are assigned to Bi 4f7/2 and Bi 4f5/2,

respectively [48]. The N 1s spectrum (Fig. 5c) consists

of three fitted peaks at 399, 399.7 and 401.2 eV, cor-

responding to sp2-hybridized C=N–C bond, N–(C)3
coordination, and N–H bond in the framework of

graphitic-like carbon nitride, respectively [56, 57].

Besides, XPS spectrum of C 1s in Fig. 5d can be

deconvoluted into three peaks at 284.7, 285.5 and

288.7 eV, which are related to sp2 C–C bonds in

graphitic carbon, C=N–C and N=C–N2 bonds in

graphitic-like carbon nitride, respectively [28]. It is

noted that no peak for C–O bond from graphene

oxide can be found in C 1s spectrum, indicating that

GO has been reduced to RGO in hydrothermal reac-

tion with alcohol solution as the solvent.

Photoluminescence characterization is performed

in order to investigate the separation efficiency of

photoinduced electron–hole pairs. It is known that a

weaker PL intensity is an indication of a lower

recombination of electron–hole pairs [58]. As shown

in Fig. 6a, the PL spectra of CN, PCN, BiOCl/PCN

and BiOCl/RGO/PCN samples all display strong

emission peaks at around 460 nm, which are consis-

tent with the emission characteristic of g-C3N4. It is

found that PCN exhibited a weaker PL intensity than

that of pristine CN, suggesting lower recombination

of charge carriers in protonated g-C3N4. Significantly,

the PL intensity is quenched after BiOCl coupling,

and even becomes much lower for BiOCl/RGO/PCN

composite. The experimental outcome reveals that

the separation of photogenerated electrons and holes

in composites is more efficient than pure PCN. In

particular, BiOCl/RGO/PCN composite exhibits the

highest charge-separation efficiency among the as-

prepared samples and is expected to have the best

photocatalytic activity.

Figure 6b depicts the electrochemical impedance

spectroscopy (EIS) Nyquist plots of CN, PCN, BiOCl/

PCN and BiOCl/RGO/PCN samples, which is

adopted to evaluate the migration and transfer abil-

ities of photoexcited charge carriers. Apparently,

BiOCl/PCN and BiOCl/RGO/PCN composites

exhibited smaller diameter of the inconspicuous arcs

Figure 3 TEM images of pure BiOCl (a, b), BiOCl/RGO/PCN composite (c) and HRTEM image of BiOCl/RGO/PCN (d).
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in the high-frequency region compared to pristine

CN and pure PCN, implying the lower electronic

resistance of the composites [51]. The smallest arc

radius on the EIS Nyquist plot of BiOCl/RGO/PCN

sample can be observed, indicating that the electron

mobility enhanced and an efficient separation of

photogenerated electron–hole pairs has been

achieved [59], which is consistent with the PL char-

acterization conclusion.

Photocatalytic degradation performances

The photocatalytic performances of all synthesized

catalysts were evaluated by photodegradation of TC

under simulated solar light illumination, and the

results are displayed in Fig. 7a. The curve shows that

for the adsorption step in the dark, BiOCl/RGO/

PCN composite exhibited the highest adsorption of

around 23.6% among all of the samples. The intro-

duction of RGO and the porous structure piled up by

PCN and BiOCl within the composite probably con-

tributed to such good adsorption ability. As depicted,

pristine CN showed relatively low TC degradation

rate of 23.3% within 180 min of irradiation, while the

Figure 4 a FTIR spectra of CN, PCN, BiOCl and BiOCl/RGO/

PCN samples, b UV–vis diffuse reflectance spectra of CN, PCN,

BiOCl and BiOCl/RGO/PCN samples, c N2 adsorption–desorption

isotherms of CN, PCN, BiOCl/PCN and BiOCl/RGO/PCN

samples, d pore size distribution curve of BiOCl/RGO/PCN

composite.

Table 1 Parameters obtained from N2 adsorption–desorption

experiments

Sample SBET (m2/g) Vpore (cm
3/g) Dpore (nm)

CN 6.399 0.007 3.611

PCN 37.931 0.105 2.185

BiOCl/PCN 57.068 0.144 3.057

BiOCl/RGO/PCN 64.422 0.141 1.920
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Figure 5 a The survey XPS spectrum and the corresponding high-resolution XPS spectra of b Bi 4f, c N 1s, d C1s of BiOCl/RGO/PCN

composite.

Figure 6 a Photoluminescence spectra and b EIS Nyquist plots of CN, PCN, BiOCl/PCN and BiOCl/RGO/PCN samples.
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protonation of g-C3N4 can promote the photocatalytic

activity to some extent, in which 42.9% TC degrada-

tion rate was obtained for PCN sample. After the

same irradiation time, TC degraded around 40.3%

over pure BiOCl catalyst. Compared to pure PCN

and BiOCl, the coupling of PCN and BiOCl obviously

improved the photodegradation efficiency. As

expected, BiOCl/RGO/PCN sample displayed the

best degradation efficiency, leading to almost 96.1%

photodegradation of TC after the same irradiation

time. As shown in Fig. 7b, the photocatalytic reaction

rate can be described by the pseudo-first-order

kinetic equation: -ln (C/C0) = kt, where k is the

kinetic rate constant. It can be figured out form

Fig. 7b that corresponding kinetic constants (k) over

CN, PCN, BiOCl, BiOCl/PCN and BiOCl/RGO/PCN

photocatalysts are 0.001, 0.002, 0.003, 0.008 and

0.0158 min-1, respectively. Significantly, BiOCl/

RGO/PCN presents the highest rate constant, which

is 15.8 times higher than that of pristine CN. The

enhanced activity of BiOCl/RGO/PCN can be ascri-

bed to the formation Z-scheme heterojunction for

effective separation of photoinduced charge carriers,

and the incorporation of RGO in the composite also

helped to extend the optical response range as well as

achieve more effective electron transfer.

Catalyst stability evaluation and radical
trapping experiments

Recyclability experiment was carried out to ascertain

the utility of the catalyst for practical applications.

Five successive runs were performed over BiOCl/

RGO/PCN photocatalyst (Fig. 8a). It can be found

that the photodegradation rate of TC reduced to

84.3% after five cycles, where exhibiting slight decline

rather than obvious decrease compared to the first

run. The result suggests the adequate stability and

the reusability of BiOCl/RGO/PCN in organic pol-

lutants elimination. In addition, a series of radical

trapping experiments were performed in order to

understand the primary reactive species involved in

the degradation reaction over BiOCl/RGO/PCN

photocatalyst under visible-light irradiation. Here, t-

BuOH, p-benzoquinone and EDTA were introduced

to scavenge �OH, �O2
- and h?, respectively. As shown

in Fig. 8b, the photodegradation rate of TC was about

96.1% without scavengers in the reaction after irra-

diation for 180 min. It is noted that the addition of p-

benzoquinone (1 mM) obviously decreases the pho-

todegradation rate for the same irradiation time,

implying that �O2
- plays an important role in the

reaction. A similar inhibition phenomenon is occur-

red with the introduction of EDTA (1 mM), demon-

strating that h? is also an important reactive species.

However, when t-BuOH (1 mM) was added into

reaction solution, it almost unchanged for the

degradation rate, manifesting that �OH barely

involved in the reaction. According to the above

results, we can deduce that �O2
- and h? are the main

reactive species for TC photodegradation in the

reaction system over BiOCl/RGO/PCN

photocatalyst.

Figure 7 a Photocatalytic activities and b kinetics of the as-prepared samples for TC degradation under simulated solar light irradiation.
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Photocatalytic oxidation activities

Recent reports demonstrated that g-C3N4-based cat-

alysts have exhibited appreciable results for the

selective oxidation of benzyl alcohol to benzaldehyde

with O2 as the benign oxidant [60–62], and the key for

raising the product selectivity is to avoid the gener-

ation of nonselective species �OH radicals during

photocatalysis process [63]. Since the above radical

trapping results confirmed that �OH species barely

involved in the photocatalytic system over BiOCl/

RGO/PCN catalyst, we infer that BiOCl/RGO/PCN

composite is a potential visible-light-driven photo-

catalyst for selective oxidation of benzyl alcohol.

Table 2 shows the photocatalytic performance of the

selective aerobic oxidation of benzyl alcohol to ben-

zaldehyde by the as-prepared catalysts. Up to 10 h

visible-light illumination, BiOCl/RGO/PCN catalyst

performs the best activity, showing the highest con-

version rate of 71.6% along with a ca. 99% high

selectivity to benzaldehyde. Blank experiment in the

absence of visible light was also performed, and

negligible conversion of benzyl alcohol is observed

therefore confirming the requisite of visible-light

illumination in the reaction. It can be found that

BiOCl catalyst shows no reaction activity, which is

resulted from its nonresponsivity to visible light. For

the performance of CN, PCN and BiOCl/PCN sam-

ples, the conversion rate order is the same as the

trend of photodegradation of TC, which is BiOCl/

PCN[PCN[CN, indicating that the conversion

rate of benzyl alcohol increased with the protonation

of pristine g-C3N4 and further improved with the

coupling of BiOCl.

Photocatalytic mechanism

Figure 9 displays the Z-scheme charge transfer in

BiOCl/RGO/PCN photocatalyst. In view of that the

optical adsorption edge of PCN exhibited a little

redshift compared to pristine CN in above UV–Vis

DRS spectra, the band edge positions of PCN would

be different from that of pristine CN. The band edge

positions of PCN in this study are estimated

according to the following formulas [64]:

EVB ¼ v� Ee þ 0:5Eg

ECB ¼ EVB � Eg

where Ee represents the energy of free electrons of the

hydrogen (* 4.50 eV) and v represents the absolute

electronegativity of the semiconductor (4.82 eV for

carbon nitride semiconductor) [65]. The CB and VB of

PCN are calculated to be - 1.02 eV and ? 1.67 eV by

the band gap of 2.69 eV. Under simulated solar light

irradiation, both BiOCl and PCN are excited to gen-

erate electron–hole pairs and the electrons simulta-

neously transferred from VBs to CBs. If the charge

transfer directions between different semiconductors

follow the double charge transfer theory (path I), the

photoinduced electrons in the CB of PCN would

migrate to the CB of BiOCl through RGO since the

ECB value of PCN (- 1.02 eV) is more negative than

that of BiOCl (? 0.1 eV) [22], while the photoinduced

holes would transfer from the VB of BiOCl

Figure 8 a Five photocatalytic degradation cycles of TC, b TC degradation rates in the presence of different radical scavengers over

BiOCl/RGO/PCN after xenon lamp irradiation for 180 min.
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(EVB= 3.5 eV) [22] to the VB of PCN (EVB=-

? 1.67 eV). Since the standard redox potential of

O2/
�O2

- (- 0.33 eV) [66] is more negative than EVB of

BiOCl, electrons aggregated in the CB of BiOCl can-

not reduce O2 to form �O2
-. However, we verified

that �O2
- is the major reactive species over BiOCl/

RGO/PCN photocatalyst in the above radical trap-

ping experiments, which means the generation of
�O2

- in the reaction is conclusive. If we regard

BiOCl/RGO/PCN composite as a Z-scheme photo-

catalytic system (path II), when BiOCl, RGO and PCN

are closely joined together, the electrons in the CB of

BiOCl would transfer to the VB of PCN through the

excellent electron transporting material RGO and

recombine with the photoinduced holes on the VB of

PCN. Therefore, more electrons and holes could stay

in the CB of PCN and VB of BiOCl without the

decrease in reduction and oxidation abilities,

respectively. Since the EVB value of PCN is more

negative than the standard redox potential of

O2/
�O2

-, the electrons that stayed in the CB of PCN

can react with O2 to produce �O2
-. Meanwhile, in

view of the above control experiment (Fig. 8b) poin-

ted out that the �OH radicals were barely involved in

the reaction, and the holes left in the VB of BiOCl are

supposed to directly interact with the reaction sub-

strates instead of reacting with H2O or OH- to gen-

erate �OH. In this respect, the Z-scheme mechanism is

more reasonable than double charge transfer mech-

anism in BiOCl/RGO/PCN photocatalyst, and

BiOCl/RGO/PCN Z-scheme photocatalytic system

can facilitate the effective separation of photogener-

ated electrons and holes, as well as reserve the

excellent redox ability of charge carriers.

Conclusions

In summary, a ternary BiOCl/RGO/PCN Z-scheme pho-

tocatalyst with closely contacted interface was success-

fully fabricated. The as-prepared BiOCl/RGO/PCN

exhibited significantly enhanced photocatalytic activities

Table 2 Photocatalytic

oxidation of benzyl alcohol

over different catalysts

Entry Catalyst Light Time (h) Conversion (%) Selectivity (%)

1 CN ? 10 19.2 [ 99

2 PCN ? 10 30.4 [ 99

3 BiOCl ? 10 0 /

4 BiOCl/PCN ? 10 55.2 [ 99

5 BiOCl/RGO/PCN ? 10 71.6 [ 99

6 BiOCl/RGO/PCN - 10 0.1 /

The reaction conditions: benzyl alcohol (0.5 mmol), CH3CN solvent (10 mL), catalyst (50 mg), O2

bubbling, room temperature, visible-light irradiation time = 10 h

Figure 9 Schematic diagram

for photoinduced charge

carrier separation and

transportation in BiOCl/RGO/

PCN photocatalyst under

simulated solar light

irradiation.
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toward antibiotic TC degradation and selective oxidation

of benzyl alcohol compared to pristine g-C3N4, proto-

nated g-C3N4, pure BiOCl and binary BiOCl/PCN com-

posite under simulated solar light irradiation. The

confirmed Z-scheme photocatalytic system could result in

more photoinduced electrons and holes retained in the

CB of PCN and in the VB of BiOCl with the reserved

excellent redox ability, respectively, which is greatly

conducive to the further effective generation of active

radicals participating in photocatalytic reaction. The

research results revealed that the main factors affecting

the photocatalytic activities include the spatially effective

separation of photogenerated charge pairs, the fast

transfer of electrons as well as the light harvesting ability.

This work provides a way for promoting the construction

of Z-scheme ternary photocatalyst with RGO as an elec-

tron transfer mediator via a facile synthetic method, as

well as promoting its potential application in environ-

mental purification and oxidative organic transformation.
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