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Developing new energy resource as well as efficient treatment strategies to solve the energy crisis and organic
pollutants problems is of crucial importance. Due to medium band gap and highly thermal stability, doped or
chemically functionallized graphitic carbon nitride (g-C3N4) has been envisioned as promising photocatalysts in
processing organic pollutants. In this work, we use 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)
chemically modified g-C3N4 to degrade Rhodamine B (RhB) under visible light irradiation (A = 420 nm). When
the modified weight ratio of BODIPY in g-C3N, reaches 0.6% (CN-0.6), the photocatalytic performance is

nearly 3.5 times fast than that of without modification (CN-0). Enhanced visible light absorption and depressed
electron-hole recombination rate may take responsibilities for the enhanced photocalytic performance. A
possible mechanism responsible for this photocatalytic process is proposed. Our work might provide a new
strategy to develop valid photocatalysts with broad visible light absorption.

1. Introduction

Dye-containing wastewater has gained considerable attention in the
last decades due to their adverse effects on environment and human
health [1]. These organic dyes are complex aromatic compounds and
resistant to degradation [2,3]. Especially, Rhodamine B (RhB), which
has been proved one kind of carcinogenic compounds but widely used
in leather, paper and textiles fields, might cause serious toxicities to
public health [4]. Therefore, developing efficient strategies to degrade
RhB from water is impending.

Graphitic carbon nitride (g-C3N4) has shown its priorities in
pollutant degradation due to its low cost, metal free, excellent thermal
and chemical stability and expediently structural modification [5-9].
However, the photocatalytic performance of g-C3N, is impaired by fast
charge recombination and narrow visible light absorption region [10—
13]. Therefore, growing work has been done to the dope or chemically
functionalize g-C3N, to tune the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO), and thus to
optimize the photocatalytic activities [14-22]. In fact, attaching long
wavelength absorption dyes would improve the visible light response of
g-C3N, based photocatalysts.

We initiated the research program on BODIPY and its derivatives
since 2013 and investigated their photophysical and porous properties
with various molecular architectures [23—28]. Although various of dyes
have been successfully doped to improve the photocatalytic activities of
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g-C3Ny, there is rare work referred to BODIPY chemically modified g-
C3N,4 while this dye has been well investigated due to its excellent
photophysical properties [29]. In this work, we utilized the BODIPY
derivatives to chemically react with the residual amine on g-C3N4
frameworks with different ratios. With different ratio of BODIPY
derivatives addition, their photophysical properties and corresponding
photodegradation ability for RhB were compared. The promising
results demonstrated that rational ratio of chemical doping BODIPY
dyes could greatly enhance visible light absorption and improve
photocatalytic performance.

2. Experimental section
2.1. Materials and equipments

All the chemical reagents were commercial available and used as
received unless otherwise stated. Dichloromethane (DCM) was dried
using CaCl,. All reactions were performed under nitrogen atmosphere.
Flash column chromatography was performed using 40-63 pm
(230—-400 mesh) silica gels as the stationary phase.
2.2. Synthesis of g-CsN,4 (CN-0)

The porous CN-0 was prepared through direct heating urea in
ceramic crucible with a cover in air. In a typical process, urea (8.0 g)
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Scheme 1. Synthetic route for CN-x (x=0, 0.1, 0.3, 0.6, 0.9 and 1.2, respectively). (i) 500 °C, 4 h; (ii) BDP-2CHO, 1,4-dioxane, acetic acid, 110 °C, 2h.

was put into a crucible and then was heated to 500 °C with a heating
rate of 2.3 °C/min. The sample was kept at 500 °C for 4h in a muffle
furnace. The acquired solid was washed, dried and collected for further
usage.

2.3. Synthesis of CN-x by post modification of the CN-0

Synthesis of CN-x (x =0, 0.1, 0.3, 0.6, 0.9 and 1.2) was according to
literature (Scheme 1) [29]. CN-x were prepared by Schiff base reaction
between CN-0 and different weight fraction di-aldehyde using acetic
acid as catalyst. The weight fraction of di-aldehyde varied from 0% to
1.2% for CN-x (x=0, 0.1, 0.3, 0.6, 0.9 and 1.2). Herein, we took the
synthesis of CN-0.1 as an example to give details about the synthetic
process. Under N, atmosphere, CN-0 (100 mg) and BDP-2CHO
(0.1 mg) were dispersed in 1,4-dioxane (6 mL). When the solution
refluxed, acetic acid (0.6 mL) was added dropwise. The solution
refluxed for another 2 h before cooling down. Then the solvents were
removed by vacuum rotary and the residue was washed by organic
solvents (DCM and methanol, 2h, respectively) and water. The
resultant powder was freeze-dried prior to use.

2.4. Characterization

Crystal structure of CN-x (x=0, 0.1, 0.3, 0.6, 0.9 and 1.2) was
investigated by X-Ray diffraction XRD using Rigaku diffractometer of
Cu target with Ka =0.15405 nm. Measurements were collected in the
angles range from 10° to 70° at scan rate of 5°/min. UV-vis absorption
spectra and photoluminescence (PL) measurements were measured
using Hitachi U-5100 and Hitachi F-2700, respectively. Fourier trans-
form infrared (FT-IR) spectra were obtained on a Nicolet 6700 and
reported in terms of the frequency of absorption (em™). X-ray
photoelectron spectroscopy (XPS) analysis was performed on an
ESCALab MKII X-ray photoelectron spectrometer using Mg-Ka radia-
tion. Scanning electron microscopy (SEM) images and element map-
ping measurements were performed on a FEI SIRION200 microscopy.
Transmission electron microscopy (TEM) tests were performed on a
JEOL JEM-2100F microscopy. According to the absorption-desorption
isotherms, BET (Brunauer—Emmett—Teller) specific surface area, pore
size distribution and pore volume were evaluated. Before each mea-
surement, the samples were degassed at 120 °C for 6 h.

2.5. Photocatalytic activity test

The photocatalytic activities were evaluated under a 300 W Xe lamp
with a 420 nm cut-off filter. In every experiment, photocatalyst (10 mg)
was placed in a quartz tube containing RhB solution (15 mL, 10 mg
L™Y). Prior to irradiation, the suspension was magnetically stirred for
30 min in the dark to ensure that the RhB could reach adsorption/

23

desorption equilibrium on the photocatalyst surface. After irradiation,
the solution (5mL) was suctioned at a regular time interval and
centrifuged to remove the precipitates, then the concentrations of
RhB in the supernatant was determined by a UV-vis spectrophot-
ometer at a wavelength of 554 nm. The trapping experiments concern-
ing active species in the photocatalytic process were also conducted by
adding the different scavengers to the RhB solution prior to the
photocatalysis in the similar procedure.

2.6. Photoelectrochemical measurements

The photocurrent was measured on CHI660e electrochemical
workstation by using a standard three-electrode system. A platinum
plate electrode, standard calomel electrode in saturated KCl and the as-
prepared catalysts were used as the counter electrode, the reference
electrode and working electrode, respectively. Sodium sulfate aqueous
solution (0.1 M) was acted as electrolyte. Electrochemical impedance
spectroscopy (EIS) was investigated at 5 mV amplitude. The frequency
range was from 0.1 to 1000 kHz by using a three-electrode system in
sodium sulfate solution (0.1 M). To prepare the working electrode,
photocatalyst (10 mg) was dispersed into water (1 mL) containing
Nafion aqueous solution (20 pL, 5wt%). After ultrasonic treatment
for 30 min, the suspension was dip-coated for several times onto a
1x1cm? indium tin oxide (ITO) glass. For each measurement, the
conductive glass was dried at 60 °C for 30 min before next cycle.

3. Results and discussion

The synthesis of BDP-2CHO was according to literature (Scheme
1) [23]. During the synthesis of CN, amine groups were left at the end
of s-triazine rings because of kinetic problems [30]. Consequently,
BDP-2CHO can react with residual amine groups and then incorpo-
rate into the conjugated system. After reaction, the obtained CN-x was
washed by organic solvents and water. The samples were freeze-dried
for 24 h prior to use.

As the BODIPY dye addition would greatly improve the photo-
catalytic abilities of the g-C3Ny4, we prepared a series of modified g-
CsN,4 with varying BDP-2CHO weight ratio to optimize the photo-
catalytic abilities. Characterization techniques such as FT-IR, XPS,
XRD, and electron microscopy were used to investigate the structural
and morphological information.

SEM mapping tests were performed to detect the degree of BODIPY
modification and the boron element was chosen as a characteristic
element. The boron element intensities increase gradually as the
fraction improvement BDP-2CHO (Fig. S1). FT-IR spectra of the as-
prepared samples proved the Schiff base formation (Fig. 1). For BDP-
2CHO, absorption peaks at 2846, 2733 and 1727 cm™! were ascribed
to C—H and C~O stretching vibration, respectively. The peaks at 1549,
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Fig. 1. FT-IR spectra of BDP-2CHO, CN-0 and CN-1.2.

1200 and 1005 cm™! were characteristic absorption of the BODIPY
moieties [24-26]. Typical absorption bands revealing the structures of
CN were exhibited in CN-1.2. Peaks near 3500 and 1600 cm™?, which
were attributed to the —OH stretching vibration, resulted from the
aqueous oxide absorption by CN-x. The peak around 3200 cm™ was
attributed to the N—H stretching vibration [31]. The absorption of N-H
(3100-3400 cm ™) decreased as the decoration content of BDP-
2CHO, indicating the decreased content of surface amino groups in
CN-x (Fig. S2a). The adsorption band near 1506 cm™ attributed to
aromatic C*C bonds can’t be found in our FT-IR results even the weight
ratio of BDP-2CHO reached 1.2 wt%. (Fig. S2b). The multiple bands
between 1200 and 1650 were characteristic absorption bands ascribed
to C-N and C°N stretching vibration (the wine color dotted region)
[10]. Peaks near 860 and 800 resulted from the stretching vibration of
the s-triazine rings vibrations (the magenta color dotted region) [32].

The crystalline structure of CN-x was investigated by XRD mea-
surement (Fig. S3). Typical peaks of pure g-C3N, were at about 13.2°
and 27.4°, belonging to (100) and (002) diffraction planes. Compared
with CN-0, the (002) diffraction peaks of the CN-x exhibit a little
upfield as increasing ratio of BODIPY derivatives. These results might
be from the Schiff base linkage between the edges of the g-C3N4. More
BODIPY chemically attachment between the residual amine groups
would induce more constriction of crystal lattice for g-C3N.

Porous properties of CN-x were evaluated by absorption/deso-
rption analysis under 77K (Fig. S4). CN-x showed typical type IV
isotherms according to IUPAC classification indicating mesoporous
properties of CN-x. The pore size delivered a wide distribution mainly
between 0 and 55 nm, which came from the meso-porous properties
of the photocatalysts and accumulation of the plate-like structures
(Figs. S5, S6). The Brunauer—Emmett—Teller (BET) surface areas for
CN-x were 58, 70, 78, 82, 70 and 57m? g™, respectively, which
indicated that BDP-2CHO modification had little effect on the pure
CN-0 porous properties.

Diffuse reflectance spectra (DRS, Fig. 2a) were performed for CN-x
before the photocatalytic tests. Contrary to little changes were detected
when the BODIPY weight fraction was less than 0.3 wt% (CN-O, 0.1,
0.3), the spectra showed obvious absorption enhancement on the
visible light region and underwent red shift after the content exceed
0.6 wt%. Two reasons might be responsible for this variation [33,34].
First, incorporation of the BDP-2CHO extended the conjugated
degree of the g-C3N,. Second, some of the g-C3N, interlayer might
be tortuous by the Schiff base linkage. Therefore, the electron transi-
tion from n to 7" orbital would be activated. Finally, strengthened light
absorption and red-shifted light absorption endowed the as-prepared
photocatalysts enhanced utilization of the light.

Photoluminescence spectra (PL) was widely employed to determine
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the migration and recombination process of the photo-induced elec-
tron-hole pairs [35]. In this work, PL spectra of the CN-x were
acquired under room temperature with an excitation wavelength of
370 nm (Fig. 2b). CN-x showed same emission maximum wavelength
but different emission intensities. For CN-x (x=0. 0.1, 0.3 and 0.6),
the emission intensities were gradually decreased first and then
dramatically fall for CN-0.6. When more BODIPY moieties were
incorporated for CN-0.9 and CN-1.2, the emission intensities would
be restored gradually which inferred that the recombination of charge
carriers were suppressed after decoration. The suppressed contents
were dependent on the weight ratio of BODIPY moieties. In this
condition, the CN-0.6 might be the best one to adsorb the photons
for photocatalytic application [36].

The charge transfer rate of the CN-0.6 and CN-0 were compared
by performing electrochemical impedance spectra (EIS) tests (Fig. 3).
The arc radius of CN-0.6 was smaller than that of CN-0, indicating
CN-0.6 had a faster interfacial charge transfer and a more effective
separation of carriers. The charge separation and migration could
significantly affect the photocatalytic performance, which could be
verified by the photocurrent response. In this study, the photocurrent—
time (i-t) curves of CN-0.6 and CN-0 working electrodes were
conducted with several 20 s light on/off under visible light irradiation.
The photocurrent density for CN-0.6 was much higher than that of
CN-0, suggesting a distinct improvement in the suppression of photo-
generated electron—hole recombination, and this result was consistent
with the latter photocatalytic degradation of RhB.

The photocatalytic capabilities of the as-prepared composites were
investigated by the decomposition of RhB under visible light irradiation
(Fig. 4a). To investigate the amount of RhB adsorbed under dark, we
added the RhB adsorption spectra under dark condition in the presence
of CN-x for 30 min and the adsorption equilibrium can be achieved
within the initial contact time of 20 min (Fig. S7). In the control
experiment, the self-degradation of RhB was almost negligible without
photocatalyst and CN-0 also shown an obviously low efficiency to
degrade RhB (ca. 28%) after irradiation of 30 min while modification
with a small amount of BODIPY moieties on the surface of CN could
dramatically improve the photocatalytic performances. Results showed
the weight ratio of BODIPY moieties on CN was crucial to the
photocatalytic activities. CN-0.6 exhibited best photocatalytic abilities
and would degrade RhB totally in the solution under the same
condition, nearly 3.5 times fast than that of CN-0. When the
BODIPY weight ratio exceeded 0.6 wt%, the photocatalytic activities
decreased, which might be from the less visible light absorption by
g-C3N, for the high absorption of BODIPY dye.

To give deep insights of the photocatalytic process, experimental
results were simulated by pseudo first-order kinetic model and listed in
Fig. 4b. The photocatalytic process fitted well with a pseudo-first-order
model.

In(G,IC) = kt

Where k is the apparent kinetic rate constants, t is the reaction time; C
and C, are the concentration at t and the initial concentration of the
organic dyes, respectively. The k values for RhB degradation with CN-0
was 1.1% min~. For BODIPY-modified g-C3N4, composites with BDP-
2CHO of 0.6 wt% exhibited best photocatalytic performance, and the
decomposition rate constants were calculated to be 12.8% min~!
(Fig. 4c). The results demonstrated that the introduction of BODIPY
into g-C3Ny4 accelerated the photocatalytic degradation rate. Finally,
we compared photocatalytic abilities of CN-0.6 with that of TiO» in the
references (Table S1). From this comparison, our photocatalysts
delivered superiorities than the reported TiO, in degradation of
organic dyes.

Cycling performances for CN-x were evaluated (Fig. 4d). The
recycled CN-O and CN-0.6 were collected through high-speed cen-
trifugation, water washed and dried. After that, the reused samples (10
mg) were hanged on to use for the next degradation process. CN-0
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Fig. 2. (a) DRS and (b) fluorescence spectra of the as-prepared photocatalysts CN-x (x =0, 0.1, 0.3, 0.6, 0.9 and 1.2, respectively).
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Fig. 3. (a) The photocurrent and (b) electrochemical impedance spectroscopies of CN-0 and CN-0.6.

photocatalytic performance showed slight drop. While for CN-0.6, the
photocatalytic degradation abilities for RhB displayed no change even
after four recycle experiments indicating CN-0.6 was endowed with
good cyclic performance.

XRD, SEM and TEM experiments were carried out to investigate
the structure stabilities of the collected CN-0.6 after four cyclic
experiments (Fig. S8). The reused CN-0.6 possessed same crystalline
structures because no new diffraction peaks appeared, demonstrating
this photocatalyst possessed high structural stability. Further morpho-
logical investigation from SEM and TEM revealed no obvious changes.
Therefore, our results indicated that CN-0.6 not only possessed well
RhB cyclic degradation performance, but also displayed high structural
stability.

Active trapping experiments were performed to investigate the
main active species during the degradation process and the probable
photocatalytic mechanism (Fig. 5). Ethylenediamine tetraacetic acid
disodium salt (EDTA-2Na, 5 mM), p-benzoquinone (BZQ, 5 mM) and
tert-butyl alcohol (TBA, 10 mM) were adopted as scavengers for photo-
generated holes (h™), superoxide radical ("O,”) and hydroxyl radical
("OH), respectively. All the degradation experiments of RhB using CN-
0.6 were conducted in the same condition as aforementioned, except
that the scavenger was added separately. The degradation efficiency
was slightly suppressed upon addition of TBA. In contrast, the
degradation rates dramatically decreased after the appearance of
EDTA-2Na or BQ, implying that the active species h* and ‘O,~ have
strong effects than "OH on the photocatalytic process.

Based on the experimental results and previous contributions

25

[37,38], we proposed a possible degradation mechanism for BODIPY-
g-C3Ny (Fig. 6). Under visible light irradiation, both the BODIPY and
g-C3N, absorbed photons and thus simultaneously generated corre-
sponding electron—hole pairs. Considering the LUMO of the BODIPY is
a little bit higher than that of g-CsN,4 and the electron transfer theory,
the excited electron would transfer to the excited of conduction band
(CB) of g-C3Ny. Actually, the electron transfer would greatly suppress
the electron-hole recombination in BODIPY. And more excited elec-
trons would gather in the conduction band of g-C3Ny to take part in
photocatalytic process. Meanwhile, the electron transfer would greatly
depress the electron—hole recombination in the g-C3N4. The holes
interact with water forming the hydroxyl radical ("OH) and proton (H")
reactive species while the electron interact with the O, generating the
superoxide radical ("O,7). The H" species are not stable and interact
with *0,” forming the O-H". Finally, RhB was degraded by the *OH and
O,H" radicals producing color-less compounds organic (CCO), carbon
dioxide (CO,) and water as shown in Fig. 6.

4. Conclusions

In conclusion, chemically modified g-C3N4 frameworks were suc-
cessfully obtained utilizing Schiff base reaction with BODIPY dyes.
Results revealed that small weight ratio of this dye would dramatically
enhance the composite's degradation ability of RhB under visible light
irradiation. Further photocatalytic porous polymers for hydrogen
generation from water are underway in our laboratory and will be
reported in due course.
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