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ARTICLE INFO ABSTRACT

Keywords: The photocatalytic performance of the star photocatalyst g-C3N, is restricted by the insufficient solar light ab-
Metal-free sorption, low surface area and the fast recombination of photogenerated electron-hole pairs. The present study
h-BN/g-C3N,4 developed a facile in situ method to construct hexagonal boron nitride (h-BN) decorated g-C3N4 metal-free
Photoc.ataly_sis heterojunction with the aim to greatly enhance the surface area and promote the charge separation. The phy-
Heterojunction

sical, chemical and optical properties of the resulted samples were thoroughly characterized. The photocatalytic
performance of h-BN/g-C3N4 composites were evaluated under visible light irradiation using antibiotic tetra-
cycline (TC) and rhodamine B (RhB) as target pollutants. Results showed that h-BN/g-C3N,4 composites exhibited
much higher photocatalytic activity than pure g-C3N4 and h-BN. The optimum photocatalytic efficiency of BC-3
sample for the degradation of TC was about 2.3 and 60.3 times higher than that of individual g-C3N4 and h-BN,
respectively. Meanwhile, it was about 7.3 and 11.8 times higher than that of individual g-C3N4 and h-BN for RhB
degradation, respectively. The enhanced photocatalytic activity of h-BN/g-C3N4 composite is mainly attributed
to the larger surface area and the unique physicochemical properties of h-BN nanosheet which acts as a promoter
for photoexcited holes transfer. This work indicates that the metal-free h-BN/g-C3N4 hybrid photocatalyst is a

Synergistic effect

promising material in wastewater control.

1. Introduction

Due to the industrialization and population growth, a large amount
of poisonous and hazardous pollutants are produced, which has become
a serious environmental problem in many countries [1]. Nowadays,
worldwide attention has been drawn to develop the state-of-the-art
technologies to degrade toxic and hazardous chemicals in various
wastewaters. The most popular Fenton process can generate hydroxyl
radicals to completely decompose organic compounds into water and
carbon dioxide [2]. However, the traditional Fenton reaction requires
large amounts of chemical reagents and suffers from strict pH re-
quirement (pH ~ 3) [3,4]. Recently, much attention has been focused
on the photocatalytic strategy for environment purification, as solar
energy is an inexhaustible and environmentally friendly energy re-
source [5-8]. At present, most photocatalysts are metal oxides, sulfides
and nitrides with dO or d10 transition metal cations which have the
ability to generate hydroxyl (-OH) and superoxide anion radicals (-
0,7) under light irradiations to degrade or convert pollutants (such as

heavy metals and organic compounds) into environmentally friendly
compounds [9-11]. Unfortunately, most of these metal-based catalysts
are active only under ultra-violet irradiation which only represents 5%
intensity in solar energy, while others absorbing visible light are not
stable during the reaction process: for example photocorrosion occurs
in metal sulfides [12-14]. Photocatalysts for practical use with rela-
tively high productivity have not yet been found. Searching and opti-
mizing highly efficient photocatalysts is urgently needed.

Recently, metal-free graphitic carbon nitride (g-C3N4) with a visible-
light driven band gap and proper band edges has emerged as a new
class of photocatalyst [15]. In general, g-C3Ny is typically prepared by
the polycondensation of nitrogen-rich organic precursors such as cya-
namide, dicyandiamide, guanidine hydrochloride, melamine, urea and
thiourea [15-19]. It can exhibit the ability of photocatalytic hydrogen/
oxygen evolution from water splitting in the presence of sacrificial re-
agents and photodegradation of organic pollutants under sunlight ir-
radiation [20,21]. However, it is worth noting that bulk g-C3N,4 pho-
tocatalyst shows a low photocatalytic activity due to the insufficient
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solar light absorption, low surface area and the fast recombination of
photogenerated electron-hole pairs. In order to increase the activity,
many strategies such as introducing heteroatoms [6], coupling with
other semiconductors [22], modified with carbon materials [23], con-
trolling morphology [24] have been used, and g-C3N4-based hetero-
junction photocatalysts have shown encouraging activity improvement.
It is proposed that the increased photocatalytic activity of the hetero-
junction may be attributed to the effective separation of the photo-
excited carriers which are transferred into valence band (VB) and
conduction band (CB) of opposite semiconductor respectively due to
their potential difference of VB and CB [25,26]. Therefore, scientists
have made significant efforts to improve the photocatalytic activity of
g-C3N4 by coupling it with other semiconductors, such as TiO5 [22],
Bi202C03 [27], ZnIn254 [28], Bi4Ti3012 [29] and Ag3PO4 [30]. In re-
cent years, some two-dimensional carbon materials, such as carbon
nanotube, graphene and carbon dots, have been also used as an electron
transfer channel for g-C3N, to accelerate the separation of photo-
induced charge carriers and obtain efficient metal-free photocatalysts
[4,23,31-34]. Xu et al. prepared a novel multi-walled carbon nanotubes
(CNT) modified white C3N4 composite with enhanced visible-light-re-
sponse photoactivity for methylene blue degradation [31]. The de-
gradation rate of the CNT/white C3N,4 photocatalyst is almost 8.1 times
as high as that of the white C3N,4, which is caused by the efficient se-
paration of the photo-generated charge carriers between C3N, and CNT.
Liao et al. fabricated metal-free graphene-carbon nitride hybrids by
sonochemical approach for photodegradation of rhodamine B and 2, 4-
dichlorophenol in water [33]. The photodegradation rates are much
enhanced due to that the GO acts as a separation centre and electron
acceptor in the GO/g-C3N,4 hybrid. Fang et al. prepared carbon dots
modified g-CsN, hybrid by using carbon dots and dicyandiamide as
precursor, in which carbon dots act as electron-sinks, preventing the
recombination of photo-generated electron-hole pairs and thus enhan-
cing the photocatalytic activity of g-C3N4 [23].

Hexagonal boron nitride (h-BN) is also a kind of two-dimensional
metal-free material, which is similar to layered-structure graphene and
has unique physicochemical properties, such as high stability, non-
toxicity, low density and thermal conductivity [35,36]. In the recent
researches, h-BN is reported to be a robust substrate for semiconductor
photocatalysts [37-42]. More importantly, h-BN will be electronegative
when the bulk h-BN is exfoliated into two-dimensional nanosheets. In
this study, h-BN powder can be strongly attracted by glass due to the
electrostatic interaction. This result confirms that h-BN is electro-
negative. Furthermore, the negatively charged h-BN nanosheets will
attract the photoexcited holes and promote the separation efficiency of
photoexcited electron-hole pairs [35,41]. It is different from the above
conductive carbon materials (carbon nanotube and graphene) which
have also been applied for accelerating the separation of photoinduced
charge carriers by serving as an electron transfer channel recently
[4,31-34]. Because these carbon materials exhibit high electron mo-
bility and storing capacity, the photocatalytic activity of g-C3N4 can be
significantly enhanced by coupling with these carbon materials. How-
ever, considering the characteristic recombination time of surface h*
(about 10 ns) is much shorter than that of e~ (about 100 ns) [43], in-
creasing the transfer of h™ may be more crucial for the improvement of
the photocatalytic activity, especially for the degradation reactions
because the oxidation efficiency is usually determined by the number of
interfacial holes. Theoretical and experimental work has confirmed that
the negatively charged BN derives from stable defects associated with
nitrogen vacancies (N edged triangle defects) or carbon impurities
[35,37-42]. However, the attempt to construct h-BN nanosheet deco-
rated graphitic carbon nitride as an efficient metal-free photocatalyst
for the removal of pollutants has still never been reported.

Herein, we have firstly prepared metal-free h-BN nanosheet/g-C3N,4
heterojunction photocatalysts by a facile in-situ growth strategy. The
physical, chemical and optical properties of the resulted samples were
thoroughly characterized with XRD, XPS, UV-vis DRS, BET, SEM, TEM,
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PL, ESR and so on. The photocatalytic performance of h-BN/g-C3N4
composites were evaluated under visible light irradiation using TC and
RhB as target pollutants. It could be found that h-BN/g-C3N,4 composites
showed much higher photocatalytic activity than pure g-C3N, and h-
BN. Furthermore, based on our experimental results, a probable pho-
tocatalytic mechanism was also proposed. The key role of h-BN for the
improved photocatalytic performance was explored and the main active
species were determined.

2. Experimental
2.1. Synthesis of the photocatalysts

All chemical reagents were analytical grade and used without fur-
ther purification. h-BN powders used in this study were supplied by
Chinese Macklin Chemical Reagent Co. The metal-free h-BN nanosheet/
g-C3N4 heterojunction photocatalysts were prepared by a facile calci-
nation strategy. Specifically, a certain amount (1.0 g) of dicyandiamide
and different amount of h-BN were added into an agate mortar and
grounded together. The resultant powders were transferred to a covered
crucible, then calcined at 550 °C for 4 h with a heating rate of 10 °C/
min [44]. After being cooled to room temperature, the resulting pro-
ducts were collected and milled into powder in an agate mortar for
further use. To make clarity, the h-BN/g-C3N, composites with ex-
pected h-BN contents of 1.0, 1.5, 2.0, 4.0, 12, and 20 mg were referred
to as BC-1, BC-2, BC-3, BC-4, BC-5 and BC-6, respectively. XPS analysis
was used to determine the content of h-BN in the h-BN/g-C3N4 com-
posites. The results indicated that the mass contents of h-BN in BC-1 to
BC-6 were 0.25%, 0.37%, 0.48%, 0.99%, 2.28%, and 4.53%, respec-
tively. For comparison, h-BN nanosheet was obtained similarly but
without dicyandiamide and bulk g-C3N4 powders were prepared simi-
larly but without the addition of h-BN.

2.2. Characterization

The powder X-ray diffraction (XRD) patterns were recorded using
Bruker AXS D8 advance diffractometer operating with Cu-Ka source to
investigate the crystal structure of the samples. The morphologies of
resulting samples were characterized by a field emission scanning
electron microscopy (SEM) (JSM-7001F, Japan) and transmission
electron microscopy (TEM) (F20, USA). The X-ray photoelectron spec-
troscopy (XPS) (Thermo Fisher Scientific, UK) was carried out to ana-
lyze the surface electronic state. The specific surface area of these
samples was characterized from the nitrogen absorption—desorption
data and Brunauer-Emmett-Teller (BET) measurement (ASAP2020,
Micromeritics, USA). UV-vis diffuse-reflectance spectra (UV-vis DRS)
of as-synthesized samples were recorded in the range of 200-800 nm
with a Varian Cary 300 spectrometer equipped with an integrating
sphere. Photoluminescence (PL) spectroscopy was measured at the ex-
citation wavelength of 350nm on PerkinElmer LS-55 spectro-
fluorimeter at room temperature. Photocurrent measurements were
performed on a CHI 660D electrochemical workstation (Shanghai
Chenhua, China) using a three-electrode cell with the nanostructure
materials on FTO as the working electrode, saturated Ag/AgCl and
platinum electrode as the counter electrode and the reference electrode,
respectively. The concentration of intermediate product H>O, detected
by the test paper (Merck, Germany). The electron spin resonce (ESR)
signals were examined on a Bruker ER200-SRC spectrometer under
visible light irradiation (A > 420 nm).

2.3. Photocatalytic experiments

The photocatalytic measurements were carried out by using TC and
RhB as target pollutants under visible light irradiation. A 300 W Xenon
lamp (Beijing China Education Au-light, Co., Ltd.) with a 420 nm cutoff
filter was used as the visible-light source. In a typical procedure,
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Fig. 1. XRD patterns of the prepared h-BN, g-C3N, and h-BN/g-C3N,4
composites.
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100 mg photocatalysts were dispersed into 100 mL TC (10 mg L™ !) and
50 mg photocatalysts were dispersed into 100 mL RhB (20 mgL™%).
Before irradiation, the mixture was magnetically stirred for 60 min in
the dark to establish an adsorption-desorption equilibrium. At a certain
time interval of irradiation, 4 mL suspension was taken out and cen-
trifuged to remove the photocatalyst particles. The concentrations of TC
and RhB were analyzed with an UV-vis spectrophotometer (UV-2250,
SHIMADZU Corporation, Japan).

3. Results and discussion
3.1. XRD analysis

The crystalline phases of the h-BN, g-C3N,4 and h-BN/g-C3N, hybrids
with different amounts of h-BN were investigated by X-ray diffraction
(XRD) (Fig. 1). Two characteristic peaks of g-C3N, located at 13.1° for
(100) reflection and 27.4° for (002) reflection could be observed [45].
The diffraction peaks at 20 value of 26.8°, 41.6°, 43.9°, 50.1°, 55.2°,
71.4° and 75.9° were assigned to (002), (100), (101), (102), (004),
(104) and (110) planes of hexagonal structure h-BN (JCPDS card no.
34-0421). However, there was no typical pattern of BN being observed
in h-BN/g-C3N,4 composites which might be due to the low BN content
in the samples or high dispersion of h-BN. The similar results can also
be found in other systems [46,47]. In addition, no any other char-
acteristic peaks could be found, which showed that the high purity
phases formed during the preparation process.

3.2. Chemical states analysis

The XPS was further employed to analyze the surface elemental
composition and chemical state of the sample. Fig. 2a shows the XPS
survey scan spectra of the as-prepared BC-3 composite, specifying the
co-existence C, N, O, and B elements. A weak O 1s peak at 532.1 eV is
accredited to the adsorbed H,O or CO,, which is a common phenom-
enon found in literatures [48]. High-resolution spectra of Cls (Fig. 2b)
represents two peaks at the binding energies of 284.8 and 288.1 eV,
respectively. The peak located at 284.8 eV is assigned to adventitious
carbon species, and the peak at 288.1 eV is assigned to the tertiary
carbon C-(N)3 in the g-C3N, lattice [16,49]. In the N 1s XPS spectrums,
the main N 1s peaks at 399.8 eV and 398.2 eV are due to the sp2-hy-
bridized nitrogen (C=N—C) and N°~ in BN layer [47,50,51]. Fig. 2d
shows the high-resolution XPS spectra of B 1s.The peak at 190.6 eV in B
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1s spectra is assigned to B—N bonds [47]. Therefore, the experimental
results revealed the successful preparation of chemical-coupling h-BN/
g-C3N,4 composites.

3.3. Morphology characterization

The morphologies of h-BN/g-C3N, can be observed via SEM images
presented in Fig. 3. For comparison, SEM images of pure g-C3N,4 and h-
BN were also included. From Fig. 3a, it can be seen that g-C3N, samples
exhibit an aggregated, slate-like, and different nanosizes crystals
stacking layers with smooth structures, which is the typical structure
characteristic of g-C3N, synthesized by the polymerization method
[44,48]. As shown in Fig. 3b, h-BN displays aggregated stacking small
sheet-like morphology due to aggregation and gathering of the h-BN
sheets. Indeed, the sheet-like morphology is confirmed by TEM ob-
servations of the h-BN (Fig. 4b). After introducing the h-BN, the h-BN/
g-C3N,4 composites samples appear some agglomeration nanosheets on
the surface of g-C3Ny, resulting in the formation of a heterostructure.
Moreover, the surface of particles is less smooth than that of the pure g-
C3Ny, which may be due to the presence of h-BN nanosheets coating on
the g-C3Ny4 layers. The morphology and microstructure of the synthe-
sized samples were further analyzed by TEM observations. Fig. 4(a—c)
displays the TEM images of CN, BN, and BC-3 nanocomposites, from
which we find that CN shows typical layered platelet-like morphology
with non-uniform in thickness and BN depicts typical sheet-like mor-
phology.

3.4. Specific surface area and optical properties

The N, adsorption—desorption isotherms of as-prepared pure g-C3Ny4
and BC-3 samples were depicted in Fig. 5. The BET surface area of bare
g-C3N, and BC-3 was found to be 10.24 m* g~ ! and 34.69 m* g%, re-
spectively. It is known that the higher specific surface areas can provide
abundant active reaction sites and facilitate more pollutant molecules
being adsorbed on its surface [46,52]. Therefore, the h-BN/g-C3N4
composite is expected to possess a better photocatalytic activity than
pure g-C3N, for the degradation of organic pollutants. The average pore
diameter of BC-3 was 22.44 nm, indicating the formation of meso-
porous materials. The optical property of h-BN, g-C3N,4, and h-BN/g-
C3N4 composites was characterized using UV-vis diffuse reflectance
spectroscopy. As depicted in Fig. 6a, pure g-C3N4 shows absorption
wavelengths from the ultraviolet to the visible light region up to
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Fig. 2. XPS spectra of the BC-3 composite. (a) Survey of the sample; (b) C 1s; (¢) N 1s and (d) B 1s.

460 nm, while no obvious absorption peak in the visible spectrum is
detected for h-BN. It is well known that the optical absorption of a
semiconductor is closely related to its electronic structure [48].
Therefore, the h-BN/g-C3N, composites presented the hybrid absorp-
tion features of h-BN and g-C3Ny. It can be seen that the absorption edge
of h-BN/g-C3N4 composites exhibits somewhat blue-shift when com-
pared to the pure g-C3N,4. However, all of h-BN/g-C3N4 composites still
reveal significant visible-light absorption suggesting that these com-
posites can absorb visible-light and be applied for visible-light photo-
catalysis.

In general, the optical absorption band edge (E,) of a semiconductor
photocatalyst can be estimated according to the following formula:
ahv = A(hv—E,)"/2 '6))
where, a, h, v, A and E, represent the absorption coefficient, Planck
constant, light frequency, a constant and band gap energy, respectively.
The band gap energy for the g-C3N, was determined from a plot of
(ahv)*? vs. hv (n = 4 for indirect transition). Thus, the band gaps were
estimated to be about 2.56 eV for g-C3N,4, which were similar to the
previous literatures [49].

In addition, the potentials of the VB and CB for h-BN and g-C3N, can
be calculated according to the following equations:

1
Ecg = X— E¢ — =E
B 2 ¢ ®)

EVB = ECB + Eg (3)

where Eyg is the VB potential, Ecg is the CB potential, X is the elec-
tronegativity of the semiconductor, E® is the energy of free electrons on
the hydrogen scale (about 4.5 eV), Eg is the band gap energy of the
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semiconductor [50]. Based on the above formulas, the VB potential and
CB potential of g-C3N4 were calculated to be 1.50 eV and —1.06 eV,
respectively.

Photoluminescence (PL) spectra has been applied to reveal the
charge carrier trapping, migration and recombination processes of the
semiconductor photocatalysts since PL emission arises from the re-
combination of free carriers. It is well acknowledged that the higher PL
intensity indicates the fast recombination of the charge carriers, re-
sulting in lower photocatalytic activity [13,30]. As shown in Fig. 7,
pure g-C3N, sample has a main emission peak at about 453 nm duo to
the band gap recombination of electron-hole pairs [49]. After the h-BN
was introduced, the heterostructured sample showed lower PL emission
intensity compared with that of pure g-C3N,, indicating that the re-
combination rate of photogenerated charge carriers become lower in
BC-3 heterojunction. The much lower peak intensity implied that the
cooperative effects between h-BN and g-C3N, contributed to decreasing
the recombination of electron-hole pairs effectively and enhancing the
charge separation efficiency.

3.5. Photoelectrochemical properties

The effect of the prepared h-BN/g-C3N4 composites on the separa-
tion efficiency of electron-hole pairs was investigated by photoelectric
current (PC) and electrochemical impedance spectroscopy (EIS) ex-
periments. Fig. 8a depicts the transient photocurrent responses of pure
g-C3N,4 and BC-3. It is clearly shown that BC-3 hybrids displays higher
photocurrent responses, which is about 3 times than that of pure g-
C3Ny. Because the photocurrent is mainly produced by the diffusion of
photoexcited electrons; simultaneously, the photoexcited holes are
transferred rapidly to surface of g-C3N, due to the electrostatic
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Fig. 3. SEM images of as-prepared samples (a) pure g-C3Ny4, (b) h-BN, (c, d) BC-3.

attraction between the holes and the negatively charged BN. Therefore,
the enhanced photocurrent responses for the BC-3 means that the
photoexcited carriers are separated effectively, and the photoexcited
charge carriers have a long lifetime during the photocatalytic de-
gradation reaction. The same result was obtained using an electro-
chemical impedance spectroscopy experiment. Fig. 8b depicts the EIS
changes of g-C3N,4, h-BN, and BC-3 electrodes. In general, the smaller
arc in an EIS Nyquist plot indicates a smaller charge-transfer resistance
on the electrode surface [30]. The data in Fig. 8b displays that relative
arc sizes for the three electrodes are BC-3 < CN < BN. This confirms
that the BC-3 composite has the highest efficiency in charge separation.

The PC and EIS results indicated that the combination with h-BN could
greatly inhibit the recombination of electron-hole pairs and efficiently
facilitate the separation of photogenerated charges at the interface
between BN and g-C3N,4. The results of PC and EIS were consistent with
the PL analysis, which further validats that the introduction of h-BN is
an effective way to improve photocatalytic performance.

3.6. Photocatalytic activity

The photocatalytic activities of the h-BN/g-C3N, samples were
evaluated by photocatalytic degradation of TC and RhB solution under

Fig. 4. TEM micrographs of (a) pure g-C3Ny, (b) h-BN, and (c) BC-3.
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Fig. 5. N, adsorption-desorption isotherms and the corresponding
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visible light. For comparison, the photocatalytic properties of h-BN and
g-C3N,4 were also tested under identical experimental conditions. Before
irradiation, the solution including pollutant and photocatalysts was
magnetically stirred for 60 min in the dark to establish an adsorption-
desorption equilibrium. As depicted in Fig. 9a, the photocatalytic per-
formance is significantly enhanced in the presence of the h-BN/g-C3N,4
composites. To be specific, the photocatalytic efficiency of pure h-BN
and g-C3N, for TC were 4.4% and 52.8%, respectively. For the h-BN/g-
C3N,4 photocatalysts, it was obvious that the photocatalytic activity
enhanced significantly with the increased amount of h-BN. When the h-
BN amount was 2 mg in h-BN/g-C3N, photocatalysts, BC-3 performed
best and 79.7% TC was photodegraded in 60 min. The enhanced pho-
tocatalytic activity might be caused by that the BN nanosheet mod-
ification could endow higher separation efficiency of photogenerated
electron-hole pairs for h-BN/g-C3N, composites [35,41]. However, the
photocatalytic activity of the photocatalyst decreased gradually when
the amount of h-BN further increased. This was ascribed to that too
much content of h-BN coated on the surface of g-C3N4 would shield the
g-C3N, from absorbing visible light, although the modification of h-BN
nanosheet favored the charge separation. The lower light harvesting
would reduce the generation of electron-hole pairs [46]. Therefore, too
many h-BN nanosheet could lead to the decrease of photocatalytic
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Fig. 7. Photoluminescence spectra of the obtained pure g-C3N4 and BC-3.

activity. Similar to TC degradation, the photocatalytic performance is
significantly enhanced with 99.5% of RhB photodegraded in 40 min for
BC-3 sample while the photocatalytic efficiency of pure h-BN and g-
C3N, for RhB are 34.7% and 54.1% as shown in Fig. 9c, respectively.
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Fig. 9. (a) The photocatalytic activities of as-prepared samples for TC degradation under visible-light (A > 420 nm); (b) The apparent rate constants for TC degradation; (c) The
photocatalytic activities of as-prepared samples for RhB degradation under visible-light (. > 420 nm); (d) The apparent rate constants for RhB degradation.

Considering that h-BN showed no visible light absorption (Fig. 6a), the
observed activity may caused by the dye-sensitization effect, since the
colored RhB dye usually absorb visible-light [44,46].

The kinetic behaviors of h-BN/g-C3N4 samples for photodegradation
of TC and RhB were investigated. All of them fit well with the pseudo-

first-order kinetics model:
— In(C/Cy) = kt ()]

where Cy (mg L™Y is the initial concentration, C (mg L™ is the
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remaining concentration at irradiation time of t, and k (min~1) is the
apparent first-order rate constant. The k values of different samples
were shown in Fig. 9b and d, it can be found that the photocatalytic
activities of the hybrids for TC and RhB degradation both exhibit a rise
first followed by a decline with the increasing of h-BN content. BC-3
exhibited the highest rate constant, which is attributed to the larger
surface area and the enhanced separation efficiency of photogenerated
electron-hole pairs among the catalysts. The k value for TC degradation
over BC-3 (0.02775 min~ 1) sample was about 60.3 times higher than



L. Jiang et al.

Applied Catalysis B: Environmental 221 (2018) 715-725

e
100 4 B (b) |
80
- o
= LS Used sample
5 pd \"‘-o-.._.,. P
= @
E 3
Z 401 E
w*"“J \ Fresh sample
20 -
0 T T I Ll T I L
0 10 20 30 40 50 60 70 80

Cycles

20 (degree)

Fig. 10. (a) The repeated photocatalytic experiments of BC-3 photocatalyst for degradation of TC and RhB under visible light irradiation; (b) The XRD pattern of the BC-3 sample after 5th

run cycle photocatalytic experiments.

that of h-BN (0.00046 min~'), and 2.3 times than that of pure g-CsNy4
(0.01233 min™Y). Similarly, the k value for RhB degradation over BC-3
(0.13091 min~ 1Y) sample was about 11.8 times higher than that of h-BN
(0.01111 min™'), and 7.3 times than that of pure g-CsNy4
(0.01805 min ™). Although the high photoactivity of the h-BN/g-C5N,
composites has been verified, their stability with regard to practical
applications was not clear. To test the stability of the h-BN/g-C3N4
composites, the BC-3 sample was collected after photodegradation ex-
periment of TC for the recycle experiments. As shown in Fig. 10a, it can
be observed that the photocatalytic activity of the BC-3 sample has no
apparent deactivation even after five successive recycles for the de-
gradation of TC (74.3%) and RhB (95.3%) under visible light irradia-
tion, which indicates that our photocatalyst possess high stability for its
practical application. Moreover, the BC-3 samples of before and after
5th run cycle were characterized by XRD analysis (Fig. 10b). It could be
found that the phase and structure of the recycled BC-3 composite had
almost no obvious discrepancy compared with the unirradiated one.
This can be further confirmed by the chemical constituent of recycled
BC-3 after TC degradation analyzed by XPS. The full-scan spectrum and
high resolution spectra (Fig. S1) also presented a very similar result to
the fresh BC-3. The results revealed that the sample is stable even after
the 5th run cycle photocatalytic degradation processes.

3.7. Comparison with other photocatalysts

The comparisons of photocatalytic activities of the h-BN/g-C3Ny4
composite with various related g-C3N,4 based metal-free photocatalysts
previously reported for the photocatalytic degradation of TC and RhB
were listed in Table 1. As can be seen, the TC removal and rate constant
of BC-3 composite was 79.7% and 0.02775 min ~ ! within 60 min, which
is preponderant compared with other carbonaceous materials modified
g-C3Ny4 based metal-free photocatalysts such as N-CNT/mpg-C3Ny4 [53],
CQDs/g-C3N4 [54] and GQDs/mpg-C3N4 [55]. Furthermore, BC-3 ex-
hibits superior RhB photocatalytic degradation performance compared
with GO/g-C3N,4 [33], N-CNT/mpg-C3N, [53], OMC/g-C3N, [56], Cgo/
CsN, [57], CCN/g-CsN, [58], g-C3N4/S-g-CsNy [59], g-CsNa/g-CsNy
[60,61], CQDs/g-C3N,4 [54], GQDs/mpg-C3N, [55] and S,N-GQDs/g-
C3Ny4 [62]. This verifies that h-BN/g-C3N,4 composites have great po-
tentials for both TC and RhB removal from contaminated water.

3.8. Photocatalytic mechanism

It is generally recognized that photo-induced reactive species in-
cluding trapped holes (h™*), hydroxyl radicals (-OH) and superoxide
radicals (-O,") are expected to be involved in the photocatalytic
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process. In order to explore the predominant active species generated in
the reaction system, 1,4-benzoquinone (BQ), triethanolamine (TEA)
and isopropanol (IPA) were employed as the scavengers of superoxide
radical (+O,7) [25]. hole (h*) [49] and hydroxyl radical (-OH), [30]
respectively. The corresponding active species will be efficiently
quenched in the pollutant photodegradation after being trapped, and
the degradation efficiency thus becomes lower. As shown in Fig. 11, the
radical trapping results of CN and BC-3 exhibit a similar trend. As for
BC-3, the photocatalytic efficiency of TC decreased from 79.7% to
24.6% when TEA was added, indicating the h* is the predominant
active species. Similarly, a significant loss of the degradation rate could
be found with the addition of BQ, verifying the -O,~ pathway also
possess a crucial role in the photocatalytic process. However, ignorable
inhibition was shown by IPA, indicating that the -OH does not con-
tribute to the degradation of TC. The similar result could be found in
the photodegradation of RhB solution for BC-3 (Fig. 11d). Therefore, it
was indicated that h™ and -0, are the dominant active species gen-
erated in the photocatalytic process, which should be responsible for
the highly enhanced photocatalytic performance for TC and RhB de-
gradation. As described by the photocurrent and EIS analysis, the pre-
sence of h-BN nanosheets in the h-BN/g-C3N, composites could effec-
tively inhibit the electron-hole pair recombination, which might cause
more radical species with strong oxidation capability.

In order to further confirm the presence of -OH and -0, radicals
in the g-C3N4 and BC-3 photocatalytic reaction systems under visible
light, the electron spin resonance (ESR) spin-trap technique was carried
out. DMPO (5,5-dimethyl-1-pyrroline N-oxide), a nitrone spin trapping
reagent, was utilized to capture the superoxide (-0, ) and hydroxyl
radicals (-OH) [63,64]. All the experiments were conducted under dark
condition and visible light irradiation of 4 min, 8 min and 12 min. As
depicted in Fig. 12a and c, six characteristic peaks of DMPO--0, " are
observed in the methanol dispersion of g-C3N,4 and BC-3 under visible
light irradiation, which implying the O, radical species are produced
via single-electron reduction process [46]. It is reasonable for the <Oy~
production in BC-3 system as the photogenerated electrons of g-C3N4
have the ability to trap molecular oxygen to generate -0, (Fig. 12a).
This could be explained by that the CB potentials (—1.06 eV vs NHE) of
g-C3N, are more negative than the reduction potential (—0.33 eV vs
NHE) of 0,/-0,". Interestingly, the typical characteristic peaks of
DMPO--OH adducts (Fig. 12b and d) were also observed, indicating
that the -OH radicals are also produced in both g-C3N4 and BC-3 re-
action systems. However, the results obtained from active species
trapping experiments illustrated that -OH radicals had little effect on
the TC and RhB degradation for both g-C3N, and BC-3. It might be
caused by the fact that the observed DMPO--OH signal in Fig. 12b and d
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Table 1
Comparison with other g-C3N,4 based metal-free photocatalysts in the literature.

Applied Catalysis B: Environmental 221 (2018) 715-725

Photocatalyst Pollutant ~ Concentration (mgL~!) Dosage (gL~1) Time (min) Removal (%) Rate (min~!)  Light source Reference
N-CNT/mpg-C3N4, TC 20 1.0 240 67.1 - 300 W XL (A = 400 nm) [53]
CQDs/g-C3Ny TC 10 0.5 240 78.6 0.00642 250 W XL (A = 420 nm) [54]
GQDs/mpg-C3N,  TC 20 1.0 120 =65 - 300 W XL (A > 400 nm) [55]
h-BN/g-C3N4 TC 10 1.0 60 79.7 0.02775 300 W XL (A = 420 nm) In this study
GO/g-C3Ny4 RhB 10 - 150 94.2 ~0.0152 150 W XL (A = 400 nm) [33]
N-CNT/mpg-CsN; RhB 10 0.5 60 95 - 300 W XL (A = 400 nm) [53]
OMC/g-C3Ny RhB 5 0.5 60 - 0.0534 300 W XL (A = 420 nm) [56]
Ce0/C3Ny4 RhB 4.79 0.6 60 97 0.05818 500 W XL (A = 420 nm) [57]
CCN/g-C3N4 RhB 10 0.15 150 93.3 0.01767 300 W XL (A = 400 nm) [58]
8-C3N4/S-g-C3Ny RhB 10 0.25 120 92 0.0228 250 W SL (400 < A < 800nm) [59]
8-C3Ny4/g-C3Ny RhB 5 1.0 60 90 - 300 W XL (A = 400 nm) [60]
g-C3N4/g-C3Ny RhB 10 1.0 12 97 (+adsorption) - 300 W XL (A = 420 nm) [61]
CQDs/g-C3Ny RhB 10 0.5 210 95.2 0.01438 250 W XL (A = 420 nm) [54]
GQDs/mpg-CsN;  RhB 10 0.5 120 97 - 300 W XL (. > 400 nm) [55]
S,N-GQDs/g-C3N,  RhB 5 0.5 90 96 0.0388 500 W XL (A = 420 nm) [62]
h-BN/g-C3N, RhB 20 0.5 40 99.5 0.13091 300 W XL (A = 420 nm) In this study

GO: graphene oxide; N-CNT: Nitrogen-doped carbon nanotubes; mpg-C3N4: mesoporous graphitic carbon nitride; OMC: Ordered mesoporous carbon; Ceo: Fullerene; CCN: Crystalline
carbon nitride; S-g-C3Ny4: S doped g-C3N4; CQDs: Carbon quantum dots; XL: Xenon lamp; SL: High-pressure sodium lamp; S,N-GQDs: S,N co-doped graphene quantum dots.

is attributed to the further reduction of -:O,~ via -0, — H,0, — -OH
[63,65], as the VB potential (1.50 eV vs NHE) of g-C3N, is not positive
enough to oxidize the water or surface hydroxyl group to form -OH.
Recently, Liu et al. confirmed the presence of H,O, diffusion layer on
C3N,4 during photocatalysis by a Pt tip [66]. Furthermore, the CB level
of g-C3N,4 (—1.06 eV vs. NHE) is more negative than that (+0.69 V vs.
NHE) of reaction: ecg~ + O, + 2H™ — H,0, [63,65,67]. Furthermore,
the intermediate product H,O, has be detected by the test paper which
indicated that the concentration was less than 0.5 mg/L (Fig. S2).Thus,
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the electrons would react with resolved O, and H* to produce H,0,
which could be further reduced to -OH radicals as reaction:
ecg + HyO5— -OH + OH™ [67]. Therefore, according to the above
results of the radical trapping experiments and this ESR analysis, the
overall reaction mechanism and process of TC and RhB degradation
over h-BN/g-C3N, under visible light irradiation were schematized in
Fig. 13. When h-BN/g-C3N4 composite is irradiated by visible light, the
g-C3N, can be easily excited and produce the photogenerated electrons
and holes in the CB and VB, respectively. The holes photoexcited by g-
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Fig. 11. The species trapping experiments for degradation of TC and RhB over CN and BC-3 photocatalysts under visible light irradiation, (a, b) TC; (c, d) RhB.
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C3Ny are transferred rapidly to its surface due to the electrostatic at-
traction between the holes and the negatively charged BN, and then
participate in photocatalytic reaction [35,41]. More importantly, it is
favorable for efficient separation of photoexcited electron-hole pairs
and prolonging electrons lifetime. At the same time, the photoexcited
electrons will be captured by the dissolved O, to generate -O, ", which
directly oxidize the TC molecules in the aqueous solution. While for
RhB photodegradation, the RhB molecules adsorbed on the surface of h-
BN/g-C3N,4 composite could be changed into its excited state (RhB*)
and inject the electrons into the CB of g-C3N4. As depicted in Fig. 13b,
both the electrons from the excited RhB molecules and g-CsN, could
reduce the adsorbed O to -O,~ which directly participate in the oxi-
dation reaction. Subsequently, the holes in the VB of g-C3N, would
transfer to its surface and then oxidize the RhB molecules in the aqu-
eous solution. However, when no h-BN was modified on the g-C3Ny, the
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Fig. 13. Schematic of the separation and transfer of
photogenerated charges in the h-BN/g-C3N4 compo-
sites combined with the possible reaction mechanism
of the photocatalytic procedure, (a) TC degradation;
(b) RhB degradation.

Products

RhB, RhB'e

generated charge pairs cannot be effective separated and large portion
of charge carriers would recombine.

g-CsN4 + hv — g-CsN, (e~ + h') (5)
e + 05— -0, (6)
-0~ + 2H' 4+ e~ = H,0, )
H,0, + e~ — -OH + OH~ (8)
+O5~ + TC — degraded or mineralized products 9
h* + TC — degraded or mineralized products 10)

While for RhB degradation, the followed additional reaction was
happened.

RhB + hv — RhB* = RhB*: + e~ 11
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-0~ + RhB/RhB* " — degraded or mineralized products 12)

h™ + RhB/RhB* . — degraded or mineralized products 13)

It is generally acknowledged that the high surface area, good light
absorption capability, and high separation efficiency of electron-hole
pairs are beneficial for the performance of a photocatalyst. However,
the DRS result indicates that the addition of h-BN slightly decreases the
photoabsorption performance of g-C3N4. Therefore, the high photo-
catalytic activity of h-BN/g-C3N,4 composites could be caused by the
larger surface area and higher separation efficiency of electron-hole
pairs. PL, PC, and EIS were employed to check the separation efficiency
of electron-hole pairs under visible light irradiation. As expected, the
PL, PC, and EIS experiments show that the introduction of h-BN to g-
C3N, greatly promotes the separation efficiency of electron-hole pairs
[46,51].

4. Conclusions

In summary, h-BN/g-C3N4 metal-free heterojunction was prepared
by a facile in situ growing method. The h-BN was well-dispersed on the
g-C3N4 materials and tight contact interface has been constructed.
Compared to pristine g-C3N,4, enhanced photocatalytic oxidation of TC
and RhB under visible light was achieved. When the h-BN amount was
0.48 wt.% in h-BN/g-C5N, photocatalysts, BC-3 performed best. 79.7%
TC and 99.5% RhB was photodegraded under visible light irradiation
for 60 min and 40 min, respectively. The photocatalytic degradation of
TC and RhB over the samples obeyed pseudo-first-order kinetics, and
the photodegradation rate over BC-3 sample for TC degradation is
0.02775 min~?, about 60.3 and 2.3 times higher than that of h-BN and
pure g-C3N,4. Meanwhile, the photodegradation rate over BC-3 sample
for RhB degradation is about 11.8 and 7.3 times higher than that of h-
BN and pure g-C3N,4. This enhanced photocatalytic capability of h-BN/
g-C3N, is mainly due to the larger surface area and the facilitated se-
paration of photogenerated carriers owing to the heterojunction built
between h-BN and g-C3N,4. The photo-degradation is dominant by the -
0, and hole oxidation process while - OH radicals could be neglected.
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