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A B S T R A C T

Hexagonal boron nitride (BN) nanomaterials that possess an extensive specific surface area, negatively charged
properties, high thermal conductivity, and excellent chemical characteristics, have significant advantages for
water purification and energy storage. They are typically considered as potential catalysts due to their wide
tunable bandgap. Here, carbon nitride (CN) modified BN (CMBN), which facilitated the formation of new
CeNeB bonds, was successfully synthesized using a facile hydrothermal-calcination synthesis strategy. Such
highly active bonds made the photocatalyst responsive to a wider range of wavelengths (e.g., ultraviolet to
visible blue light), while significantly enhancing photocatalytic activity toward the degradation of enrofloxacin
(ENFX). A 3-CMBN sample exhibited 39.3 times, and 2.4 times, higher photocatalytic properties than that of
pristine BN and CN, respectively. The remarkable response of 5, 5-dimethyl-1-pyrrolidone-N-oxyl (DMPOX) was
investigated through electron spin resonance spectroscopy (EPR) with 3-CMBN, which indicated higher oxid-
ability than BN and CN under blue LED irradiation. Reactive species scavenging experiments revealed that the
photodegradation of ENFX was dominated by electron holes and O2%

−. Moreover, the byproducts of ENFX were
detected by HPLC-Q-TOF and GC–MS, probable pathways toward these byproducts were deduced, and repeated
tests confirmed good stability. These results provided a new strategy to guide the enhanced design of advanced
photocatalysts with active chemical bonding species, which can be applied to environmental remediation.

1. Introduction

At this juncture, it is of great significance to develop effective
multifarious strategic solutions to resolve critical global scale issues,
such as continually worsening environmental pollution, while in-
creasing the developmental capacities for clean energy supplies. In re-
cent years, graphene and graphite-like materials have garnered wide-
spread attention due to their unique structures and electronic properties
[1–4].

Hexagonal boron nitride (BN) comprises a type of two-dimensional
metal-free material with a structure that is analogous to graphite. It
shares several common properties with graphite, including anisotropy,
basal plane perpendicularity, high mechanical strength, thermal con-
ductivity, and good lubricity [5]. Unlike graphite, the unique structural

features of BN’s interlayer stacking pattern endows it with many ad-
ditional electrical, optical, and chemical characteristics [6,7]. These
attributes make BN very useful for myriad applications. BN based cat-
alytic materials have demonstrated excellent photocatalytic activities.
Hence, they may be employed for many photocatalytic applications
such as hydrogen production, the oxidation of organic pollutants, and
redox or selective oxidative dehydrogenation [8,9]. Conversely, since
the bandgap of h-BN is relatively large (ranging from ∼3.98 eV and
6 eV), it may only absorb light at wavelengths of< 310 nm in the solar
spectrum, which greatly limits its utilization of light [10,11]. BN is
often combined toward the development of enhanced materials with
improved photocatalytic properties for the degradation of organic
compounds. Among the results previously obtained from photocatalysis
investigations, BN-modified catalysts that contain both metallic and
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nonmetallic compounds may greatly improve the properties of semi-
conductor materials, such as TiO2/BNNT (boron nitride nanosheets)
[12], SnO2/BNMB (boron nitride submicro-boxes) [13], BN/ZnO [14],
h-BN/Ag3PO4 [15], BN/AgBr [16], BN/WO3 [17], BN/In2S3 [18], and
BN/BiOBr [19]. A small amount of BN modification with materials
enables the higher separation efficiency of photogenerated electron-
hole pairs due to Z-Scheme formation, or the emergence of negatively
charged properties.

As a novel and popular 2D graphite nanomaterial, graphitic carbon
nitride (CN), possesses a unique electronic energy band structure with
excellent chemical stability. CN has an approximate bandgap of 2.7 eV
and absorbs light in the solar spectrum at a wavelength of< 460 nm.
However, akin to most organic semiconductors, the π-conjugated CN
framework is limited by rapid charge recombination [20].The high
recombination rate of photogenerated carriers (electron-hole pairs) and
low specific surface area of pure CN, greatly limits its photocatalytic
activity [21–24]. Jiang et al. [25] synthesized g-C3N4-based composite
h-BN/g-C3N4 photocatalyst, the holes photoexcited by g-C3N4 are
transferred due to the electrostatic attraction of trace amount of BN.
However, to the best of our knowledge, the mechanisms of enhanced
photocatalytic performance of CN modified BN interface have never
been studied in depth. To further develop the potential of boron nitride,
therefore, understanding the impact of CN modification on the BN in-
terface and the form of interface combination by controlling the
amount of CN is a challenge.

Recently, pharmaceutical and personal care products (PPCPs) have
raised unprecedented concern as emerging organic contaminants due to
their potentially hazardous effects on ambient ecosystems and human
health [26,27]. Owing to their extensive anthropogenic use, PPCPs are
continuously released into the environment, which has resulted in their
being considered as “pseudo-persistent” contaminants [28]. Conse-
quently, it is extremely urgent to evolve effective strategies for the
elimination of PPCPs in aquatic systems. Enrofloxacin (ENFX), which
comprises a common fluoroquinolone (FQ) antibiotic, is widely em-
ployed in human and veterinary medicine [29]. Unfortunately, the
majority of ENFX is eventually released into the environment, as it may
be only partially metabolized in humans or animals, and is only neg-
ligibly biodegradable [30]. Hence, ENFX was selected as a target PPCP
for study under blue LED irradiation. In particular, the reaction con-
ditions were very mild without the use of further additives under illu-
mination (450 ± 10 nm, 6 ± 0.1mW/cm2) by blue light emitting
diodes [31]. LED sources generate minimal heat, have high robustness,
and exhibit good linearity of emitted light intensity with current.
Hence, they are employed for a wide range of applications, including
the photocatalytic degradation of environmental contaminants
[32–34].

In this work, BN based CN/BN (CMBN) composite photocatalysts
were synthesized using a hydrothermal-calcination technique. Since CN
itself possesses photocatalytic properties and is rich in carbon, it may
also serve as a satisfactory carbon source. Herein, we describe the
formation of many new CeNeB chemical bonds with excellent photo-
catalytic activity at the CN/BN interface, while generating carbon ni-
tride. The physicochemical properties of the as-synthesized photo-
catalysts were thoroughly characterized by X-ray diffraction (XRD),
Raman spectrometry, Fourier infrared spectrometry (FT-IR), scanning
electron microscopy (SEM) equipped with energy dispersive X-ray
spectrometry (EDS), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), UV–vis diffuse reflectance spectra
(DRS), etc.. The photocatalytic properties of CMBN on the degradation
of enrofloxacin (ENFX) was evaluated under blue-LED irradiation. In
addition, the physicochemical properties and enhancement mechan-
isms of the photocatalytic activities of CMBN were systematically
evaluated. Electron spin resonance spectroscopy (EPR) and trapping
experiments were conducted to qualitatively detect the roles of reactive
species (RSs) during the degradation of ENFX. Potential photo-
degradation pathways were proposed based on product identification

by HPLC–Q-TOF, GCeMS, as well as theoretical FED calculations. A
mechanism for their highly efficient blue LED light-driven character-
istics was also proposed based on experimental results, which showed
great potential for the developed carbon nitride modified hexagonal
boron nitride photocatalyst, and inspired the further development of
the BN-based photocatalytic materials.

2. Experimental

2.1. Materials

Enrofloxacin (ENFX, 98% purity) was obtained from the TCI
Reagent Co. Ltd. (China). Melamine (C3H6N6, 99% purity) and boron
nitride (BN, 99.8% metals basis, < 100 nm) were purchased from
Aladdin (China). HPLC-grade reagents (methanol, acetonitrile, etc.)
were obtained from CNW Technologies GmbH (Germany). Analytical
grade reagents (4-hydroxy-2, 2, 6, 6-tetramethylpiperidinyloxy, iso-
propanol, sodium azide, Na2C2O4, etc.) were purchased from Taitan
(China) and used without further purification. Deionized (DI) water
from a Milli-Q apparatus (Germany) was used for all experiments.

2.2. Preparation and characterization

2.2.1. Preparation of CMBN photocatalyst
The CMBN was prepared via a facile hydrothermal-calcination

method. Melamine (3 g) and different weights of BN (0.5, 1, 2, 3, 4, 5 g)
were dissolved in a 100mL alumina crucible with 40mL ethanol.
Subsequently, the mixed suspension was stirred at 80 °C to vaporize the
ethanol in a fuming cupboard, followed by ten minutes of ultra-
sonication. The dry composite powder was then heated to 550 °C for 4 h
in an alumina crucible, under a stable heating rate of 3 °C/min.. Once
cooled to room temperature, the resulting powder was transferred to an
agate mortar and then ground and filtered to collect the final samples.
The final samples were tagged as x-CMBN, where x (h represented as
0.5, 1, 2, 3, 4, 5) referred to the weight of the BN. Pure BN underwent
the same treatment as above, and CN (g-C3N4) was obtained similarly
without the addition of BN.

2.2.2. Material characterization
Field emission scanning electron microscopy (SEM) images of these

samples (BN, CN, CMBN) were obtained using a JSM-7001 F (Japan)
system. Field Emission Transmission Electron Microscopy (TEM, Talos
F200S) was also performed. The crystal structure and phase purity of
the obtained photocatalysts were characterized by Powder X-ray
Diffraction (XRD, BRUKER D8 ADVANCE), equipped with Cu Kα ra-
diation (λ=0.15418 nm) in the 2θ range, of from 5-90° at a scanning
rate of 8°/min.. X-ray photoelectron spectroscopy (XPS), which was
performed using Mg-Kα radiation as the excitation source, was
equipped with a PHI Quantera 2× . UV–vis diffuse reflectance spectra
(UV–vis DRS) were identified using a UV2450 UV–vis spectro-
photometer (Shimadzu) at room temperature. Fourier transform in-
frared spectra (FT-IR) were acquired using a Nicolet 6700 spectrometer
(Thermofisher, USA) with testing wavelengths in the range of from
4000 cm−1 to 400 cm−1. All Raman spectra were measured using a
LabRAM HR800 (Horiba Jobin Yvon), which was equipped with a
325 nm He-Cd laser in the range of from 200–4500 cm−1. Brunauer-
Emmett-Teller (BET) was employed to measure the specific surface
areas of the photocatalysts, which were characterized by N2 adsorp-
tion-desorption at -196℃ using an Autosorb-IQ (USA) instrument. The
TOC removal ratio was detected by TOC-V CPH. Eco Ion
Chromatography (Eco, Metrohm, Switzerland) was performed to detect
the photocatalytic degradation of IC. Photoluminescence (PL) spectra
were obtained using a FLS980 Series Fluorescence Spectrometer (UK).
The photocurrents and electrochemical impedance spectroscopy of the
samples were attained using an Electrochemical Workstation (Multi
Autolab/204, Metrohm), which was equipped with a standard three-
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electrode cell under blue-LED irradiation. An Agilent Technologies li-
quid chromatograph (6200 series) equipped with a tandem mass
spectrometer (Agilent Technologies 6500 series Accurate Mass
Quadrupole Time-of-Flight) (HPLC–Q-TOF) and GC/MS (Agilent
7890B-5977B) was carried out to detect the intermediate products, with
the details of the analytical methods displayed in Text S1.

2.3. Photocatalytic performance tests

2.3.1. Photocatalytic experiments and analytical method
The photocatalytic activities of the as-prepared samples were eval-

uated via the photocatalytic degradation of ENFX under blue LED ir-
radiation. The photocatalytic experiments were carried out using a
custom fabricated photocatalytic reactor (Scheme S1, Supporting
Information), which was equipped with a 100mL quartz beaker as the
reaction vessel, that was illuminated by blue LED lamps (emitting
450 ± 10 nm) with an optical power density of 6 ± 0.1mW/cm2 as
the excitation light source, under constant simultaneous magnetic
stirring. Typically, 50 mg of the sample was introduced into 50mL of an
8mg/L ENFX aqueous solution in a 100mL quartz beaker.
Subsequently, the mixed solution was ultrasonically treated for 1 h and
magnetically stirred for 30min. in the dark to attain adsorption-deso-
rption equilibrium for the ENFX on the photocatalyst prior to the
photocatalytic reaction under blue LED irradiation. During the experi-
ments, a 1.0 mL volume of mixed solution was extracted from the re-
action vessel at predetermined time intervals and filtered with a
0.22 μm Millipore filter for the removal of the photocatalyst. The re-
sulting ENFX in solution was detected via high performance liquid
chromatography (HPLC). The details of the HPLC detection method are
shown in the Text 2.

2.3.2. Determination of RSs during photocatalytic degradation
Radical scavenging experiments were conducted to detect the re-

active species (RSs) that were generated during the ENFX photo-
degradation process. Herein, 1.0 mM 4-hydroxy-2,2,6,6-tetra-
methylpiperidinyloxy (TEMPOL) was employed as a superoxide iron
radical (O2%

−) scavenger, 10mM isopropanol (IPA) as hydroxyl radical
(·OH) scavenger, 75mM sodium azide (NaN3) as a singlet oxygen (1O2)
scavenger, and 10mM sodium oxalate (Na2C2O4) as photogenerated
hole (h+) scavenger.

To directly analyze the RSs, electron spin resonance spectroscopy
(EPR) spectra were identified using a Bruker JES FA200 (Japan), where
0.05 g/L catalyst and 50mM DMPO were combined with water to
create a suspension. The RSs were detected using a spectrometer fol-
lowing irradiation with visible light to obtain the DMPO-O2%

− and
DMPO-·OH EPR signals at three different time intervals.

2.4. Theoretical calculation

A hybrid density functional B3LYP/6-311G + (d, p) was im-
plemented in molecular orbital calculations and stationary point geo-
metries. The optimized structure and atomic numbering of enrofloxacin
were displayed through the Gaussian 09 program in Fig S1. The highest
occupied molecular orbital (HOMO) was calculated, as were the lowest
unoccupied molecular orbital (LUMO) and frontier electron densities
(FEDs). Therefore, based on the FED2

HOMO + FED2
LUMO values and point

charges, it was possible to predict the reaction sites that were attacked
by h+, OH, and O2%

−.

3. Result and discussions

3.1. Characterizations of 3-CMBN

The crystalline structure and phase purity of materials were de-
termined by XRD characterization, as shown in Fig.1. Two obvious
characteristic peaks of CN may be observed at 13.1° and 27.4°

according to JCPDS Card No. 87-1526, which were attributable to the
(001) and (002) planes, respectively. The (001) plane corresponded to
the characteristic interlayer stacking structure of aromatic segments
[35]. The characteristic (002) plane peak was in accordance with a
previous report on graphite-like C3N4 [36]. Without melamine carbon,
BN revealed two primary characteristic XRD peaks at 26.8° and 41.6°
due to the (002) and (100) planes of the graphitic structure of BN, re-
spectively, according to JCPDS card No. 34-0421 [37]. With CN, all the
samples featured XRD peaks that were similar to those of BN. Mean-
while, the diffraction peak at 13.1° could be observed via the high re-
solution XRD spectra of 3-CMBN, which could be ascribed to traces of
CN. Furthermore, no other characteristic impurity peaks could be ob-
served, which indicated that high purity crystalline phases were
maintained during the synthesis process, whereby the morphologies
and crystalline forms of the photocatalysts synthesized primarily with
BN were not altered.

The N2 adsorption-desorption isotherms of the BN, CN, and CMBN
samples are depicted in Figs. 2 and S1. As can be seen, the BN and 3-
CMBN revealed similar surface features. A type Ⅱ isotherm with a
hysteresis loop was obtained in both BN and 3-CMBN, which revealed
narrowly distributed mesoporous structures [38]. Calculations using
BET and BJH models indicated that the 3-CMBN, respectively, gave a
lower specific surface area of 18.1 m2 g−1 and a smaller pore volume
0.042 cm3 g−1 than did BN. This phenomenon further validated the
notion that the CN grew on the surfaces of the BN nanoparticles.

To directly confirm the morphologies of the as-prepared samples,
they were characterized by SEM. The SEM image in Fig. 3a reveals the

Fig. 1. XRD patterns of different samples.

Fig. 2. N2 adsorption–desorption isotherms, inset: BET surface areas, pore size
and pore volumes of the as-prepared samples.
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granular structure of BN, where the dimensions of most nanoparticles
were< 100 nm, as previously predicted, and the BN nanoparticles ex-
hibited aggregation. It may be seen that the CN samples displayed
massive, aggregated, slate-like layers in Fig. 3b [39,40]. The bulk g-
C3N4 was the typical morphology synthesized by the facile poly-
merization method. The CMBN was prepared by employing BN and
melamine as reactants. Different proportions of BN served as substrates
to provide different surface areas for the growth of carbon nitride. The
resulting polymeric graphitic carbon nitride became thinner as the
quantity of BN increased. As shown in Fig. 3c, the morphology of the 3-
CMBN was similar to BN, and a thin layer of CN was also generated.

Meanwhile, according to Fig. 3d and e, the content of each element
could be obtained. Consequently, carbon nitride could be grown on the
BN surface. Fig. 3f reveals clear lattice fringes for the identification of a
crystallographic spacing of ca. 0.334 nm, which matched well with the
002 lattice planes of BN [41]. Fast Fourier Transform (FFT) analysis was
obtained to reveal a displacement of ca. 0.33 nm. Since the CN wrapped
on the exterior was a semi-crystalline material, it was difficult to obtain
a clear lattice fringe [42].

The UV–vis diffuse reflectance spectra (DRS) of BN, CN, and a series
of CMBN hybrids with different quantities of BN are depicted in Fig. 4.
Pure BN revealed a restricted absorption where the visible range was

Fig. 3. SEM image of pure BN (a), CN (b) and 3-CMBN (c); (d–e) EDS mapping of 3-CMBN; (f) TEM image of 3-CMBN; and corresponding fast Fourier Transform (FFT)
pattern.
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not included. Pristine CN revealed a distinct absorption band at
∼490 nm, which was consistent with the previous literature [35].
Compared with CN, 3-CMBN exhibited a slightly hypsochromic shift in
the absorption edge that might have been attributed to the quantum
confinement induced by the thinner CN that was generated on the
surfaces of the BN nanoparticles. As shown in Fig. 4a, all the CMBN
revealed remarkable visible-light absorption. Meanwhile, CMBN ex-
hibited enhanced optical absorption at ∼410 nm as the quantity of BN
increased, which could be ascribed to the formation of new chemical
species between the BN and CN.

Moreover, a greatly enhanced light-harvesting ability across the
entire optical spectrum, particularly in the 530 nm–800 nm region, was
also discovered for 3-CMBN, which was primarily due to the defect sites
associated with the exposure of sharp edges, or the multiple reflections
of incident light within hierarchical architectures [43]. However, the
CN exhibited greater optical absorption in the light region between
300 nm and 465 nm than did the 3-CMBN, which indicated that the
surface of the 3-CMBN was not purely thinner CN, but contained sites
where chemical combinations exhibited higher activity.

To further investigate the optical properties of the CMBN, the op-
tical bandgap could be calculated according to Eq. (1):

= −αhν A(hν Eg)n/2 (1)

Where A, Eg, α, h, and ν represent the constant, bandgap energy, the
absorption coefficient, Planck constant, and light frequency, respec-
tively. The n values of BN and CN are 1 [44,45], which are determined
by the optical transition properties of a semiconductor [21,46]. As
shown in Fig. 4b, the CN presented a bandgap of 2.72 eV whereas BN
presented a bandgap of 5.4 eV, which were close to previously reported
values [47–49]. Also, following the modification of carbon, the 3-CMBN
exhibited a significantly reduced bandgap, which was estimated to be
∼2.85 eV. This result differed from boron-doped carbon nitride [50].

Raman spectroscopy was employed to characterize the 3-CMBN and
BN that were not modified by CN. Fig. 5a depicts the typical Raman
spectra of the BN, where an intense peak appeared at 1367.7 cm−1,
which could be assigned to the E2g vibration mode of BN [11,37,48].
The Raman peak of 3-CMBN at 1367.7 cm−1 was weakened due to the
overlapping of the D peak in the top graphitic carbon nitride and the
strong photoluminescence background [51]. Fig. 5b displays the FT-IR
spectra of the BN, CN, and 3-CMBN. The strong FT-IR absorption peaks
in the pure CN sample revealed its typical molecular structure. The
serial intense bands in the 1200-1700 cm−1 region corresponded to the
typical C–N and C]N stretching vibrations of the tri-s-triazine rings.
The steep peak at 808 cm−1 represented the out-of-plane bending vi-
bration of the tri-s-triazine units of the CN. The broad absorption band
between 3000 and 3600 cm−1 was due to the NeH stretching vibration
modes of CN [52–54]. The band observed at 806 cm−1 corresponded to
the in-plane B–N transverse stretching vibration, whereas two bands at
1386 cm−1 and 1398 cm−1 were ascribed to the out-of-plane B–N-B

bending vibration [55]. The incorporation of carbon onto the surface of
the BN led to a slight bond shift of the 3-CMBN, which may have been
attributed to the distortion of the layer symmetry [11]. The C–N che-
mical bonds at 1635 cm−1 appeared clearly in the 3-CMBN, which
confirmed that the melamine carbon was successfully doped with BN.
The broad peak at 3422 cm−1 was assigned to the OeH stretching vi-
bration from absorbed water molecules and surface resident hydroxyl
groups [56,57].

To further confirm the thin layered structure on the CMBN surface,
the interactions between BN and CN in the 3-CMBN were investigated
using X-ray photoelectron spectroscopy (XPS). The elemental surface
composition and chemical state of the 3-CMBN were analyzed by XPS.
For comparison, the XPS spectra of BN and CN were also included, as
shown in Fig. 6a. The survey spectra of these samples indicated that
they consisted only of B, C, N, and O. A weak O1s peak at 531.0 eV
could be attributed to the absorption of H2O or CO2, and this phe-
nomenon has been described in many previous papers [18]. For the BN
and 3-CMBN, the B1s spectra revealed a primary binding energy of
190.7 eV (in Fig. 6b), which should be assigned to B–N [25]. Mean-
while, a 191.5 eV peak appeared, which was ascribed not to the che-
mical bonds of BCxOy or B–O, but the lower binding energy of the B–N-
C moieties [58,59]. As illustrated in Fig. 6c, two peaks of the high-
resolution spectra of C1s at the binding energies of 285.0 and 288.4 eV
appeared in both CN and 3-CMBN, respectively. The weak shoulder
peak located at 288.4 eV was assigned to NeC]N [35]. However, the
3-CMBN possessed a weaker peak intensity. Fig. 6d shows the high-
resolution XPS spectra of N1s. Besides the standard sp2-hybridized NeB
peak located at the binding energy of 398.2 eV, the peaks located at
398.8, 400.3, 401.4, and 404.5 eV corresponded to triazine rings
(C–N]C), Ne(C)3, NeH, and graphitic species, respectively [35,60].

The formation of CeNeB bonds were further examined and con-
firmed. In addition, the peak with a different relative intensity located
at 399.2 eV was attributed to the edge-nitrogen of BN that was linked
with the melamine carbon to form the C–NeB. The doping of carbon
into the BN could narrow the bandgap [48], whereas the C–N-B moi-
eties may have been responsible for higher photocatalytic activity [58].
The above results revealed that a smaller proportion of BN provided less
surface area for CN growth, resulting in the formation of a thicker CN
layer. Therefore, most of the photonic energy was absorbed by the thick
CN layer. When the CN layer was thinner, additional light generated
energy could be utilized by the CeNeB moieties to enhance the pho-
tocatalytic activity.

3.2. Photocatalytic performance of 3-CMBN

The photocatalytic performance of the designed 3-CMBN was
evaluated via the degradation of a typical personal care product
(PPCP), enrofloxacin (ENFX). Here, ENFX was selected as a model or-
ganic pollutant to evaluate the photocatalytic performance of 3-CMBN

Fig. 4. (a) UV–vis diffuse reflectance spectra of BN, CN and 3-CMBN photocatalysts and (b) the corresponding Tauc plot.
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under blue-LED irradiation. ENFX cannot be decomposed in the absence
of a photocatalyst, which indicated that it was resistant to photo-
degradation under blue-LED irradiation. Therefore, the higher specific
surface area of BN was utilized to create additional photocatalytically
active sites following the CN modification of BN. As Fig. 7 reveals,
compared to photolysis without a photocatalyst, the introduction of BN
and CN increased the degradation rate constants to 0.0024min−1 and
0.038min−1, respectively. However, once the CN was modified with
BN, the degradation was obviously expedited over pure BN and CN due
to the formation of novel CeNeB moieties that enhanced the photo-
catalytic properties. The 3-CMBN appeared to be optimal for photo-
catalytic degradation. As shown in Fig. 7b, it was observed that the
photocatalytic activity of the 3-CMBN was 39.3 and 2.4 times higher
than that of pure BN and bulk CN under blue-LED irradiation,

respectively, where all the ENFX was decomposed following 60min. of
treatment. After one hour of photodegradation, the 3-CMBN miner-
alization rate of ENFX was 38% greater than that of CN (12%), and the
photocatalytic effect of BN under blue LED illumination was negligible
(Table S4). These results confirmed that CMBN played a critical role in
augmenting the photocatalytic activity of BN, while revealing the novel
photocatalytic effect of the CMBN. Meanwhile, it was shown that an
appropriate quantity of BN, which provided the optimal specific surface
area and population of surface resident active sites, markedly enhanced
the photocatalytic abilities of BN. However, an excess BN failed to bind
with enough CN, which resulted in a decreased degradation capacity.

As previously stated (Fig. 4), pure BN exhibited absorption in the
300 nm region, while no obvious absorption peak in the visible range
was observed for BN. The absorption intensity of BN was broadened

Fig. 5. (a) Raman spectra of BN and 3-CMBN; (b) FT-IR spectra of BN, CN, and 3-CMBN.

Fig. 6. XPS analysis of BN, CN and 3-CMBN: (a) the full-scale XPS spectrum; high resolution XPS spectra of B1s (b), C1s (c), and N1s (d).
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with the modification of melamine carbon, where BN was doped with
melamine as a carbon source to form the C–N-B species. This might be
regarded as a conclusive basis for the enhancement of photocatalytic
activity under blue-LED illumination. Higher BN content within the
composites provided a more extensive surface to facilitate doping.
Quantitative melamine may have been more evenly distributed on the
BN surface such that the melamine carbon was attached to BN and less
polymerization occurred to form CN. However, excess BN led to an
obvious decrease in photocatalytic activity (Fig. 7). Although a higher
BN content within the composites provided an excessive surface for
doping, only a certain amount of CN modified the surfaces of a limited
number of BN. Therefore, not all the blue light could access the more
highly photocatalytically active CeNeB bond sites. Hence, only a cer-
tain percentage of the light that illuminated the surface of the pure BN
was absorbed for improved photodegradation. In summary, it was ob-
vious that the modification of CN to BN could enhance the visible blue
light photocatalytic activity of the composites.

3.3. Roles of reactive species (RSs)

Various reactive species (e.g., O2%
−, OH, 1O2, h+) played different

roles in the photocatalytic degradation of ENFX. A number of sca-
vengers were employed in this study to further identify their respective
roles toward the photocatalytic degradation of ENFX. Typically, 10mM
isopropanol (IPA) served as the hydroxyl radical (OH) scavenger,
75 mM sodium azide (NaN3) was the singlet oxygen (1O2) scavenger,
10 mM sodium oxalate (Na2C2O4) was the photogenerated hole (h+)
scavenger, and 1.0mM 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy
(TEMPOL) was the superoxide iron radical (O2%

−) scavenger
[26,61–63]. As illustrated in Fig. 7c and d, a more rapid reaction rate
was observed without the addition of scavengers, with a photocatalytic
degradation rate constant of 0.0944min−1, whereas NaN3 and IPA
showed a slight inhibitory effect on the degradation of ENFX, with rate
constants of 0.081min−1 and 0.074min−1, respectively. These results
indicated that OH and 1O2 had negligible effects, which meant that the

inhibiting effects of NaN3 and IPA were 14.0% and 21.2%, respectively.
However, the addition of Na2C2O4 produced a greater inhibitory effect
than NaN3 and IPA, with a rate constant of 0.0362min−1. This phe-
nomenon revealed that h+ played a more important role than did OH
and 1O2 during the photodegradation of ENFX. What is more, following
the addition of TEMPOL, a remarkably restrictive effect was observed
with a rate constant of 0.0035min−1 for the photocatalytic process,
which signified an inhibition level of 96.3%. These results confirmed
that O2%

− and h+ played critical roles in the photocatalytic degrada-
tion of ENFX.3

To investigate the generation of radicals during the in-depth reac-
tion process, the spin-trapping EPR signals of BN, CN, and 3-CMBN
were obtained with DMPO in a methanol dispersion of DMPO- O2%

−, as
well as an aqueous dispersion of DMPO-OH [64–66]. These experiments
were conducted under dark conditions and visible light irradiation of
5min. and 10min. As shown in Fig. 8a, no O2%

− radical signals were
detected for BN, CN, and 3-CMBN while the system remained in the
dark, and no signals for O2%

− radicals were observed for BN under
visible light irradiation. According to the UV–vis DRS characterization,
the failure to detect O2%

− radicals in pure BN was ascribed to the wide
bandgap. Hence, it was difficult to excite BN under visible light to
generate electron-hole pairs, and to further produce O2%

− radicals. It
can be seen from Fig. 8a that EPR signals could be detected for CN
under illuminated conditions, while four-line EPR signals with intensity
ratios of 1:1:1:1 were observed under visible light conditions. Mean-
while, the EPR signals for the 3-CMBN were more significant than CN,
which might have been ascribed to the lower recombination of photo-
generated electron-hole pairs. As depicted in Fig. 8b, negligible EPR
signals for OH radicals were observed for CN and 3-CMBN under dark
conditions, whereas no EPR signals were directly detected for BN under
both dark and light conditions. The photogenerated holes of pure BN
had a higher oxidation power than did OH radicals, which was (in
theory) due to the valence-band maximum of BN being more positive.
However, no BN signals were detected that could be ascribed to the
bandgap being too wide to be excited. These obvious EPR signals for

Fig. 7. (a) Photocatalytic degradation
of ENFX with different photocatalysts
under blue LED light irradiation; (b)
Kinetic rate constant of ENFX de-
gradation over different photocatalysts;
(c) Photocatalytic degradation of ENFX
under blue LED light irradiation with
addition of different scavengers using
3-CMBN photocatalyst. (d) Kinetic rate
constant of ENFX (bar, left y-axis) and
the inhibition rate of RSs (pink curve,
right y-axis).
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OH radicals were obtained for CN and 3-CMBN under visible light il-
lumination, while four-line EPR signals with intensity ratios of 1:2:2:1
were observed. These four-line EPR signals were similar to those de-
scribed by Wang. et al. [23,67]. However, the O2%

− radical signal was
greatly enhanced for the 3-CMBN sample, whereas the OH radical
signal was also simultaneously improved (Fig. 8a and b). These results
verified the increased photocatalytic activity of CN-modified BN as
being consistent with the results of the photocatalytic degradation of
ENFX [68,69].

To investigate the stability of the 3-CMBN photocatalysts, recycling
experiments were conducted under identical conditions. As Fig. 9a
shows, the photocatalytic degradation rate of ENFX was obviously not
decreased following four recycling runs. Further, the characteristic
stretching was not obviously altered, as shown in Fig. 9b. These results
revealed that the 3-CMBN exhibited outstanding structural stability.

3.4. Product identification and theoretical calculations

HPLC–Q-TOF, GC–MS, and IC were employed to identify the inter-
mediates formed during the photocatalytic degradation of ENFX. Table
S1 provides detailed information on the fourteen intermediate products
that were identified by HPLC–Q-TOF, and GC–MS, which also detected
two intermediate products (Table S2).

Furthermore, theoretical calculations were utilized to predict which
sites were preferentially attacked by the reactive species. The frontier
electron densities (FEDs) data of the ENFX molecules were calculated to
speculate on the reaction process, as summarized in Fig. S3 and Table
S3. The C1, C2, C5, C10, N18, and N28 positions exhibited higher
FED2

HOMO + FED2
LUMO values, which indicated that these sites were

more likely to undergo OH attacks in an electrophilic reaction. The C4,
C6, C8, C10, and C13 positions of ENFX revealed more positive point
charges than others, which translated to these sites being more vul-
nerable to attack by O2%

− radicals for nucleophilic addition reactions
[70]. Typical ion spectra showed a m/z of 360.2, which was detected at
RT= 8.7min. in the original ENFX solution. This m/z was consistent
with the molecular mass of ENFX in a positive ion model.

According to intermediate degradation product identification and
reactive site prediction, potential photocatalytic degradation pathways
of ENFX over the 3-CMBN photocatalysts under blue LED light were
proposed, including hydroxylation, oxidation, reduction reaction,
dealkylation, and dehydration. The potential photocatalytic degrada-
tion pathways of ENFX are proposed in Scheme 1. Three potential
pathways were proposed as follows: Pathway Ⅰ was primarily a nu-
cleophilic addition reaction. Carbonyl is a polar group, and the carbon
atom (C8) possessed a partially positive charge, which corresponded to
theoretical calculations, and led to the initial formation of E1. Subse-
quently, C8, C10, and N18 were attacked by the strong oxidizing ca-
pacity of the reactive groups (O2%

− or/and h+), and the ·OH radicals
generated the E2-E4 products [71]. Pathway Ⅱ primarily involved the
interactions of various active species. N28 was attacked by ·OH radicals
and other oxidizing groups, and the fluorine atom in ENFX was dis-
placed with a hydroxyl group to form E5, E6, E7, E8, and E9. E9 was
further transformed E10 via oxidation. Pathway Ⅲ primarily included
different positions that were substituted with one or two hydroxyl
groups to form E11, E12, and E13. A similar pathway was present
during the photocatalytic degradation of CIP [72]. As the E11 and E13
structures were unstable, the quinolone ring was broken, which formed
E14. Additionally, these intermediate products might undergo a series

Fig. 8. EPR spectra of the (a) DMPO-O2%
− and (b) DMPO-OH adducts recorded with BN, CN and 3-CMBN under blue LED light irradiation.

Fig. 9. (a)Photocatalytic degradation activity after four cycles of 3-CMBN photocatayst under blue LED light irradiation; (b) the FT-IR spectrum of 3-CMBN before
and in each of the three replicates.
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of reactions as the quinolone is destroyed, or additional oxidation oc-
curs to form E15 and E16. Ultimately, a portion of the intermediate
products could also undergo the cleavage of piperazine rings and dec-
arboxylation, which were eventually mineralized to CO2, H2O, NO3

−,
NO2

−and F− [71,73].

3.5. Mechanism of the improved photocatalytic activity of CMBN

The enhanced photocatalytic activity of CMBN in the degradation of
enrofloxacin (ENFX) initially benefitted from the high specific surface
area of BN. It was essential that the CN nanoparticles were evenly
distributed on the BN surfaces, which prevented the aggregation of CN
nanoparticles during the recycling process. This also facilitated the
adhesion of adsorbents, which prompted the photocatalysis reaction,
while maintaining optimal cyclability [18,74]. Melamine carbon was

homogeneously anchored to BN, whereas the adsorption of ENFX on BN
increased the degradation of the organic pollutant on the loaded
carbon, thus increasing the photoreaction rates. As stated above, the
absorbed ENFX was gradually degraded, which left vacancies for fur-
ther ENFX absorption during the photocatalytic process, thus main-
taining adsorption equilibrium and promoting ENFX degradation. An
additional significant contributing factor was the formation of new
active chemical bonding species (C–NeB), which led to the narrowed
bandgap of 3-CMBN over BN. This acted to induce excited wavelength
broadening from the UV light region to the visible light range.

Further, the CeNeB bonds enabled favorable conditions for pho-
togenerated hole-electron pairs, which created suitable new photo-
catalysts with an appropriate bandgap. Carbon-free BN, synthesized as
such, was a typical insulator with a bandgap of ∼5.4 eV. As shown in
Fig. 5, the optical absorption edge of the 3-CMBN was red-shifted as the
result of modification by C, which was derived from melamine. From
Fig. S4, the energy bands of the BN and 3-CMBN structures were de-
termined via Mott-Schottky plots. These positively sloped curves re-
presented the typical n-type semiconductor properties of the as-pre-
pared samples. Subsequently, the valance band (VB) potentials of BN
and 3-CMBN were calculated as+ 5.01 eV and+2.25 eV, respectively.
As Scheme 2 reveals, since the conduction band potential of 3-CMBN
was more negative than the standard redox potential O2/O2%

−

(−0.33 eV) the photogenerated electrons could react with oxygen to
generate O2%

− [75]. Additionally, the valance band of the 3-CMBN was
more positive than the standard redox potential OH/OH− (+1.99 eV).
However, it was below the potential of ·OH/H2O (+ 2.73 eV) [26], thus
h+ could oxidize OH− to give ·OH, whereas the amount was negligible
in line with the quenching experiment.

Photocurrent spectroscopy was applied to detect transient photo-
current responses and to validate the electron-hole transfer mechanism
(Fig. 10a). A higher transient photocurrent response was obtained from
the 3-CMBN in contrast to BN and CN, which demonstrated the more

Scheme 1. Potential photocatalytic degradation pathways of ENFX in 3-CMBN aqueous solution under blue LED light irradiation.

Scheme 2. Proposed photocatalytic degradation mechanisms in the 3-CMBN
under blue LED light irradiation.
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efficient separation of photogenerated electron-holes [26]. Charge se-
paration efficiencies could also be investigated through EIS (Fig. 10b).
The smaller arc radius of the 3-CMBN implied a higher charge transfer
efficiency. The PL analysis of BN, CN, and 3-CMBN is depicted in
Fig. 11a. These samples were activated under an excitation wavelength
of 300 nm. The BN exhibited an insignificant emission peak, likely due
to its wide bandgap, which could not be excited. The PL intensity of the
3-CMBN decreased remarkably in contrast to CN, which revealed that
the modification of carbon efficiently enhanced the separation of photo-
excited charges and holes [21]. Therefore, it could be concluded that
the modification of carbon might promote the migration and separation
efficacy of photogenerated carriers. Meanwhile, to probe the specific
charge carrier dynamics of the BN, CN, and 3-CMBN, time-resolved
photoluminescence spectra were recorded and demonstrated in
Fig. 11b.

It was clear that the average emission lifetime of the 3-CMBN
(4.2 ns) was shorter than that of CN (4.5 ns) and BN (6.5 ns). This result
differed from ultrathin graphitic carbon nitride [76], and the decreased
carrier lifetime showed significantly accelerated photo-exciton dis-
sociation in the 3-CMBN sample via a non-radiative quenching pathway
[77–80]. Thus, the improvement of the photocatalytic performance was
neither simply due to the formation of ultrathin carbon nitride, nor to
the boron-doped carbon nitride, but rather that the CN-modified BN
enabled the formation of the CeNeB species.

4. Conclusion

In summary, we demonstrated that CMBN with a new active che-
mical bonding species (C-B–N) was successfully synthesized using a
facile hydrothermal-calcination method. Through modification with

melamine carbon, this novel CMBN species, in contrast to BN, was
endowed with the capacity to be responsive to visible light, and de-
monstrated excellent photocatalytic properties for the degradation of
ENFX under blue LED light. As expected, the modified material, parti-
cularly 3-CMBN, revealed an apparent rate constant k, which was
∼39.3 times higher than that of carbon-free BN for ENFX abatement.
This work resulted in the development of novel multifunctional CMBN
photocatalysts that can be activated by affordable blue LED light, and
provides a new orientation to guide the further development of ad-
vanced photocatalysts with excellent visible light-driven character-
istics.
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