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ABSTRACT

Visible-light-driven, graphene-like boron nitride (g-BN)-mediated graphitic
carbon nitride (g-C3N,) photocatalysts were firstly synthesized via a facile and
green method. The as-prepared catalyst samples were characterized by their
morphology, optical and electrochemical performance. The photocatalytic
activity of the g-BN/g-C3N4 composites was evaluated by bisphenol A pho-
todegradation and H, evolution under visible-light irradiation. The results
indicated that 0.9% g-BN/g-C3N, exhibited the best photocatalytic activity
amongst the hybrid photocatalysts. The enhanced photocatalytic activity was
ascribed to excellent surface properties, an enhanced visible-light harvesting
capability, a stable structure and a high-efficiency separation rate of photoin-
duced electron-hole pairs. This work will support the rational design of g-BN-
based photocatalytic materials for use in energy conversion and environmental
preservation.
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emerged as one of the most prominent photocatalysts
due to its high earth-abundance, non-toxicity, ther-
mal and chemical stability. However, pristine g-C3Ny4

Introduction

Visible-light-driven photocatalytic reactions are a
favourable solution to help resolve rising ecological
and energy affairs [1-3]. From the perspective of solar
energy applications, the sunlight absorption capacity
of semiconductors and the reaction efficiency of
photogenerated charge carriers influence photocatal-
ysis. Amongst various semiconductor photocatalysts,
metal-free graphitic carbon nitride (g-C;N,) has
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has poor yields for H, production and a low effi-
ciency for degradation of pollutants under visible-
light irradiation [4].

Additionally, g-C3N, exhibits low photocatalytic
activity because it supports a narrow visible-light
response range, low surface area, slow charge trans-
port and fast charge recombination [5]. Several
investigations have been undertaken to overcome

@ Springer


http://orcid.org/0000-0002-8020-2651
http://orcid.org/0000-0002-0218-2122
http://orcid.org/0000-0003-2110-3650
http://orcid.org/0000-0002-0421-0326
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-017-1167-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-017-1167-6&amp;domain=pdf

9478

these disadvantages. A useful strategy to develop the
photocatalytic activity of g-C3Ny is to couple it with
precious metal nanoparticles [6, 7]. The improved
activity is credited to the favourable charge transport
properties and high visible-light absorption, which is
due to the surface plasmon resonance (SPR). Con-
structing semiconductor heterojunctions with other
photocatalysts, such as TiO,, AgO, ZnO, BiOC],
BiOBr, BiOl [8-13], is also a favourable prospect. The
heterojunction system can optimize light harvest and
effectively enhance the separation of photoexcited
electron-hole pairs. However, drawbacks of charac-
teristic heterojunctions include limited high charge
separation efficiency and a strong redox ability of
photogenerated holes. The topmost issue with these
composites is the discharge of toxic metals during the
course of photocatalytic processes. Recently, cationic-
modified g-C;N4 was found to have a stronger pho-
tocatalytic ability because of improved electron-hole
separation performance via an interface charge
transfer effect [14]. However, the stability of photo-
catalysts is instinctively poor. Another approach to
modify g-C3Ny is utilize the high oxidation ability of
redox pairs [15, 16]. Photocatalytic systems that are
dependent on metal-free, viable resources are pre-
dominantly necessary for large-scale photocatalytic
applications.

The rapid development of graphene-layered
materials has gained substantial interest in current
times [17]. 2D photocatalysts coupling with metal-
free nanomaterials such as GO have been proved the
improved photocatalytic activity [18, 19]. The cou-
pling of g-C3N, with metal-free nanomaterials, such
as carbon nanotubes [19] and graphene [20-22], has
received considerable attention because this material
demonstrates remarkable features that include a large
specific surface area, improved elasticity, tough
mechanical strength and extraordinary electronic
properties. The photocatalytic ability is distinctly
improved through this process. Boron nitride (BN),
which is a remarkable representative of a 2D crystal,
exhibits remarkable properties that include a small
dielectric constant, increased thermal conductivity
and tough mechanical strength. This material can be
employed as a solid-state lubricant, electronic device
or a filler material in composites [23-27]. Addition-
ally, the photocatalytic activity to degrade pollutants
was significantly enhanced. Specifically, the struc-
tures of graphitic carbon nitride (g-C3N4) and gra-
phene-like BN are similar to the graphene and they
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have the good performance of graphene-like struc-
ture. The infusion of BN can ultimately enhance the
photocatalytic activity by modifying the light
absorption or subduing the recombination of pho-
toexcited electrons and holes. Graphene-like BN is a
material with fewer layers and a wide surface. The
modification of a layered or high surface area mate-
rial can effectively reduce the rapid recombination of
photogenerated electron-hole pairs in the original
photocatalyst during photocatalysis [28-31]. There-
fore, combining a graphene-like BN architecture with
a vastly effective photocatalyst is critical to withstand
energy and environmental recommendations.

Our work has produced a source of rich metal-free
g-BN/g-C3N4 composites that were created by glazed
ultrasonic stripping of a g-BN thin sheet directly onto
the surface of an ultrasonic stripped g-C3Ny thin
sheet. The g-BN covered g-C3;N; composite demon-
strated a highly improved photoreaction rate for
bisphenol A mineralization with visible-light illumi-
nation compared with g-CsN4 and H, production.
The composites are more economic and green than
other metal-free components for modification of
g-C3N4 [32]. The role of g-BN in the composite was
thoroughly investigated. Because the g-BN/g-C3N,
composite possesses metal-free and ecology-friendly
properties, it is a favourable photocatalytic system for
practical applications.

Experimental section
Synthesis of the photocatalysts
Preparation of g-C3Ny

A simple calcination method was used to prepare
pure g-C3Ny, as described in the literature [33]. Urea
was boiled in static air to 520 °C (ramp rate 2 °C/
min) in a quartz boat and allowed to cool for 4 h. The
yellow g-C3N,4 product was gathered and milled to a
powder with an agate mortar for further use.

Preparation of g-BN

Calcinations were conducted to prepare graphene-
like BN using boric acid and urea as reactants. Boric
acid and urea were dissolved in 40 ml of distilled
water at a mole ratio of 1:24. This solution was heated
at 80 °C to obtain a white solid. This solid was then
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calcined at 900 °C for 5 h in a nitrogen atmosphere
[34].

Preparation of the g-BN/g-C3N4 nanocomposite

The g-BN/g-C3;N4 nanocomposite was typically pre-
pared utilizing the following method. A quantity of
g-C3Ny (0.2 g) was dispersed in 30 ml ultrapure
water and this mixture was called A suspension. A
specific mass of graphene-like BN was added to
10 ml of ultrapure water and this mixture was called
B suspension. The two suspensions were sonicated
for 10 h. Later, the solutions were combined and
vigorously stirred for 24 h, after which the solvent
was vaporized at 100 °C and grinded for 30 min. The
resulting powder was calcined at 350 °C for 2 h. This
process was followed by synthesizing various mass
fractions of g-BN/g-C3N4 materials with 0.3, 0.6, 0.9
and 1.2% g-BN, respectively.

Characterization

X-ray diffraction (XRD) was used to ascertain the
crystal phase structures of the samples (Bruker, D8)
using Cu Ko (4 = 0.15418 nm) radiation. The scan
range of 20 was 10°-90°. Field emission scanning
electron microscopy (FE-SEM, Hitachi, 5-4800) and
transmission electron microscopy (TEM, JEOL, JEM-
2010) were employed to inspect sample morphology.
Fourier transform infrared (FTIR) spectra were per-
formed using a Niconet 5700 FTIR spectrometer by
dispersing the samples in a KBr desiccant in the
range of 400-4000 cm™'. K-alpha X-ray sources
(USA) were used for X-ray photoelectron spec-
troscopy (XPS) measurements. A spectrophotometer
(TU-1901) was utilized to record UV-Vis diffuse
reflectance spectra (UV-Vis DRS) with BaSO, as the
reflectance standard. Additionally, a FluoroMax-4
spectrofluorometer (HORIBA, USA) was used to
collect the photoluminescence (PL) spectra of the as-
prepared samples with an excitation wavelength of
400 nm. N, adsorption—-desorption isotherms were
used at 77 K along with an ASAP2020HDS88 instru-
ment to record specific surface areas and pore
structures of the as-fabricated samples. An Apol-
109000 TOC analyser was employed to conduct total
organic carbon (TOC) tests. A Bruker model A300
spectrometer was utilized to determine the EPR
spectra. Furthermore, a BAS Epsilon Electrochemical
System was used to perform photo-electrochemical
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measurements under visible-light irradiation with a
conventional three electrode cell immersed in a 50 ml
solution of 0.2 M NaySO, (pH 6.8). The sample elec-
trodes that were fabricated on indium-tin oxide (ITO)
conductor glasses were used as the working elec-
trodes. Powder samples (8 mg) were dispersed in
500 pL of ultrapure water with 50 pL of 5% Nafion
solution with sonication to obtain a slurry mixture.
The ITO glasses were initially washed by sonication
with ultrapure water, acetone and ethanol for 30 min.
A side section of the ITO glass was first secured with
tape, after which the slurry was spread onto the glass.
The working electrode was dried overnight under
ambient conditions. A saturated calomel electrode
(SCE) and Pt wire were considered as the reference
and counter electrode, respectively. A 300 W Xe lamp
was utilized as the excitation light source combined
with a visible-light filter (1> 420 nm). The light
source was at a distance of 1 cm from the photo-
electrochemical cell (Fig. 1).

Photocatalytic performance evaluation

Photooxidation of a bisphenol A solution (10 mg L™
was conducted to assess the photocatalytic perfor-
mance of the as-prepared photocatalysts. This
experiment was conducted in a circulating water
supply system where the temperature was main-
tained at 20 °C. Then, the catalyst (50 mg) and the
biophenol A solution (50 ml) were combined. The
process of ultrasonification was performed to sus-
pend the powders before adding the catalyst into the
model wastewater. The suspension was magnetically
mixed for 30 min in a dark environment before illu-
mination to maintain the adsorption—desorption
equilibrium of biophenol A. The suspension was then
illuminated with a cut-off filter (<420 nm) and an
irradiation intensity of 100 mW cm ™2 using a 300 W
Xe lamp. Aliquots of the irradiated suspension were
gathered, centrifuged and examined on an Aligent
1260  high-performance liquid chromatography
(HPLC) system. A mobile phase of methanol-water
(70:30) with a 40-mL injection volume and a flow rate
of 1 mL/min was also utilized for this experiment.
Detection was achieved with a scanning fluorescence
detector (Waters 474). The analysis wavelength was
278 nm. The retention time under these conditions
was 4.68 min. A Shimadzu TOC-VCBH Total Organic
Carbon (TOC) analyser was used to analyse the
degree of mineralization. The removal of catalyst
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Figure 1 Schematic representation for the synthesis of g-BN/g-C;N, thin sheets.

particles was performed by gathering the total
organic carbon (TOC) from the reaction suspension in
preset time intervals and filtering them through a
membrane filter (Sartorius, 0.45 pm).

Photocatalytic water-splitting test

The visible-light-induced H, production reaction was
performed in an online photocatalytic hydrogen pro-
duction system (LbSolar-3AG, PerfectLight, Beijing).
The photocatalyst (0.05 g) was mixed with an aqueous
solution (90 mL of water and 10 mL of whole sacrificial
agent), after which the co-catalyst Pt nanoparticles
were added via an in situ photodeposition method.
Later, a specific quantity of H,PtCl, 6H,O aqueous
solution was fused via droplets into the system to
produce Pt on the surface of the photocatalyst. The
solution was degassed multiple times to eliminate the
air before the irradiation process. The process of irra-
diation was then conducted using a 300 W Xenon lamp
(CEL-HXF300, PerfectLight, Beijing) with an optical
filter (4 > 420 nm). Cold water was illuminated with
visible-light to maintain the reaction solution temper-
ature at 10 °C. An online gas chromatograph was used
to identify the photocatalytic H, evolution rate (GC
D7900P, TCD detector, Ar carrier, 5A molecular sieve
column).
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Results and discussion
Morphology characterization

Scanning electron microscopy (SEM) analyses
(Fig. 2b) revealed that in the g-BN/g-C3N, hybrid, a
large film-like g-BN material coated the surface of the
g-C3Ny nanosheets with a high dispersion, whereas
pure g-C3Ny showed a smooth and clean surface
(Fig. 2a). The results confirmed the formation of the
hybrid. Notably, graphene-like BN preferably coats
the uneven g-BN/g-C;Ny surface area, as shown by
the less graphene-like BN coating on the smooth area
of g-BN/g-C3N, surfaces. As shown in Fig. 2¢, d,
HRTEM images of 0.9% g-BN/g-C3N, depict gra-
phene-like BN and a layered structure that provides a
substrate for g-BN. HRTEM results point to the
existence of graphene-like BN that created close
interfaces in the composite samples, which can
enhance the charge separation and photocatalytic
efficiency. The combination of g-BN and g-C;N, in
the composited 0.9% g-BN/g-C3N,4 sample was con-
firmed by the energy-dispersive X-ray spectroscopy
(EDS) elemental mapping images, which substantiate
the uniform distribution of C, N and B throughout
the 09% g-BN/g-C3N, structure at a nanoscale
(Fig. S1).
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Figure 2 FESEM a pure g-C3Ny4, b 0.9% g-BN/g-C;N4 and HRTEM images of ¢ pure g-BN and d 0.9% g-BN/g-C3Ny.

Crystal structure and chemical states

XRD analysis was carried out to determine the crys-
talline phases of the prepared samples. As depicted
in Fig. 3a, the characteristic diffraction peaks of pure
g-C3Ny at 13.0° and 27.4° were indexed to the (100)
and (002) diffraction planes of g-C3N4 (JCPDS Card
No. 87-1526), respectively. For the g-BN, two broad
diffraction peaks located at around 26.9° and 42.2°
were detected and were ascribed to the (002) and
(100) crystal planes of BN (JCPDS Card No. 85-1068).
No substantial difference in the diffraction patterns
was recognized amongst the g-C3N4, 0.3% g-BN/
g-C3Ny, 0.6% g-BN/g-C3Ny, 0.9% g-BN/g-C3Ny, 1.2%
g-BN/g-C3sNy and pure g-BN structures. These
results suggest that the crystal structure and crystal-
lization of g-C3N, were not influenced by the fusion
of g-BN possibly because of the minor content and
smaller diffraction intensity of graphene-like BN.
Moreover, the patterns did not show any other
diffraction peaks that signify that as-obtained g-BN/
g-C3Ny heterostructured photocatalysts are two-
phase hybrids.

X-ray photoelectron spectroscopy (XPS), a sensitive
analysis of the chemical state of a material surface,
was used to investigate the chemical composition of

g-BN/g-C3N,4 composites. The high-resolution spec-
trum of B 1s, C 1s, O 1s and N 1s is depicted in
Fig. 3b. The reference C 1s peak exhibited a binding
energy at 284.8 eV. The C 1s spectrum of the g-BN/
g-C3Ny material is shown in Fig. 3c. Clearly, the peak
at 284.78 eV was due to carbon contamination on the
exterior of g-BN/g-C3N, composites. According to a
prior report, the peaks at 287.88 and 288.26 eV have
been assigned to N-C-N species in g-C3N, [35]. The
minor peak at 288.8 eV is attributed to sp*hybridized
carbon that is attached to the NH, species in the tri-
azine ring [36]. The N 1s spectrum of CN was
deconvoluted into three peaks with binding energies
at approximately 398.5, 399.2 and 400.6 eV, which
were assigned to sp’-hybridized pyridine nitrogen
(C=N-C), graphitic N-C and tertiary nitrogen
(N-C3), respectively [36, 37]. Figure 3e depicts the B
1s signal, which was deconvoluted into two peaks
due to B=C and B=N bonds at 190.8 and 191.7 eV,
respectively. The O 1s spectrum of the g-BN/g-C5Ny
hybrid structure is portrayed in Fig. 3f. The high-
resolution XPS spectrum shows the O 1s core level at
532.6 eV, which is essentially due to absorbed water
[38]. Two additional peaks were observed at 531.6
and 533.5 eV that correspond to N-C-O and C-OH
species, respectively [39, 40].
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Photocatalytic activity

The photocatalytic activities of the samples were vali-
dated by the photocatalytic degradation of a BPA
aqueous solution (10 mg L") with visible-light. Fig-
ure 4a shows that after visible-light irradiation for
150 min, the degradation rates of BPA are 40.9, 59.8,
74.4, 91.9 and 84.4% in the presence of g-C3Ny, 0.3%
g-BN/g-C3Ny, 0.6% g-BN/g-C3Ny, 0.9% g-BN/g-C3N,
and 1.2% g-BN/g-C3Ny, respectively. Moreover, 0.9%
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g-BN/g-C3N, composites demonstrated the best per-
formance, which was attributed to the fastest reduc-
tion rate of C/C, compared with the other samples.
Previous studies indicated [41] that the degrada-
tion of dyes may be due to a pseudo-first-order
reaction using the following simplified Langmuir-
Hinshelwood model at small Cy: In (Cy/C) = kt,
where k is the apparent first-order rate constant. As
presented in Fig. 4b, the equivalent pseudo-first-
order rate constants for the photodegradation of BPA
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Figure 4 a Time profiles of the photocatalytic degradation of
BPA samples under visible-light illumination with error bars
(X2 > 420 nm). b The corresponding selected fitting results using
pseudo-first-order reaction kinetics. ¢ HPLC chromatograms of

for g-C3Ny, 0.3% g-BN/g-C3Ny, 0.6% g-BN/g-C3Ny,
0.9% g-BN/g-C3N, and 1.2% g-BN/g-C3N, were
calculated to be 0.00324, 0.00562, 0.00829, 0.01389 and
0.01126 min~', respectively. The heightened photo-
catalytic activity of the composites may be due to the
charge transfer in g-BN during visible-light irradia-
tion. In summary, when the g-BN content of g-BN/
g-C3Ny ranges from 0.3 to 0.9%, g-BN successfully
transferred photogenerated electrons from the con-
duction band of g-C3N, and supplied more adsorp-
tive BPA. However, the introduction of excess g-BN
into g-C3N, may block the pathway of visible-light
irradiation, which leads to low light adsorption and a
covering of the active sites that are beneficial to the
photocatalytic reaction.

As portrayed in Fig. 4c, the characteristic absorp-
tion band of BPA at 4.68 min remarkably decreased
with increasing irradiation time. These absorption
peaks completely disappeared after 240 min of irra-
diation, which indicates the complete mineralization
of the BPA solution. Figure S2 depicts the absorption
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spectra of aqueous solutions of BPA in various sam-
ples that were placed in darkness at room tempera-
ture. The adsorption properties of g-BN/g-C3N, were
significantly enhanced with an increase in g-BN
content. This enhancement indicates that the combi-
nation of g-BN can improve the adsorption property
of g-C3Ny, which is consistent with the BET results.

To analyse the introduction of g-BN with g-C3Ny4
during the mineralization of BPA, TOC spectra of
g-C3Ny and g-BN/g-C3N, were evaluated. Figure S3
indicates that the change of graphene-like BN to
graphene-like C3N; has positively influenced the
mineralization rate, which is in accordance with the
above photocatalytic activity of various catalysts.

H, evolution by water splitting under visible-light
irradiation was performed to assess the photocat-
alytic activity of the as-prepared composites. As
illustrated in Fig. 4d, the 0.9% g-BN/g-C3N, sample
displays a noticeably higher photocatalytic hydrogen
generation activity. The average H; evolution rate for
the 0.9% g-BN/g-C3N, sample reached 156 pmol h™',
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which is nearly 4.66 times that of pure g-CzN,
(33.5 pmol h™"). Additionally, the stability of H,
evolution for the 0.9% g-BN/g-C3N4 composite was
assessed by iterating the photoreaction under similar
conditions for five cycles. Evidently, no significant
decrease in H, evolution rate was observed, which
endorsed the supernal stability of g-C3N, modified
with graphene-like BN in the photocatalytic reaction.

Optical and electrochemical performance
characterization

The UV-Vis diffuse reflectance spectra of the as-
prepared samples are depicted in Fig. 5a. As
demonstrated, pristine g-C3N; showed adsorption
wavelengths up to 460 nm, whereas pure BN exhib-
ited an obvious adsorption in the visible-light region.
Obviously, the g-BN/g-C3N,4 samples have enhanced
adsorption in the visible region. The observations
indicate that the visible-light response is characteris-
tic of these as-prepared photocatalysts. As portrayed
in Fig. 5b, the band gaps of g-C3N, 0.3% g-BN/
g-C3Ny, 0.6% g-BN/g-C3Ny, 0.9% g-BN/g-C3Ny and
1.2% g-BN/g-C3N, were estimated to be 2.59, 2.56,

! J Mater Sci (2017) 52:9477-9490

2.50, 2.54 and 2.70 eV, respectively. Additionally, the
band gap value is smaller when g-C3N4 was coupled
with graphene-like BN, which indicates that more
photoexcited electron-hole pairs may be produced
with the same light intensity.

Transient photocurrent responses of the g-BN and
g-BN/g-C3Ny electrodes were documented via five
periodic on-off cycles of visible-light irradiation at a
bias potential of 0.3 V. These experiments were per-
formed to better comprehend and verify the mecha-
nism of photocatalytic activity. An i~ curve was used
to evaluate the photogenerated charge separation and
transfer performance, which represents the charge
collection effectiveness. Specifically, a sample with an
elevated photocurrent value possessed a greater
separation of electrons and holes [42]. Figure 5c
shows that 0.9% g-BN/g-C3N, has a higher pho-
tocurrent intensity compared with pure g-C3Ny,
which illustrates that 0.9% g-BN/g-C3N,4 possessed a
reduced recombination rate and better parting of
photogenerated electron-hole pairs [43, 44]. Further-
more, the photocurrent was stable. This is because
the graphene-analogue BN can modify the surface/
interface photogenerated electron behaviour of the

F 1g.ure 5 aUV-Vis spectlrg of (a) N, (b)
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photocatalyst and subdue the recombination of elec-
tron-hole pairs [45, 46]. The photocurrent response of
the g-BN/g-C3N,4 sample has also revealed another
significant result. The late response of the as-obtained
electrode indicates that g-BN collected the photoex-
cited electrons. The results are consistent with those
from the previous report regarding carbon-based
composites [47]. Upon light irradiation, g-BN worked
like an electron pool that stored a portion of the
photogenerated electrons, which resulted in the
occurrence of a steadily increasing photocurrent
response. Additionally, when the irradiation was
switched off, the slow photocurrent discharge from
g-BN resulted in a slow response in the photocurrent
delay curve. These implications signal that there was
improved photocarrier separation in the g-BN/
g-C3Ny composite relative to pure g-C3Ny This
describes, in part, the exceptionally higher photocat-
alytic activity of the composites [48].

The experimental Nyquist impedance plots for
pristine C3Ny4 and 0.9% g-BN/g-C3N, are presented
in Fig. 5d to verify the enhanced interfacial charge
transfer effect of g-BN/g-C3N4. The semicircle at high
frequencies in the EIS diagrams reflects the charge
transfer process at the photoelectrode interface. A
less pronounced arc radius denotes a more proficient
charge transfer process [49]. A much smaller semi-
circle was observed for 0.9% g-BN/g-C3N,, which
indicates that the interfacial charge transfer occurred
more quickly at the surface of g-BN/g-C3N4 com-
pared with pristine g-C3N4. Hence, the incorporation
of g-BN can effectively decrease the charge transfer
resistance at the material surface [48]. This decrease is
essentially due to improved electronic conductivity
at the surface of 0.9% g-BN/g-C5N, and is useful for
the efficient parting of photogenerated electron-hole
pairs.
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Stability evaluation

The stability of the composite photocatalyst was
investigated using recycle experiments with 0.9%
g-BN/g-C3N, catalysts under visible-light irradia-
tion. The sample was amassed and cleaned with
ultrapure water and absolute ethanol three times
after each cycling test. Later, the as-prepared sample
was dried in vacuum at 60 °C for 24 h for subsequent
recycling and reuse. Figure 6a demonstrates that the
photocatalytic activity did not decrease after five
cycles, which indicates the high stability of the com-
posite. XRD was employed to research the chemical
stability of the 0.9% g-BN/g-C3N, sample. Figure 6b
clearly shows that there is no remarkable variation in
the XRD pattern of the reused photocatalyst com-
pared with the pattern of the as-prepared catalyst.
These data imply that chemical structure of the 0.9%
g-BN/g-C3N4 sample was stable throughout the
photocatalytic reactions.

Photocatalytic mechanism

The separation efficiency of the photogenerated
charge carriers in a semiconductor is frequently
investigated using photoluminescence (PL) emission
spectroscopy. The PL emission signal is due to the
recombination of excited electrons and holes [42, 50].
The PL spectra of the as-synthesized samples
(Fig. 7a) display an emission peak centred at ca.
445 nm (2.79 eV) under excitation at 325 nm
(~3.82 eV) at room temperature. A low PL intensity
usually denotes a reduced photogenerated electron—
hole recombination rate. The g-BN/g-C3N4 compos-
ites showed significantly reduced PL intensities rel-
ative to bulk C3Ny, which signified a significant drop

Figure 6 a Cycling
photocatalytic experiments of 102 9 9209 9 9 o o o@ (b)
0.9% g-BN/g-C3Ny
photocatalyst for the 08 ; Before photocatalysis
degradation of BPA under 0.6 E
visible-light irradiation. b The & ‘K °\ "\ ‘K BithEihi g
XRD pattern of the 0.9% © 0al olalols| ][] ‘2
g-BN/g-C5N, sample after the L }) L 9 L L L L \0 L =
tenth run cycle photocatalytic 0.2 L Y L L L }, }, L }, \o\
experiment. @ 0 9 0 0 0 9 90 o o
N 30 a0 sbo 1200 1500 10 20 30 40 50 60 70 80 90
Time (min) 2-Theta(degree)
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Figure 7 a Photoluminescence (PL) spectra of pure g-C;N,4 and
g-BN/g-C5N, with different contents of g-BN. b Active species
trapping experiments of the 0.9% g-BN/g-CsN,4 photocatalyst
under visible-light illumination. DMPO-ESR spin-trapping spectra

in charge recombination. The 0.9% g-BN/g-C5;Ny
composite showed the weakest intensity, which
indicates an improved separation of photogenerated
charge carriers. This result is consistent with the
photocatalytic activity result and also means that the
inclusion of g-BN can hamper the recombination.
Typically, photocatalysts with a higher BET surface
area (Spgr) and greater total pore volume are con-
ducive to an improved photocatalytic reaction
because of the increase in the number of surface
active sites that can rapidly absorb and mineralize the
organic contaminant through the inter-associated
porous structure and optimize the photocatalytic
performance [51]. The textual information regarding
the as-prepared 0.9% g-BN/g-C3N,4 and pristine C3Ny
samples was retrieved through nitrogen adsorption
measurements. The nitrogen adsorption-desorption
isotherms of 0.9% g-BN/gC3N, and pristine C3Ny4 are
shown in Fig. 54. On the basis of the IUPAC classi-
fication, all samples have similar type IIb adsorption—
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of g-C3N4 and 0.9% g-BN/g-C3N4 composites for ¢ hydroxide
radicals (OH) in an aqueous dispersion and d super oxidations
(0,7) in a methanol dispersion under visible-light irradiation for
120 s.

desorption isotherms, which indicates the presence of
mesopores [50, 52, 53]. Using the linear part of the
g-BN/g-C3N4 multipoint plot, the surface area was
calculated to be 97.92 m?/g, which is much higher
than of C3Nj (13.86 m?/g). Compared with pristine
C3Ny, the specific surface areas of the g-BN/g-C3Ny
composites were significantly higher, which implies
an enhancement in adsorption properties with the
introduction of graphene-like BN into g-C3Ng4. In
addition, the Sggr, average pore diameter and total
pore volume of the samples are listed in supple-
mentary Table 1.

Diverse active species trapping experiments for the
mineralization of BPA in all the 0.9% g-BN/g-C3Ny4
composites were conducted to better comprehend the
photocatalytic process. It was expected that a photo-
catalytic process involves many active species,
including *OH, H" and *O,”. In this case, iso-
propanol (IPA), triethanolamine (TEOA) and N,
purging were employed as *OH, H" and *O,”
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scavengers, respectively. The photocatalytic activity
of g-BN/g-C3N4 nanocomposites (shown in Fig. 7b)
was greatly inhibited after TEOA fusion, which
denotes that H" was the prime reactive species.
Additionally, after IPA and N, purging, a decrease in
photocatalytic activity was apparent, which means
that *OH and *O, " also have a significant role in the
reaction process.

To identify *OH and *O,~ radicals in 0.9% g-BN/
g-C3Ny photoreaction systems under visible-light
irradiation, the ESR technique was employed. For
bulk g-C3N4 and 0.9% g-BN/g-C3N, composites, the
four representative peaks of the DMPO-*OH radicals
(Fig. 7c) and the six representative peaks of DMPO-
O, radicals (Fig. 7d) are apparent. These data sig-
nify that the *OH and *O," radicals are formed in
both g-C3Ny and 0.9% g-BN/g-C3N, reaction sys-
tems. Moreover, compared with bulk g-C3N, sample,
the *OH and *O," signal intensities of 0.9% g-BN/
g-C3Ny sample were noticeably stronger relative to
pristine g-C3Ny4, which means that the volume of *OH
and *O,  radicals produced on the 0.9% g-BN/
g-C3Ny heterostructured surface is higher than that
of pure g-C3N4. These results clearly indicate that
*O,~ and *OH have a critical role in g-C3Ny and 0.9%
g-BN/g-CsN,.

Therefore, the VB values of C3N, (Fig. 8a) and
g-BN (Fig. 8b) were measured by XPS valence spec-
troscopy. While the VB of g-BN (0.86 eV) is less
positive to oxidize OH™ or H,O to *OH for the
standard reduction potential of *OH/H,0O (2.27 eV)
or *OH/OH™ (2.38 eV). The CB value of sample is
calculated by the formula Ecg = Evg — Eg, where the
E; is the band gap and can be attained from the
results of DRS. The photogenerated electrons in the
conduction band (CB) of pure g-C3N4 reacted with O,
to form *O, " radicals because the position of the CB
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in g-C3N, is more negative than the potential of O,/
*O,~ (—0.33 V vs. NHE). However, the valance band
(VB) of g-C3Ny (1.63 eV vs. NHE) was less than the
standard redox potential of *OH (2.72 V vs. NHE),
which suggests that the photogenerated holes in the
valence band of g-C3N4 cannot oxidize absorbed H,O
molecules to produce *OH. These observations sug-
gest that *OH may be generated in the g-C;N, pho-
tocatalytic system. Thus, *OH can be created by a
further decrease in *O, ", which is a secondary means
to generate *OH [54]:

e +0, — "0, (1)
*O; +e +2H" — H,0O, (2)
*0; +H,0 — *OH+OH + 0, (3)
H,0, — 2*OH (4)

Next, the highly reactive radical species including
*OH, *O; and H" participated in the photodecompo-
sition process of the BPA aqueous solution. The pri-
mary processes in this photodegradation BPA
method under visible-light irradiation are explained
as follows.

¢-BN/g-C3Ny + hv — ¢-BN/g-C3Ny(e™ +h™) (5)
g-BN/g-C3Ny (e_ + h+) — g-C3Ny (h+) +g-BN(e™)

(6)
¢-BN(e ) + O, — *O; + *OH (7)
*O5,h",*OH + BPA — other products — CO, + H,O
(3)

As per the abovementioned experimental results,
the improved photocatalytic mechanism of g-BN/
g-C3N4 materials was suggested and a schematic is
shown in Fig. 9. Pure g-C3N, absorbed light at
wavelengths less than 470 nm. Additionally, the

(b)

/ﬂd%UM

b‘/\/,/o.ss eV

Intensity(a.u.)

Figure 8 Valence band XPS (a)
spectra of the a C3N4 and b g-
BN catalysts.
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Figure 9 A possible photocatalytic mechanism in the g-BN/g-
C3N4 nanocomposites under visible-light irradiation.

interfacial charge transfer effect between g-BN and
graphitic carbon nitride facilitated a feasible shift of
photogenerated electrons from g-C3N; to g-BN.
These processes greatly constrained the recombina-
tion of photogenerated electrons and holes. There-
fore, the g-BN/g-C3N4 nanocomposite enhanced the
charge generation by spreading the adsorption region
towards visible-light wavelengths and also assisting
charge parting and transport at the interface. In fact,
g-BN has good electronic capture performance unless
BN is helpful to prevent the rapid recombination of
photoinduced electron-hole pairs of pure catalysts.
This effect ultimately improved the number of pho-
togenerated electrons and promoted their combina-
tion with adsorbed O, to produce active radicals by
accelerating bisphenol A degradation.

Conclusions

We implemented a simple technique to prepare
g-BN/g-C3N,4 composites to reduce organic contam-
inants. The similar 7—n conjugated structure of the
g-C3Ny and g-BN components confirmed the creation
of a tight junction in the g-BN/g-C3N; materials.
Because of an interfacial charge transfer effect that
was enabled by the introduction of graphene-like BN
(a large superficial area with more active sites and a
better separation of photoelectrons and photoholes),
the g-BN/g-C3N4 composite significantly enhanced
biophenol A photodegradation and H, photoevolu-
tion with visible-light. This work will inspire new
research in graphene-like BN-based photocatalysts
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and support their
conservation.
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