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Abstract

As an "up-and-coming™ two-dimensional (2D) material, black phosphorus (BP)
has attracted much attention due to its abundant metal-free properties and broad
application prospects in photocatalysis. This study introduces a promising
sunlight-driven  metal-free  photocatalyst for oxytetracycline hydrochloride
degradation and hexavalent chromium reduction in water and wastewater. The roles of

BP quantum dots (BPQDs) in the distribution of electrons and photocatalytic

performances were well identified by experimental and dergit ctional theory
(DFT) calculations. As expected, the specially designe structure shows
unusual photocatalytic efficiency toward the radation of oxytetracycline

hydrochloride (0.0276 min™?) and reduction @ ent chromium (0.0404 min™).
Reactive species, namely, <02 angd 'h prised the primary photocatalytic
mechanisms for oxytetracycline, ide degradation. This work highlights that
the combination of tubular@4 (TCN) with BPQDs facilitates the charge spatial
separation in th t@!ic process, and provides alternative strategy for design
of highly active and§netal-free nanomaterials toward environmental remediation and
sustainable solar-to-chemical energy conversion.

Keywords

BPQDs; Tubular g-C3Ns4; Cr(VI) reduction; Oxytetracycline hydrochloride; Density

functional theory
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1. Introduction

Today, the dramatic increase in global energy demand is still hugely dependent
on fossil fuel combustion, which has been producing tremendous anthropogenic
greenhouse gases [1-4]. Reducing greenhouse gases emissions and coping with
related global warming is one of the major challenges facing humanity in the 21st
century [5-8]. Moreover, various antibiotic contamination and heavy metal pollutants
in water systems have a significant impact on human health due to their high toxicity
and carcinogenic [9-11]. For this reason, it is fairly angaful to develop
environmentally sustainable energy technologies to so energy crisis and
environmental problems [12-14]. Fortunately, sol rgy photocatalytic technology
grabs extreme attention due to its highly susta@ toxic nature and low cost [15,

16]. In view of maximizing the use of ggla y, it is significant important to select

the suitable photocatalysts [17 past decades, amounts of semiconductor

photocatalysts (TiOg, Bit@no and Agl, etc.) have been employed for
environmental r k. nd energy conversion [18-20]. However, most of the
reported photocatadyysts are metal containing semiconductors which have
environmentally harmful effects and limited quantity [21]. Hence, it is necessary for
investigators to construct a metal-free photocatalyst with amounts of earth elements
(C, N and P, etc.) and high efficiency [22].

To address above tasks, the nonmetallic conjugated semiconductor g-CzNs has
been widely used in photocatalysis field because of its outstanding chemical and

thermal stability, unique band gap structure, environmentally friendly nature and
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visible light response [22]. Nevertheless, the photocatalytic property of pristine
g-CsNa is not satisfactory due to the sluggish exciton dissociation, small surface area
and insufficient light absorption [23]. So far, many strategies (element doping,
heterojunction, and morphological engineering, etc.) have been explored to overcome
the drawbacks of pure g-CsNa. To date, one-dimensional (1D) nanomaterials with
open channel have received much attention owing to their decreased mass transfer
resistance, reduced diffusion distance, enhanced photogenerated carriers separation,
and increased light absorption [24, 25]. For example, Guo e a hydrothermal
method to obtain P-doped hexagonal tubular g-CsN4 via js of melamines in

phosphorous acid [26]. As a result, a convenient ctive, and simple method for

synthesizing the highly efficient tubular g-@ catalyst is still a challenging

and predictable task. &

Metal-free semiconductor, osphorus (BP) has received numerous
scientific interests on acc@f excellent electrical and optical properties, high
charge mobility (ﬁ;ét%mz Vs, as well as outstanding solar light absorption
capacity since the fiWt preparation of atom-thick layer BP in 2014 [27, 28]. Notably,
BP has been used as a cocatalyst to promote the separation of photocavitation-electron
pairs in the field of environmental treatment and photocatalytic water splitting [29].
For instance, Zhu et al. prepared a binary nanohybrid BP/CN for photocatalytic H>
production, and the amount of H, can reached approximately 0.64 umol ht [28].
Recently, 0D BPQDs have been widely used in photocatalytic area when the lateral

size of BP is decreased to below 20 nm. Apart from the benefits of parental BP,
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BPQDs possess additional favorable characteristics like quantum confinement effects,
prominent edge and high absorption co-efficient [29]. Very recently, Lei et al. and
Kong et al. fabricated OD/2D heterostructure combined ultrasmall BPQDs with
ultrathin g-CsNs nanosheets through sonication approach and high-vacuum stirring
method, respectively [30, 31].

Bearing these in mind, for the first time, we employed a facile ice-assisted
ultrasonic method to obtain a metal-free BPQDs loaded TCN (BPTCN) nanohybrid
with 1D tubular structure. In this system, BPQDs with an r ize of 3.32 nm
were dispersed onto the tubular g-CsNa. Various ollutant systems
(oxytetracycline hydrochloride (OTC-HCI), tetr ine (TC), and rhodamine B
(RhB)) and heavy metal Cr(VI) ions in @ wastewater were effectively

removed and reduced by such well-cggin CN heterostructure. In addition, the

underlying photocatalytic mech t BPTCN were investigated, and the roles

of BPQDs and tubular g€|\|) In photocatalytic process were also highlighted.
Meanwhile, the o(ﬂwd structure and strong electronic interaction of obtained
materials were calc(qated by density functional theory (DFT) calculation. This work
indicates a new paradigm for constructing metal-free photocatalyst with unique
tubular structure for effective photocatalytic organic pollutants degradation and green

energy conversion.

2. Experimental Section

2.1. Catalysts synthesis
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The reagents used in this work and the synthesized steps of tubular g-C3N4 (TCN)
and bulk g-C3N4 (CN) were depicted in the Supporting information. De-ionized water
(18.25 MQ.cm) from Millipore system was applied in the whole experiment. The
BPQDs were obtained from Nanjing XFNANO, Inc. (XF208, Size, 1-10 nm;
Concentration, 0.1 mg/mL; Ratio of monolayer > 80%). As for preparing
BPQDs/TCN hybrids (denoted as BPTCN), 0.1 g of TCN was dispersed in 10 mL of
DI water. Then, 10 mL commercial BPQDs dispersion was mixed with the above

suspension. This mixture was stirred for 4 h and subsequently nigaigd in an ice bath

for 4 h. The obtained suspension was centrifuged at 6750 60 s to collect the
residual particles. The final precipitate was dried i acuum oven at 40 <C for 12 h.
All chemicals were analytical grade and wer out additional purification in

this work. &
2.2 Characterization @

The transmission elecfgon ngicroscope (TEM), high-resolution TEM (Tecnai G2

F20, FEI) and scﬁ'n@mn microscopy (SEM Hitachi S4800) tests were used to
determine the morology structure of samples. The Fourier transform infrared
spectrum (FTIR) analysis was conducted by Bruker Vertex 70 instrument with KBr
pellet method. The X-ray diffraction (XRD) measurement was obtained by a Bruker
D8 Advance diffractometer. The X-ray photoelectron spectroscopy (XPS) results were
recorded on Escalab 250Xi instrument with an Al Ka X-ray source. The total organic

carbon (TOC) data was collected on a Shimadzu TOC-LCPH analyzer. The electron

spin response (ESR) signal was detected on JEOL JES-FA200 spectrometer. The
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three-dimensional excitation-emission matrix fluorescence spectra (3D EEMSs) and
photoluminescence (PL) were carried out on LS-55 fluorescence spectrophotometer.
The detailed electrochemical measurement experiments were presented in Supporting
information.
2.3 Photocatalytic Activity
2.3.1 Photodegradation of oxytetracycline hydrochloride

To investigate the photocatalytic activity of the samples, the degradation of
OTC-HCI (10 mg/L pH=7) was performed under visible Qi yradiation. The
chemical structure and physicochemical properties of OT 2] were presented
in Table S1. And the light source was from a 300 non lamp (PLS-SXE300, light
intensity was ~ 300 mW/cm?) with the UV ITer (A > 420 nm). The emission
spectrum of the visible light and th &ding photocatalytic reaction system
were described in our previous % ¥ Briefly, 30 mg of sample was dispersed in
50 mL of pollutant aqueou@n. Before illumination, the suspension was churned
in the dark for § t@n the adsorption desorption equilibrium. The reaction
OTC-HCI suspensio (2 mL) was taken out at intervals of 15 min and filtered through
a 0.22 pum membrane filter. The concentrations of OTC-HCI suspension were
analyzed by a Shimadzu UV-vis spectrophotometer (UV-2700) with absorbance at its
characteristic absorption peaks of 353 nm. The photo-degradation intermediate
products of OTC-HCI were determined by a LC-MS/MS instrument, and the specific

method was shown in supporting information. In addition, Escherichia coli bacteria
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were used to assess the potential risk of intermediates and detailed procedures were
provided in the Supporting information.

The experimental data (the degradation rates of OTC-HCI) were researched in
depth by a pseudo first-order kinetic model, where Eq is In (C/Co) = -Kappt. Among
them, Kapp is the apparent rate constant; Ci and Co are t-time and initial concentrations
of OTC-HCI, respectively. In this work, the quenchers were EDTA-2Na, TEMPOL

and tertiary butanol (TBA), which could assimilate reactive species of h*, O, and

*OH, respectively. The contributions of each reactive specieg tqt erall OTC-HCI
photodegradation kinetics were calculated using following [34]:
_ K.on . (Kapp -KrBA)
R.on = = 1
© Kapp Kapp @)
Ry = Koo2- _ (Kapp - KTEMPOL) @)

Kapp Kapp @
K K -K —
Rps = Sht (Kapp — KEDpTA-2Na) & 3)
Kapp Kapp
R is the fractional contr@ a particular reactive species, and Krga,

KrempoL, and Kepta-2na IS @arent rate constant for OTC-HCI photodegradation
in presence of th r ing quenchers.
2.3.2 Reusability

To evaluate the reusability and stability of the samples, six successive cycles of
experiments were performed for OTC-HCI degradation. Namely, the used sample
after each cycle was collected through centrifugation and rinsed three times with
ethanol and ultrapure water. Subsequently, the washed powder was dried for 8 h
(60 <€) to conduct next photocatalytic cycle. Moreover, the XRD of the samples after

six cycles was characterized and compared to that of the fresh samples.
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2.3.3 Photoreduction of Cr(VI)

The photocatalytic Cr(VI) reduction experiment was chosen to further evaluate
the photocatalytic reducing activity of BPTCN. Then, the reaction solution pH value
was adjusted by H.SO4 (0.1 M) and NaOH (0.1 M) solutions. Before irradiation, 50
mg of the resultant sample was added into 50 mL of Cr(V1) solution (based on Crin a
K2Cr207 solution, 10 mg/L), followed by stirring for 60 min to attain an
adsorption-desorption equilibrium in the absence of light. Approximately 2 mL of the
reaction suspension was withdraw at given time interyv min) and its
concentration was determined by a UV-vis spectrophotom nm) according to

the 1,5-diphenylcarbazide method [35, 36].

& by using the Cambridge Serial Total

The DFT based simulations were
Energy Package (CASTEP) im%Qn the Materials Studio (MS) program. The

2.4 DFT calculations

Perdew-Burke-Ernzerhof (RBE) generalized gradient approximation (GGA) was used
for exchange-c a unctions. Considering that PBE functional will
underestimate the d gap of semiconductors, Heyd-Scuseria-Ernzerhof (HSEO6)
hybrid functional was used in electronic calculations. The cut-off energy for plane
wave basis was set to 340 eV, using the energy tolerance and force convergence
criteria per atom of 1 x 10°° eV and 0.02/0.05 eV A for the electronic structure
calculations. A Monkhorst-Pack grid of 3 <3 x1 for K-points was sampled in the first

Brillouin zone to do self-consistent calculations. The rectangle lattice constants of the

samples were shown in Table S2. The outer valence electron arrangement of each
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element was 2 s? 2p? for C, 2 s2 2p° for N, 3s? 3p® for P. The density of states (DOS)

were calculated by using the tetrahedron method (Bl&hl corrections).

3. Results and discussion
3.1 Morphology structure

The morphology and structure of the as-prepared samples were studied by SEM
and TEM. As depicted in Fig. 1a, the CN has a smooth and lamellar-like morphology.
Obviously, TCN and BPTCN reveal a tubular structure withg digsgeter of 6-8 m
(Fig. 1b and Fig. 1c). From Fig. 1e, the TEM analysis furt jied that the perfect
nanotube was successfully prepared. In contras e CN possess stacked sheets

structure with some pores (Fig. 1d). Furt?@, e spherical morphology of

BPQDs was revealed in Fig. 1f, the cglor as-prepared BPQDs suspension was

brown (inset of Fig. 1f) and t r distribution size of the pure BPQDs was
determined by counting m@lg. S1). According to Fig. S1, the average diameter
size of the BPQ r@)uld be measured to be 3.32 nm. From Fig. 1g, a certain
amount of BPQDs c{n be detected from the edge of the sample of BPTCN. The TEM
EDS spectrum of BPTCN (Fig. 1h) also further demonstrated that the BPQDs were
loaded on TCN. Moreover, high-resolution TEM (HRTEM) was given to obtain more
information about the two parts of TCN and BPQDs. From the magnified image of
Fig. 1g (Fig. 1i), the obvious lattice fringe (0.22 nm) could be measured in the side of
BPQDs, which was in good agreement with the (002) facet of BPQDs (JCPDS

87-1526) [31, 37]. In addition, the intensity profiles along the red arrows in Fig. 1i

10
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were shown in Fig. 1j. Such intimate interfacial interactions between 1D TCN and

BPQDs may cause an improved photocatalytic activity for BPTCN.

Fig. 1. Microscopic characteg @ obtained samples. SEM images of (a) CN, (b)
TCN, and (c) BPTCN, e y. TEM images of (d) CN, (e) TCN, (f) pure BPQDs
solution and (g) , respectively. (h) TEM EDS spectrum and (i) HRTEM
images of BPTCN. (j) Intensity profiles along the red arrows in (i).
3.2 Crystal and chemical structure

Fig. 2a presents the XRD patterns of CN, TCN, and BPTCN. As described in Fig.
2a, the XRD patterns of all obtained samples were very similar, indicating that the
general structure of g-CsN4 remained well. The CN possesses two typical diffraction
peaks at 27.3<((002) plane) and 13.0°((100) plane), which can be assigned to the

interlayer stacking of graphite-like materials and the repeated tri-s-heterocycle

11
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packing, respectively (JCPDS 87-1526) [38]. Compared with CN, the peak centered at
27.3<becomes much broader and weaker, manifesting size-dependent properties of
the 1D tubular structure [25]. In addition, no other peaks intensity was detected in the
BPTCN due to the limited amount and the well dispersion of BPQDs. As shown in
Fig. 2b, the XRD pattern of multiple recycled BPTCN was similar to the XRD pattern
of fresh BPTCN, which acknowledged that the recycled BPTCN kept the intrinsically
crystal structure. As exhibited in Fig. 2c, there was no significant difference in the
FTIR spectra of the samples of CN, TCN, and BPTCN. The gtr R signals of all
samples between 1000 cm™ and 1750 cm™ were related ical aromatic CN
heterocycles, while the peaks in the range of 300 00 cm™ and the peak at about
809 cm* were respectively attributed to the st@ ode of the bridged or terminal

amino group and the characteristic triazi es [29, 39, 40]. Furthermore, a new

peak located at ~ 560 cm™ (Fi assigned to the P-C stretching mode [31],

which indicates the preser@basic CN frameworks and BPQDs in the BPTCN
composites. The a the P-C bond may be related to the inherent protruding
edge (coordinatively§ unsaturated atoms) of BPQDs, which contributes to the
hybridization between tubular g-CsN4 and BPQDs [31].

XPS analysis was performed to study the chemical states and the surface
chemical composition of TCN and BPTCN. The high-resolution XPS analysis of P 2p,
N 1s and C 1s were implemented. The peak of O element at 532.4 eV (Fig. 2d) was

assigned to the chemisorbed oxygen [41]. The C 1s XPS of TCN was depicted in Fig.

2e, in which the fitted peaks located at 284.8 eV and 288.1eV were assigned to the

12



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

graphitic carbon (C—C) and sp?-bonded carbon (N—C=N) [28]. Interestingly, for
BPTCN, a small negative shift (0.1 eV) was detected relative to that of all C-related
peaks for TCN. It could be explained that a strong interaction between TCN and
BPQDs (electron transfer from the binary hybrids) [28, 29]. The N 1s spectra of TCN
in Fig. 2f were decomposed into four peaks at 404.5, 400.5, 399.2, and 398.5 eV,
which were ascribed to charging effects of m-excitations, the surface uncondensed
amino groups (C—NHy), the tertiary nitrogen groups (N—(C)s), and the sp?-hybridized

nitrogen of the triazine rings (C=N-C), respectively [42, 4 iggeQrly, the binding

energies of N 1s in BPTCN shift to higher binding e y around 0.2 eV,

ct due to the decrease of the

@ ut 128.4, 131.1, and 133.4 eV

P 2p spectra for BPTCN (Fig. 29).

indicating that the weakened electron screening
electron density [28, 44, 45]. Three distinct
could be observed in the high XPS r
The first two peaks at 128.4 e 1eV were ascribed to P 2ps2 and P 2pus,

@st peak at 133.4 eV was resulted from oxidized

phosphorus (Px in ergies, P-OH or P-H>0 bond, indicating that the interior

respectively [46]. And th

surface of BPQDs s slightly oxidized or the reaction of PxOy and BPQDs in water

[29, 43, 47].
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Fig. 2. () XRD patterns and (c) FTIR spectgm of C CN, and BPTCN,
respectively. Inset of (a) was (b) XRD patterns resh and recycled BPTCN

composite under study. High-resolution of (d) survey, (e) C 1s, (f) N 1s

To further analysi onic band structure and strong electronic interaction
of the obtained m DFT calculations were carried out [48]. From Fig. 3a-c, the
optimized geometric structures of CN, BPQDs, and BPTCN composite were observed,
and the rectangle lattice constants of those samples were shown in Table S2.
Moreover, the density of states (DOS) (including the total DOS (TDOS) and the
projected DOS (PDOS)) and the band structures of the samples were depicted in Fig.
3d-f and Fig. 4. From the calculation results, the Eq of CN, BPQDs, and BPTCN were

2.70, 0.93, and 0.063 eV, respectively. It can be accepted that Eq and energy levels

play an important role in determining the photocatalytic properties of photocatalysts,

14
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and the narrowed E4 may result in stronger light absorption region, faster electron
migration, and better photocatalytic performance [49, 50]. However, the calculated Eq
of BPTCN (only 0.063 eV) can hardly be obtained by this method, which could be
conducive to the inherent defect of DFT methods [50, 51]. As described in Fig. 3d-f,
band structure diagram curve of BPTCN was denser than that of other materials,
which means that there are more electrons and thus generate more photogenerated
carriers in the photocatalysis process. Furthermore, as shown in Fig. 3d, the valence
band top (VBT) and conduction band bottom (CBB) of CN waqlo at G point and

H point, respectively. The VBT and CBB of BPQDs were ted at G point (Fig.

3e). These results indicated that the CN was an ingyRgt band gap semiconductor, and

the BPQDs was direct band gap semicondufft DOS and PDOS elucidated
orbital states of electrons in the samp ted in Fig. 4 [52]. From Fig. 4a, the
VBT of CN were occupied by d N 2s, 2p orbitals, whereas the CBB was
mainly composed of C 2gandgN 2p orbitals, which was different from those of

BPQDs (VBT a s, 2p) (Fig. 4b) and BPTCN (VBT: C 2s, 2p, N 2s, 2p,

and P 2s, 2p; CBB: § 2p, N 2p and P 2p) (Fig. 4c). It could be found that the VBT of
the BPTCN has been upshifted, which could be attributed to the hybridization of C 2p,
N 2p and P 2p leading towards the narrow band gap [37, 53]. Hence, the redistributed
electrons are beneficial to the efficient charge separation and avoid the recombination

of lightgenerated carriers, thus enhancing the photocatalytic performance of the

highly-uniform BPTCN hybrid.
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Fig. 4. TDOS and PDOS of CN (a), BPQDs (b) and BPTCN (c).
3.4 Photocatalytic activities
3.4.1 Photocatalytic degradation of oxytetracycline hydrochloride
The photocatalytic activity of the synthesized BPTCN was concerned with its

ability to degrade antibiotics under visible light irradiation (A > 420 nm). As a stable
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313  and refractory antibiotic, OTC-HCI was selected as the target pollutant in this work.
314 120 min dark reaction (stirring the samples and OTC-HCI solution) was carried out
315  before irradiation (Fig. S2). As depicted in Fig. 5, the photolysis curve of OTC-HCI
316  shows the negligible self-degradation of OTC-HCI without photocatalyst. Only 32.37%
317 of OTC-HCI in solution can be photodegraded within 60 min by CN, but TCN
318 exhibits better degradation efficiency (48.59%) for OTC-HCI under the same

319 conditions, manifesting that CN’s photocatalytic activity has been enhanced by unique

320 morphology and structure of TCN. Impressively, BPQDs a indicates the
321 good photocatalytic degradation (18.91% and 81.05%) -HCI in imitated
322 wastewater. As describe in Fig. 5b, the apparen constant (Kapp) of OTC-HCI
323  degradation over BPTCN was 0.0276 min%, s 4.78 times than that of CN

h

at&(CN (0.0117 min™). This could be

326  decreasing recombination @ace charge carriers and more carriers could be used

324  (0.00577 mint) and 2.36 times t
325 explained that the loading of e surface of tubular g-CsN4 can result in
327 to attack OTC- Q’ore, the intimate interfacial interactions between 1D
328  tubular g-C3N4 and§BPQDs were beneficial for improved OTC-HCI degradation.
329 BPTCN hybrid obtains the TOC removal efficiency of 58.62% after 120 min,
330 indicating that the BPTCN hybrid shows outstanding mineralization ability in the
331 photocatalytic reaction (Fig. 5¢). Moreover, the apparent quantum efficiency (AQE)
332 of BPTCN was measured according to Zhou’s studies [54]. Fig. S4 exhibits the initial
333  rate of OTC-HCI was measured to be 0.43 umol L min’, and the AQE (A = 420 nm)

334  was equal to 0.15%.
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To prove the reusability and universality of the resultant samples, the multiple
cycle experiments of OTC-HCI and photodegradation of TC and RhB were further
evaluated. From Fig. 5d, BPTCN hybrid maintained its photocatalytic efficiency
except for a 2.16% decrease after six successive cycles, which may be caused by the
loss of materials during the recycling process. Furthermore, the recycled BPTCN kept
its intrinsically crystal structure from the results of the XRD characterizations of the
used and fresh BPTCN (Fig. 2b). Moreover, the results of organic element analysis

further proved the stability of BPTCN (Table S3). The universat e BPTCN was

evaluated by RhB and TC degradation under visible-ligh jon. In Fig. S5, no
matter which pollutant (RhB or TC) was degrade photocatalytic efficiency was
in order of BPTCN (99.43% or 77.11%) > T % or 62.44%) > CN (31.86%

or 33.09%). Obviously, the better I rformance was obtained when the
BPQDs and the tubular g-C3Na4 @ eracted, indicating that the heterostructures
in BPTCN were essential @I Itating the photocatalytic degradation efficiency.

The analysis m e indicate that BPTCN is a recoverable and effective

catalyst which is S§itable for various organic pollutant systems. Furthermore, a
comparison of degradation of organic pollutants by various photocatalysts were listed

in Table S4.
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Fig. 5. (a) Photocatalytic degradation of OTC-H N, TCN, and BPTCN; (b)

Pseudo first-order kinetic fitting curves th sponding apparent rate constants

(Kapp); (c) The photocatalytic degra ‘W and TOC removal curves of OTC-HCI on

BPTCN sample; (d) The c;%% I
S

fresh and used BPTCNgfa

ent for the degradation of OTC-HCI by the

3D EEMs is itive and fast method for the analysis of dissolved organic
material, which can distinguish between transformations and changes of dissolved
organic material [55]. As can be seen from Fig. S6a, the fluorescent characteristics
detected in the original OTC-HCI aqueous solution were negligible, probably due to
the presence of a carbonyl group that reduced the fluorescent signal [56]. With the
augmentation of reaction time (15-45 min, Fig. S6b-d), an obvious fluorescence peak

was observed and significantly enhanced in the region with the wavelength at Aex/Aem

= (320-390 nm)/(430-500 nm) (humic acid intermediates peaks) [57]. However,
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when the irradiation time was gradually increased to 60 min or even 120 min, the
intensity of the fluorescence peak was continuously weakened (Fig. S6e-f), which
might be related to the photodegradation of the formed intermediates and the
decomposition to smaller fragments, H.O and CO; [58, 59].

To further verify the afore-mentioned results, it was necessary to explore the
possible intermediates and analysis the reasonable photodegradation pathway of
OTC-HCI. The MS spectra, molecular weights, molecular structural formulas and

possible degradation path information of the formed intermedgat ere depicted in

Fig. S7, Table S5 and Fig. 6, respectively. The produc m/z = 461.1 was
identified as the original OTC-HCI molecule As an electrophilic radical,
hydroxyl radicals react with organic compou through the reaction of OH

addition to double bond, H-abstrac

dominating active species durj talytic process. OTC-HCI 1 stems from

<
OTC-HCI by the attack of @an aromatic ring and *OH further react with tertiary
amine on accouyf cigon density augment of N in NHz group, thus formed
OTC-HCI 2 [61]. C-HCI 4 is originated from OTC 2 degradation through the

dehydroxylation and deamidation reaction. OTC-HCI can also loss an N-methyl to

tio:&ron transfer. Hydroxyl radicals were

produce OTC-HCI 3 [40]. Intermediate OTC-HCI 3 has two possible degradation
pathways. One is to further loss hydroxyl, N-methyl and amide to produce OTC-HCI
4. Further degradation of OTC-HCI 4 leads the generation of OTC-HCI 5 via the
demethylation reaction, deamination reaction, and addition reaction of the benzene

ring. OTC-HCI 5 transform to OTC-HCI 6 through the loss of hydroxyl group.
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Another is to remove N(CHz)H, amide group, hydroxyl group, due and get the
intermediate OTC-HCI 7. Since the N(CHs)H, hydroxyl group and amide group are
easily oxidized, these functional groups can be detached to form OTC-HCI 7.
OTC-HCI 7 lost a hydroxyl group and then undergoes ring-opening of benzene ring,
formed intermediate OTC-HCI 8. The degradation of OTC-HCI 8 then leads to the
generation of OTC-HCI 9 via deacetylation reaction, loss of methyl group and being

oxidized [58].
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Fig. 6. Possible degradation pathways of OTC-HCI in BPTCN system.
In order to investigate the potential risk of the reaction solution (pure OTC-HCI
and its products), the toxicity experiments were tested through the detection of the

viable cell density of the Escherichia coli (E. coli) bacteria. Different inhibition of the
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blank control (3.64%) and initial OTC-HCI solution (52.35%) was observed from Fig.
S8, indicating that the initial OTC-HCI solution had a significant adverse effect on E.
coli. In the photocatalytic process, the inhibition rate of the reaction solution increases
during the first 30 min, and then greatly decreases when the irradiation duration
exceeds 30 min. Similar results have been reported previously [62-64], and the
increase in toxicity might be caused by the generation of additional toxic
intermediates of OTC-HCI in the photocatalytic process. However, the toxicity of the

reaction solution was drastically eliminated due to mjnfaligaijon by further

irradiation. Therefore, it was confirmed that the toxicity o ion solution could
be reduced throughout the degradation process. ddition, the chemical oxygen
demand (COD) value of the initial soluti intermediate solution were

analyzed according to Wen’s resear &he COD of the original OTC-HCI

solution and the reaction solu irradiation) were 46.04 and 18.92 mgl/L,
respectively. The change i@ value indicates that the photodegradation solution
was easier to be 0, uously. Taken together, the above analysis suggests that
BPTCN composite Y1ows good biodegradability and exhibits desirable property in
toxicity reduction, thereby leading to a great potential for wastewater treatment.
3.4.2 Photocatalytic reduction of hexavalent chromium

To better understand the catalytic capability of BPTCN, photoreduction of Cr(VI)
in aqueous solution was also studied. In the absence of visible light (60 min), the

suspensions were magnetically stirred to build the absorption-desorption equilibrium,

and the adsorption values of Cr(V1) on the obtained nanomaterials were illustrated in
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Fig. S9. As shown in Fig. 7a, in the absence of photocatalyst, the concentration of
Cr(VI) hardly changed throughout the process, which manifests that the Cr(VI)
aqueous solution does not spontaneously undergo photolysis [66]. The BPTCN
exhibits the best photoreduction capacity of Cr(VI) removal (94.71%), while 17.61%,
22.49% and 81.59% of Cr(VI) photoreduction was achieved over BPQDs, CN and
TCN, respectively. The hugely promoted photoreduction ability of BPTCN might be
ascribed to the rapid separation and transfer of space carriers caused by the loading of
BPQDs on the surface of tubular g-CaN4 [67]. From Fig., 7! intensity of the
absorption peak of Cr(VI) at 540 nm gradually decrea e irradiation time
increases. The inset in Fig. 7b shows that the r of Cr(VI) aqueous solution

changed from red to colourless, implying th entration of Cr(VI) has been

kinetic model, where Eq is In (% aopt (Fig. 7¢). The apparent Cr(VI1) removal
rate constants for CN, TCR@P CN were 0.00369 min*, 0.0262 min* and 0.0404

min, respectiv @y, the highest Kapp for BPTCN was ~10.95 times than

lessened. The experimental data wer:&ed in depth by a pseudo first-order

that of CN. In additi§, a comparison of Cr(V1) reductions over various photocatalysts
were listed in Table S6.

During the photodegradation process, the rate of Cr(VI) reduction on the
photocatalyst was immensely affected by the pH of the aqueous solution. And the
photocatalytic reduction performance of BPTCN at various pH values was
investigated, as shown in Fig. 7d. In this work, EDTA-2Na (10 mM) was selected to

capture holes to achieve the remaining electrons to restore Cr(V1). The concentration
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of Cr(VI) remains unchanged within no light, indicating that both the visible light and
the catalyst were indispensable elements in the reduction process. The photoreduction
ratio increased clearly with the decrease of pH (91.25% 60 min, 94.71% 60 min,
83.01% 30 min, and 93.11% 30 min at pH 5.65, 4.65, 3.65, and 2.65, respectively).
The above interesting phenomenon might be due to the following reasons [35, 36, 66,
68]: (1) In the acidic condition, Cr.07;*~ or HCrO4~ was the predominant Cr(\V1)
species, and the sufficient H* could favors the conformation change from Cr(VI) to
Cr(111) (described by Eq.(4)); and (II) at high pH, CrO4*~ was inly specie, and

the reaction process happens following Eq.(5). Furthermor®\y neutral or alkaline

conditions, the Cr(OH)s precipitate was obtained r(111) tends to cover the active
sites of BPTCN, inhibiting its photocatalyt@ n performance [68]. Overall
consideration, the catalysts were eval .65 in this study, and the BPTCN

hybrids exhibit excellent photo uction on Cr(VI).

?)
Cr,07% + 14H* + 6e” 2@r’" + 7H.0 (4)

r

CrO4>™ + 4H,0 48 g Cr(OH)3 + 50H" (5)
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Fig. 7. (a) Photocatalytic activities of the obtained for the reduction of Cr(VI)
in aqueous solution; (b) Temporal absor@n s of Cr(VI) with BPTCN catalysts

under visible light irradiation; The ' b) is the digital photographs of Cr(VI)
aqueous solution after reacy %e do first-order kinetic fitting curves and the
corresponding Kapp valg®;"(d ct of different pH values on Cr(VI) reduction.
3.5 Degradation ism analysis
3.5.1 Optical and electrochemical analysis

To study the mechanism of improved photocatalytic performance of BPTCN
heterojunctions, UV-vis DRS, BET, time-resolved fluorescence decay spectrum, PL
spectra, transient photocurrent responses and EIS of the obtained samples were
investigated. As depicted in Fig. 8a, the CN displayed the typical semiconductor

absorption edge at ~ 470 nm, which accords with the existed studies [31, 69].

Interestingly, TCN and BPTCN exhibited better absorption coefficient (480-520 nm)
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compared to CN, because the multiple reflections of incident light improved the
ability of TCN and BPTCN to absorb visible light with its 1D porous tubular structure
and BPQDs [33]. Band gaps (Eg) of the resultant samples were typically calculated by
Tauc method (inset of Fig. 8a) [40]. The sample of TCN had a narrower band gap
(2.51 eV) than CN (2.57 eV), resulting in more photogenerated carriers under visible
light. From previous work [70], the VB potentials can be estimated from VB-XPS
spectrum (Fig. 8b), so the VB values of CN and TCN were calculated to be 1.86 and
1.67 eV, respectively. Combined with the value of Eg, the CR Iggaiions of CN and
TCN were -0.71 and -0.84 eV, respectively. And the ene structure of TCN
was exhibited in Fig. 10. It can be seen from Fig. S d Table S7 that the Sget value

of TCN (28.574 m?/g) was 1.84 times that 505 m?/g), and the obvious

increase in specific surface area may t&e unique 1D porous tubular structure.

The larger Sger, pore size a lume of TCN could provide numerous

boundaries and more acti&ilitating the charge carrier transfer during the
photocatalytic pﬁis@ever, the N2 adsorption—desorption isotherms and pore
size distribution cur§ of TCN and BPTCN were similar, because loading BPQDs on
TCN did not change the specific surface area of BPTCN [29]. Relative to TCN, it
could be acknowledged that the specific surface area was not the key factor to change
the photocatalytic performance of BPTCN.

The dynamics of charge carriers were studied by time-resolved PL (TRPL)
spectroscopy, as shown in Fig. 8c. The decay kinetics of TCN and BPTCN exhibits a

longer average PL lifetime (6.60 and 6.58 ns) than that of CN (6.20 ns), which might
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be caused by the bigger Sger [33]. BPTCN displayed a shorten PL lifetime compared
to TCN, indicating a nonradiative pathway from the charge transfer across the
interface (P-C bonds) between TCN and BPQDs [31]. Furthermore, the behavior of
photoinduced electron—hole pairs separation and migration were further analyzed by
photoluminescence emission spectroscopy. Under the light irradiation of 340 nm
wavelength, the sample of CN showed a strong intrinsic luminescence emission peak

located at about 470 nm, indicating the high recombination of electron-hole pairs (Fig.

8d). The PL peak decreases dramatically for TCN and BPT ich manifested
lower recombination rate of photogenerated electron—hole N\ 1, 72]. The reason
for the above results was that the 1D porous tub tructure reduces the diffusion

distance of the carriers to the surface, hence@ separating the efficiency of

electron-hole pairs, which was in accggda gh TRPL spectroscopy.

To verify the enhanced p e hemical (PEC) properties of BPTCN, the
transient photocurrent resp(%yor three light on—off cycles were carried out under
visible light (Fi e@The saturated photocurrent density of BPTCN (about
0.225 pA cm2) and§ CN (about 0.205 A cm™2) was bigger than that of CN (about
0.15 A cm?), manifesting that the porous tubular structure and introduction of
BPQDs could facilitate photoinduced charge carriers separation/transport [24, 74].
Furthermore, the resultant catalysts showed reproducible and prompt photocurrent
responses upon exposure to simulated solar illumination, which supported that all
samples possess outstanding PEC stability. Electrochemical impedance spectra (EIS)

was a useful technology to investigate the charge transfer dynamics in interfacial
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regions [16]. Generally, at the electrode surface, a smaller arc in the EIS Nyquist plots
suggest smaller charge-transfer resistance [75]. As depicted in Fig. 8f, the relative arc
radii of three electrodes were in the order of CN > TCN > BPTCN, indicating the
highest interfacial charge transfer rate in BPTCN. Overall, the above analysis and

discussion performed that the BPTCN possessed excellent PEC properties.
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Fig. 8. (a) UV-vis diffuse reflectance spectra of samples and (inset graph) band gap

of CN and TCN; (b) VB-XPS spectra of CN and TCN; (c, d) Time-resolved PL
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spectra and PL spectra of samples; (e¢) Photocurrent responses under visible light
irradiation and (f) EIS Nyquist plots for CN, TCN and BPTCN.
3.5.2 Radical trapping experiment and ESR test

Active species capture experiments and ESR spectroscopy were conducted to
identify key reactive species to better understand the photocatalytic mechanism [76].
In this work, the quenchers were EDTA-2Na, TEMPOL and tertiary butanol (TBA),
which could assimilate reactive species of h*, O, and *OH, respectively [77]. From

the results of Fig. 9a and Fig. 9b, the main reactive sptCicgsmigvolved in the

photodegradation reaction for BPTCN were O, and h*. r, the role of «OH

cannot be covered either. Moreover, the Kapp for O2%

Cl degradation were 0.00568,
0.00266, and 0.0181 min™* in the presencs
respectively. According to formulas L:3, ative contributions of h*, <O, and
*OH to the OTC-HCI removal ated to be 79.42%, 90.36%, and 34.64%,
respectively (Fig. 9c). Du@ influence of the convoluted radical chemistry, the
total contributio h catalytic system exceeds 100% [34, 78]. Hence, the <Oz~
and h* comprised \pe primary catalytic mechanisms for OTC-HCI degradation.
Noticeably, the ESR spectra was performed to further proved that «O,™ and «OH could
be produced during the BPTCN system. As described in Fig. 9d, the four main peaks
(1: 1: 1: 1) of «O2 were observed in the obtained samples under the condition of light,
whereas no ESR peaks for all samples could be detected in the dark. As expected, the

main peaks of the BPTCN were obviously higher than those of CN and TCN. Similar

phenomenon was detected in Fig. 9e, strongest ESR spectra with relative intensities of
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1:2:2:1corresponding to the DMPO-+OH adduct were apparently observed in the
case of the BPTCN. This indicates that BPTCN can produce more reactive groups,
and the better photocatalytic activity could be attributed to the unique tubular

structure and the introduction of BPQDs.
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Fig. 9. (a, b) Photocatalytic acti e BPTCN for the degradation of OTC-HCI

under the condition of digfereq§ quenchers; (c) rate constants for photocatalytic
degradation of (ﬁ‘}—(i‘okhe presence of various reactive species scavengers and
percent contribution§incurred from the corresponding reactive species; ESR spectra
of radical adducts tapped by DMPO spin-trapping in BPTCN dispersion in the dark
and under visible light irradiation (d) in methanol dispersion for DMPO—+O2" and (e)
in aqueous dispersion for DMPO—<OH.

Given the aforementioned analysis, a plausible photocatalytic mechanism for
OTC-HCI degradation and Cr(V1) reduction over BPTCN can be observed in Fig. 10.

The CB and VB potentials of TCN were located at -0.84 eV and +1.67 eV,
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respectively (Eq=2.51 eV). Under visible light illumination, electrons (¢7) in VB,
primarily TCN, were excited to its CB, leaving positively charged holes (h*) in VB.
As displayed in Fig. 10, Cr(VI) was reduced to Cr(lll) by the lightgenerated e~ and
*0" was yielded by capture of O2. The TCN cannot oxidize H.O or OH™ to *OH, and
the generated *OH may root in the translation of the H,O, (O2™ can capture H to yield
H202) [79]. As a result, the formed active species (+O2°, *OH, and h*) could
effectively attack OTC-HCI. The reaction process can be described as following
equations: %

BPTCN +hv —> BPTCN (h* +¢) (6)
BPTCN (€) —> BPQDs (¢) )

Cr5* + BPQDs (6) ——> Cr3 @ ®)

O + BPQDs (&) —> - 9)
0, + BPQDs () +2H* —> Q (10)
H20, + BPQDs (¢) —> @ (11)
h*, «O2" and *O —> degradation products (CO2, H20 etc.) (12)
The greater pf§tocatalytic activity of BPTCN was clearly illustrated by the
characterization analysis, and the detail reasons could be described as follows. On the
one hand, 1D porous tubular structure reduces the diffusion distance of the carriers to
the surface, therefore effectively separating the efficiency of electron—hole pairs. In
addition, the photon absorption of BPTCN has been greatly improved due to the
addition of BPQDs. On the other hand, BPQDs (acts as an electron mediator) were

uniformly loaded on the surface of TCN to obtain a unique OD/1D structure
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(interfacial P—C bonds), which retarded the recombination of carriers [80]. The P-C
bonds build an intimate interaction between BPQDs with TCN, and thus facilitating

cycle photostability and electrons transfer.
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Fig. 10. Possible photocat@echanism scheme of the carriers separation process
on the interface der visible light irradiation.
4. Conclusion

In conclusion, 0D/1D mixed-dimensional BPTCN nanohybrids was successfully
prepared by loading BPQDs of ~ 3.32 nm in size onto the TCN of ~ 6-8 pm in
diameter by a facile ice-assisted ultrasonic method. The as-obtained BPTCN
nanohybrids reveal better photocatalytic property for the removal of various organic
pollutants (OTC-HCI, TC, and RhB) and reduction Cr(VI) than that of CN and TCN.

Notably, the photocatalytic degradation of OTC-HCI by BPTCN in simulated
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wastewater could reach 81.05% under visible light irradiation, and its AQE (A = 420
nm) was equal to 0.15%. In this system, the loading of BPQDs on the surface of
tubular g-C3N4 could result in decreasing recombination of the space charge carriers
and more carriers could be used to attack OTC-HCI. Furthermore, DFT calculation
was applied to deeper study the electronic band structure and strong electronic
interaction of obtained materials. This research exposes a promising prospect for the

design and synthesis of a variety of metal-free nanomaterials functional in

solar-to-chemical energy conversion and environmental remedi%
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