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ARTICLE INFO ABSTRACT

Keywords: Carbon quantum dots (CDs) have been frequently used for broadening spectrum light response due to their
Carbon quantum dots superior up-conversion photoluminescence (UPPL) property and effective charge separation capacity. In this
8-CsNy; study, a novel CDs modified Z-scheme photocatalyst (CDs/g-C3N4/MoO3) was successfully constructed. The
;/[:gfeme morphologies, chemical compositions, and optical properties of the prepared catalysts were investigated via a

series of characterization techniques. Systematic studies indicated that the CDs/g-C3N4/MoO3; photocatalyst
exhibited remarkably enhanced visible-light photocatalytic activity for the degradation of tetracycline (TC)
compared to pristine g-C3N4 and MoO3/g-C3N4 composite. Doping 0.5% CDs resulted in the highest TC de-
gradation rate, which was 3.5 and 46.2 times higher than that of MoO3/g-C3N4 and g-C3Ny, respectively. The
enhanced photocatalytic performance of CDs/g-C3N4/MoOj3 can be attributed to the synergistic effects of CD
properties (i.e., excellent UPPL activity and high charge separation capacity and the Z-scheme heterojunction
structure). Reactive species scavenging experiments revealed that photogenerated holes are the main active
species during the photocatalytic process. Possible photocatalytic degradation pathways of TC were proposed
through the identification of intermediates using HPLC-MS and the frontier electron density calculation.
Experimental results showed that the newly fabricated Z-scheme CDs/g-C3N4/MoOj3 is a promising photocatalyst

Visible light photocatalysis

for the removal of TC from the environment.

1. Introduction

In the past decades, tetracycline (TC) has been widely used to treat
human and animal infections [1]. It has been frequently detected in
various environmental matrices. The presence of TC in the environment
could cause antibiotic resistance problem, which poses a serious threat
to the well-being of human and animals. However, due to the stable
chemical structure and recalcitrance to biological degradations, TC
cannot be effectively removed through conventional wastewater treat-
ment processes [2,3]. Therefore, new techniques for the treatment of TC
in wastewater are required. Recent years, photocatalytic degradation of
TC from wastewater has received a lot of attention due to its high ef-
ficiency and long-term reliability. Some of traditional photocatalysts,
e.g., TiO, [4], have been proven to have the ability to degrade TC under
UV light irradiation. However, the poor utilization of solar light energy
of these photocatalysts hindered their practical application. Therefore,
the sunlight -driven photocatalysts are needed for the photocatalytic
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treatment of TC.

Graphitic carbon nitride (g-C3N4) as a new visible light-driven
photocatalyst has attracted enormous attention due to its low toxicity,
high stability, and low cost [5]. As a metal-free polymeric semi-
conductor, g-C3N,4 has a narrow band gap of ca. 2.7 eV and thus has a
strong visible-light response. This property results in electrons and
holes easily produced under visible-light excitation [6]. However, the
high recombination rate of the photogenerated electron-hole pairs and
the low specific area of pure g-C3N,4 greatly limited its photocatalytic
activity [7,8]. Therefore, various methods have been developed to
improve the photocatalytic performance of the pure g-C3Ny, including
nonmetal doping [9,10], metal deposition [11], coupling with other
materials to form hybrids [12,13], and using nano-sized structures g-
C3N, [14,15]. In particular, combining g-CsN, with other semi-
conductors to form the Z-scheme heterostructured photocatalyst would
efficiently separate the photogenerated electrons and holes, thus en-
hance the photocatalytic activity of g-C3N4 under visible light.
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MoOj3 is a well-known p-type metal oxide semiconductor and has
been considered to be a promising candidate to form the Z-scheme
heterostructured photocatalyst due to its unique energetic and elec-
trical properties [16]. It has been demonstrated that combining MoO3
with other photocatalyst, such as TiO, [17], CdS [18], and polyimides
[19], enabled the composites with the excellent photocatalytic activity
through the hindering of charge recombination and improving of
charge transfer processes. Recent studies also found that the combina-
tion of MoO3 with g-C3N4 could form the Z-scheme photocatalyst with
enhanced photocatalytic performance [16,20]. Because of the suitable
band gaps between the two semiconductors, the photogenerated charge
carrier can be effectively separated and hence generated more reactive
species. Nevertheless, it is still needed to improve the visible light ab-
sorption of the composites to achieve their high photocatalytic activity
in their practical applications.

Carbon quantum dots (CDs), as a new discovered carbon-based
nanomaterial, displayed the excellent up-conversion photo-
luminescence feature, as well as the outstanding photoinduced electron
transfer and reservoir properties, all of which enabled the photo-
catalysts to utilize the sunlight efficiently [21]. Due to these remarkable
properties, CDs have been successfully integrated with many semi-
conductors to improve their photocatalytic activities by decreasing
electron-hole recombination and broadening the photo-absorption re-
gion. Our former studies also found that CDs could effectively improve
the photocatalytic performances of TiO, [22], BiPO4 [23], and g-C3Ny4
[24] for the degradation of PPCPs in water. Therefore, we are moti-
vated to rationally design the carbon dots modified M0O3/g-C3Ny Z-
scheme photocatalyst with enhanced visible-light photocatalytic ac-
tivity for potential practical application.

In this study, we reported the facile fabrication of CDs/g-C3N4/
MoO3; composites, which showed excellent visible-light photocatalytic
performance compared to that of the pristine g-C3N,4, MoO3 and g-
C3N4/MoO3 hybrids. The microstructures, morphologies, phases, and
optical properties of the samples were investigated via a series of
characterization. Tetracycline (TC), as one of the most widely used
antibiotics, was used to evaluate the photocatalytic activities of the
prepared composites. The influences of MoO3 and CDs contents on the
photocatalytic performance of the CDs/g-C3N4/MoO3; composite were
systematically evaluated. Electron spin resonance (ESR) and the re-
active species trapping experiments were conducted to qualitatively
detect the roles of the different active species during TC degradation.
Subsequently, possible photocatalytic transformation pathway and
mechanisms for TC degradation were proposed. Finally, the reduction
of antibacterial activity of TC during the photocatalytic process was
evaluated.

2. Experimental section
2.1. Catalyst preparation

All reagents (Taitan Company, China) employed for catalyst pre-
paration were analytical grade and used without further purification.
Deionized (DI) water from a Milli-Q apparatus (> 18 mQ2 cm, Germany)
was used. MoO3; powder was synthesized through the solid-state de-
composition reaction of (NH4)gMo,0,44H,0 at 500 °C for 4h in am-
bient air condition. The obtained product was then washed with DI
water three times and dried at 60 °C for 5h.

Graphitic carbon nitride (g-C3N4) was synthesized by directly
heating dicyandiamide [24]. Typically, 3.0 g of dicyandiamide was
introduced into a covered alumina crucible, and then heated to 550 °C
for 3h at a heating rate of 2.8°Cmin~'. After cooling to room tem-
perature, the obtained bulk g-C3N4 was milled into powders.

Carbon dots (CDs) were prepared by a hydrothermal method
[24,25]. Briefly, citric acid (3.0 g) and urea (1.0 g) were dissolved in DI
water by ultrasound for 2h. The mixture was then transferred into a
50 mL Teflon-lined stainless steel autoclave at 180 °C for 5h. After
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cooling to room temperature, the obtained black solution was cen-
trifuged at 10,000 rpm for 30 min to remove large particles. Finally, the
supernatant was collected and reconstituted to 100 mL with DI water
for storage.

CDs/g-C3N4/MoO3 composite was synthesized through a facile
calcination method [26]. In a typical procedure, 1.97 g of g-C3N4 and
predetermined amounts of carbon dots and MoOs were co-dispersed in
50 mL ethanol through ultrasound for 2 h. The mixture was then care-
fully vaporized at 75 °C by magnetic stirring to remove ethanol and was
subsequently dried at 100°C for 12h. The obtained powder was
grounded and then calcined at 300 °C for 4 h in a muffle furnace. After
cooling to room temperature, the product of interest was obtained. For
comparison, a series of MoO3/g-C3N, composites with different mass
contents of MoO3 were also prepared using the same method, which are
named as g-C3N4/MoO3-x (CMx), where x represents the mass fractions
of MoOs. As can be seen in Text S1 of the Supplementary Materials
(SM), the g-C3N4/Mo0s-3 with weight contents of 3% MoO3 has the
highest photocatalytic activity. Thus, a series of CDs/g-C3N,/MoO;
composites with different mass contents of CDs were prepared and
named as y-CDs/g-C3N4/Mo0O3-3 (yCCM3), where y represents the mass
fractions of CDs.

2.2. Characterization

The microstructures of the synthesized catalyst were observed by a
JSM-6700 scanning electron microscope (SEM) and a JEM-2100HR
transmission electron microscope (TEM). The elemental compositions
of samples were characterized by an energy dispersive spectroscopy
(EDS) equipped on the SEM. X-ray diffraction (XRD, Bruker-D8-
Advanced X-ray diffractometer) with Cu Ka radiation source was used
to characterize the crystal structure of samples, with the scanned area
of 26 from 10° to 80°. The chemical components and valence states of
the catalyst were analyzed using X-ray photoelectron spectroscopy
(XPS) on a Thermo VG ESCALAB 250 spectrometer with Al Ka radiation
as the excitation source. The Fourier transform infrared (FT-IR) spectra
were recorded on a Nicolet 6700 spectrometer with the samples dis-
persed in KBr. The UV-vis spectra were measured by an UV2450 UV-vis
spectrometer (Shimadzu) using the BaSO4 powder as the reference. The
photoluminescence (PL) emission spectra were measured by a
FlouroMax-4 fluorescence spectrophotometer. The electron spin re-
sonance (ESR) acquired on a Bruker A200-9.5/12 spectrometer was
used to detect the radical intermediates.

2.3. Photocatalytic performance tests

Photocatalytic performances of the synthesized catalysts were
evaluated by the photocatalytic degradation of tetracycline (TC) under
visible light. TC (98% purity) was purchased from TCI Reagent Co. Ltd.
(Shanghai, China). Visible-light irradiation was achieved by a 350 W
xenon lamp with a 420 nm cutoff filter. A water circulation system was
used to maintain the temperature at 25 °C. In each test, 30 mg of cat-
alysts were firstly dispersed in 50 mL of 20 mg L.~ ! TC aqueous solution,
and then the mixture was stirred in dark for 30 min to reach the ad-
sorption-desorption equilibrium before the light irradiation. During the
reaction process, 2mL of suspension was collected at predetermined
time intervals, and filtered through 0.22-pm Millipore filters to remove
the catalysts. The residue TC in solution was analyzed by high perfor-
mance liquid chromatography (HPLC). HPLC was performed on a
Waters 2968 instrument equipped with a UV detector and a
4.6 x 250 mm Zorbax Eclipse XDB C18 reverse-phase column (Agilent,
USA) at 25 °C. The detection wavelength of the UV detector was 355 nm
and the injection volume was 20 pL. The isocratic mobile phase was
made up of 25% methanol and 75% water (with 0.2% formic acid) with

a flow rate of 1.0 mLmin~!.
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2.4. Electrochemical measurements

The photoelectrochemical measurements were performed on a CHI-
660 electrochemical system (Shanghai, China) equipped with a con-
ventional three-electrode electrochemical cell. The prepared CM3 and
0.5CCM3 catalysts on ITO were served as the working electrodes, while
Platinum (Pt) wire and saturated calomel electrode (SCE) were used as
the counter and the reference electrodes, respectively. A 450 nm LED
lamp (9 W, Shenzhen lamplic co., LTD, China) was used for the light
irradiation. The photocurrent was recorded in 0.1 M sodium sulfate
solution (Na,SO,).

2.5. Identification of by-products

Photodegradation intermediates of TC were identified by the HPLC-
MS system equipped with an Agilent 1100 series HPLC coupled to a
6410 triple quadrupole mass spectrometer (Agilent Technologies, USA).
20mgL~! TC was prepared for degradation products identification.
After being irradiated for 120 min, the reaction solution was collected
and concentrated with solid phase extraction (SPE) prior to LC/MS
characterization [27]. Detailed information of SPE and HPLC-MS was
listed in the Text S2 of SM.

2.6. Antibacterial tests

The antibacterial activities of TC solutions after photocatalytic de-
gradation were assessed using the colony forming unit (CFU) counting
method [28]. Briefly, 2 mL of TC reaction solutions were obtained at the
interval of 0, 60, and 180 min and then filtered through 0.22-pm Mil-
lipore filter to remove catalysts. 100 pL of the diluted E. coli suspension
was transferred to the obtained 2 mL filtrate. Then, the mixture was
uniformly dispersed on the agar plate. The agar plate was incubated at
37 °C for 24 h and the CFUs were enumerated.

3. Results and discussion
3.1. Characterization

3.1.1. Structure and morphology characterizations

The XRD pattern of pure g-C3N4, MoO3, CM3 and 0.5CCM3 are
displayed in Fig. 1. Two diffraction peaks of pure g-C3N,4 are observed
at 13.0° and 27.4°, respectively corresponding to the in-plane structural
packing motif and interlayer stacking structure of aromatic segments,
which can be perfectly indexed to (001) and (002) crystal planes of
graphitic materials. Pure MoO3 has the main peaks at 12.8°, 23.4°,
25.7°, 25.8°, 27.3°, and 39.0°, respectively relating to the (020), (110),
(040), (120), (021), and (060) planes. This observation is in good
agreement with the standard JCPDF 35-0609 [29]. The XRD pattern of
the CM3 composite indicated the coexistence of MoOs; and g-C3Ny.
However, this pattern is similar to that of pure g-C3N,4 due to the low
content of MoO3 in the composite. 0.5CCM3 composite also exhibited

0.5CCM3

CM3

Intensity (a.u.)

20 40 60
2 Theta (degree)

Fig. 1. XRD pattern spectra of MoOs, g-C3N4, CM3 and 0.5CCM3 composite.
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similar XRD patterns to that of CM3 composite, probably due to the low
content of carbon quantum dots doping in the composite.

SEM images of the pure g-C3N, and MoOs, as well as 0.5CCM3
composite were shown in Fig. 2. Pure g-C3Ny4 displays lamellar-like and
smooth morphology (Fig. 2a), while MoO3; shows obvious edges and
grain-like morphology (Fig. 2b). For the 0.5CCM3 composite, it is ob-
served that the crystalline MoOs particles were wrapped in the thin
amorphous g-C3N, layers (Fig. 2c¢). Elemental mapping images in
Fig. 2d showed that C, Mo, N, and O elements were well dispersed
within the 0.5CCM3 matrix. The TEM images of 0.5CCM3 in Fig. 2e
exhibited that MoO3 was adhered to the g-C3N,4 sheets with a grain-like
morphology. From the high resolution TEM (HRTEM), it was clearly
observed that CDs were distributed on the surface of the CM3 compo-
sites. In addition, the fringes with the interplanar spacing of ca. 0.21
and 0.35 nm were assigned to the (100) crystal plane of CDs and (040)
crystal plane of MoOj3, respectively [29,30].

The surface compositions and chemical states of as-prepared CM3
and 0.5CCM3 catalysts were further examined using XPS. The XPS
spectrums of the as-prepared samples shown in Fig. 3a revealed that the
existence of chemical elements Mo, C, N, and O on the surface of both
CM3 and 0.5CCM3 catalysts. Because of the doping of CDs, the content
of O on the surface of 0.5CCM3 catalyst is higher than that of CM3. The
high-resolution XPS spectra of Mo3d, Cls, Ols, and N1s are shown in
Fig. 3b-e. In CM3 sample, the Mo3d high resolution spectrum (Fig. 3b)
showed two typical peaks at 233.1 and 236.3 eV. These peaks corre-
spond to Mo3d®>? and Mo3d®? for Mo®* in MoO5 [16]. However, for
0.5CCM3 composite, the characteristic peaks of Mo 3d*2 and Mo 3d>2
respectively shifted to 232.7 and 235.8 eV, which might be caused by
the interactions among g-C3N4, MoOs, and CDs. The high-resolution
Cls spectrum (Fig. 3c) can be divided into four peaks at 284.8, 286.3,
287.3, and 288.1 eV. The Cls peaks at 286.3 and 287.3 eV are attrib-
uted to the C-O and C = O bonds, while the peak at 288.1 eV could be
corresponded to the sp3-bonded C in C—N of g-C3Ny, and the peak at
284.8 eV corresponded to C—C bond with sp2 orbital or adventitious
carbon [34]. Compared to the CM3, the Cls peak at 287.3eV of
0.5CCM3 was significantly higher, which might be caused by the ad-
dition of CDs. The O1s XPS spectra in Fig. 3d were also comprised three
main peaks at 530.7, 531.1, and 532.1 eV, corresponding to 0%~ in
molybdenum oxide, C=0, and C—OH, respectively [31]. Because of the
presence of abundant carboxyl groups in CDs, the peak at 530.7 eV
ascribed to C=O0 increased observably in 0.5CCM3 sample. The N1s
XPS spectrums peaks (Fig. 3e) of CM3 and 0.5CCM3 samples at 399.1,
400.7, and 401.6, 405.0 eV could be assigned to the triazine rings, N-(C)
3, N-H, and graphitic species, respectively [32,33].

The FTIR spectra of g-C3N4, MoO3, CM3 and 0.5CCM3 samples are
shown in Fig. 3f. The strong IR signals of pure g-C3N, in the range of
1200-1631 cm ™! are assigned to the typical C=N heterocycles and
aromatic C—N stretching vibration modes, while the peaks at 808 and
~3200cm™ are respectively related to the triazine units, and the
stretching vibrations of N—H and C—OH [24,34,35]. For MoOs, the
peaks at 595 and 879 cm ™! correspond to the oxygen linked among
three metal atoms and Mo—O—Mo units, while the peak at 991 cm ™!
can be assigned to the Mo=O0 stretching mode [36]. Although the trace
amount of MoO3 has been added in CM3 and 0.5CCM3 catalysts, the
characteristic peak of Mo=0 was still easily found in these samples.
Due to the C—O stretching vibrations [37], the characteristic peak at
1400 cm ™! of 0.5CCM3 became stronger than CM3, indicating that the
CDs have been successfully coated on the surface of CM3.

3.1.2. Optical and electrochemical properties

The optical absorption behaviors of g-C3N4, MoOs;, CM3, and
0.5CCM3 samples were investigated by UV-vis diffuse reflection
spectra. As shown in Fig. 4a, the absorption edges of g-C3N4 and MoO3
are at about 460 and 416 nm, which respectively agree well with their
intrinsic band gaps of 2.7 and 3.0 eV [38]. The photocatalysts CM3 and
0.5CCM3 composites have absorption edges at about 485 and 515 nm
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Fig. 2. SEM images of (a) C3Ny4, (b) MoOs, (¢) 0.5CCM3, (d) the elemental mapping of C, Mo, N, O elements in 0.5CCM3 composites, () TEM images of 0.5CCM3.

that corresponding to 2.55 and 2.40 eV, respectively. Compared to the
pure g-C3N, and MoOs, CM3 and 0.5CCM3 composites exhibited red-
shift in the absorption edges. In addition, the absorption abilities of
0.5CCM3 in the visible light region enhanced significantly due to the
presence of CDs [34]. The optical band gap of g-C3N, and MoOs3 can be
calculated according to the Eq. (1):
ahv = A(hv—Eg)"/? 6]
where a, h, v, Eg, and A are the absorption coefficient, Planck’s con-
stant, light frequency, band gap energy, and a constant, respectively.
The n values of MoO3 and g-C3N, are 1 and 4, which are determined by
the optical transition properties of a semiconductor [16,39]. As shown

99

in the inset Fig. 4a, the band gaps of MoO3 and g-CsN, were estimated
to be 3.0 and 2.7 eV, which are in good agreement with the previous
reported values [16,20].

The energy band structure of g-C3N4 and MoO3; were the determined
via a Mott-Schottky plots and valence band X-ray photoelectron spec-
troscopy (VB-XPS) [40-42]. From Fig. S3, the positive slopes of curves
show the typical n-type semiconductor characteristics of g-C3Ny4
[43,44]. The flat-band potentials of g-C3N, were estimated to be
—1.1 eV versus a saturated calomel electrode, and was determined to
be —0.86 eV versus a normal hydrogen electrode. It is well known that
the conduction band (CB) position of n-type semiconductor is
0.1-0.3 eV higher than of the flat-band potential [40]. Therefore, the
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Fig. 3. (a) the full-scale XPS spectra of 0.5CCM3 and CM3 composites, high resolution XPS spectra of Mo3d (b), C1s (c), Ols (d), and N1s (e); (f) FTIR spectrum of MoOs3, g-C3N4, CM3,

and 0.5CCM3.

CB of g-C3N,4 was conjectured to be —1.16 eV. In addition, as shown in
Fig. S3b, the valence band (VB) position of MoO3 was estimated to be
3.54 eV through VB-XPS spectrum analysis. Hence, the VB positions of
g-C3N4 was calculated as 1.54 eV, and the CB position of MoO3 was
determined to be 0.54eV according to the empirical formula:
Eyg = Ecp + Eg [16,20].

PL analysis of pure C3N,4, CM3, and 0.5CCM3 are shown in Fig. 4b.
All these samples exhibited the emission peak at ca. 450 nm under an
excitation wavelength of 300 nm [5,24]. After the loading of CDs, the
PL intensity decreased remarkably, indicating that CDs efficiently im-
proved the separation of photo-excited charge and holes [5,45]. The
photocurrent response was then performed to further investigate the
charge transfer behavior of the samples (Fig. 4c). It is obvious that the
photocurrent density of 0.5CCM3 photocatalyst was about 1.5-2 times
higher than that of CM3, indicating that the lifetime of the photo-
induced charge carriers of the 0.5CCM3 was effectively prolonged and
hence enhanced the separation of electrons and holes, which was
consistent well with PL analysis.

The band structure was shown in Fig. 4d. On the one hand, the

100

position of CB of MoO3 (0.54 eV) was close to the VB position of g-C3N4
(1.53 eV), which made the mechanism of the Z-scheme system possible.
On the other hand, the CB of g-C3N4 (—1.16 eV) was more negative than
Ep (02/0," —, —0.046 eV), hence the photogenerated electrons on the
CB of g-C3N,4 could react with oxygen to produce O, ™ [46]. Similarly,
the VB of MoOj; (3.54 eV) was positive than the potential of -OH/OH™
(+2.27 eV) [46,47], which the photogenerated holes are easy to oxi-
dize OH™ /H,0 to product active species -OH. It evidently shows that
the CM follows the Z-scheme type mechanism to promote the separa-
tion of photogeneration electrons and holes, thus improves the photo-
catalytic efficiency.

Based on the above results, it can be concluded that CDs were
successfully anchored onto the composites via the chemical bond in-
teraction. This strong interaction might improve the transfer of pho-
togenerated charge carriers and therefore reduced the recombination
rate of the photoexicited electron-hole pairs. In addition, the superior
optical of CDs might enhance the photo-absorbance and therefore fa-
cilitate the photocatalytic activity of 0.5CCM3.
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3.2. Photocatalytic performance

The photocatalytic activities of the as-prepared samples were eval-
uated via the degradation of tetracycline (TC) under visible light irra-
diation. Without the presence of photocatalyst, TC concentration
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Fig. 4. (a) UV-vis diffuse reflectance absorbance
spectra of MoOs, g-C3N4, CM3, and 0.5CCM3; (b)
Photoluminescence (PL) emission spectra of g-C3Ny,
(1%-10%) MoO3/C3N, composites, and 0.5CCM3
with the excitation wavelength at 300nm; (c)
Photocurrent responses of CM3 and 0.5CCM3 com-
posites which were excited by 450 nm LED light; (d)
Band structures of g-C3N,4 and MoOs.
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Fig. 5. (a) Photocatalytic activities of different photocatalysts
based on the photocatalytic degradation of TC under visible
light; (b) Kinetic rate constants of TC degradation over dif-
ferent contents of CDs; (¢) The photocatalytic activities of the
composites with different adding the content of CDs; (d)
Photocatalytic degradation activities after three cycles of
0.5CCM3 photocatalyst under simulated visible-light irra-
diation.

change negligible within 90 min of visible light irradiation (Fig. 5a). In
the presence of pure MoO3 and g-C3Ny, only ca. 10.1% and 5.3% of TC

were decomposed within the same duration of visible light irradiation,
respectively. In contrast, with MoO3/g-C3N4 composite 43.2% of TC
was removed in the same irradiation duration. However,

the
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Table 1
Scavengers used, RSs quenched and rate constants with quenched reactive species.

Quencher RSs Quenched Kops (min™1) Inhibition rate/%
Blank \ 0.0233 0

EDTA-2Na h* 0.0005 97.8

K,Cr,0, e 0.0191 18.0

IPA -OH 0.0176 24.4

BQ 0y~ 0.0062 73.4

NaNj 10, 0.0065 72.1

degradation of TC was remarkably improved after the loading of CDs.
For example, the loading of a low content of CDs (0.5 wt %) resulted in
88.4% removal of TC. Nevertheless, experimental results also revealed
that TC degradation efficiency highly depended on the loading of CDs.
The photocatalytic activity of the CCM3 composites was increased from
0.0066 to 0.0231 min~' with the addition of CDs from O to 0.5%.
However, further increase the CDs contents from 0.5% to 2.0% de-
creased the photocatalytic activity from 0.0231 to 0.0168 min~*
(Fig. 5b—c). This phenomenon could be explained by inner filter effects
that could compete for the photons required for the semiconductor at
high CDs content [34].

To investigate the stability of the 0.5CCM3 photocatalysts, recycling
experiment was conducted at the same conditions. As shown in Fig. 5d,
after three recycling run, the TC photocatalytic degradation rate still
remained at ca. 81.0%. In addition, no obvious structure change was
observed after the photocatalytic reactions (Fig. S4), indicating the
0.5CCM3 composite exhibited the outstanding structural stability.

3.3. Photocatalytic mechanisms

Radical scavenge experiments were conducted to verify the roles of
reactive species during the TC degradation.
Ethylenediaminetetraacetate (EDTA-2Na, 1 mM), potassium dichro-
mate (K»Cr,0, 50 uM), isopropanol (IPA, 10 mM), benzoquinone (BQ,
1 mM), and sodium azide (NaN3, 75 mM) were respectively applied as
the trapping agentof h*,e~, -OH, O, —, and 10, [48,49]. As shown in
Table 1, the addition of K,Cr,O, and IPA resulted in the modest in-
hibition (< 25%) of the TC decomposition, while BQ, NaN3, and EDTA-
2Na showed significant hindering effect on the decomposition of TC, in
which inhibition rates increased to 73.4%, 72.1%, and 97.8%, respec-
tively. The results indicated that h* played a vital role during the
photocatalytic degradation of TC. To further confirm the existence of
reactive oxygen species (ROS) during the photocatalytic process, ESR
spin-trap spectra were carried with DMPO as the trapping agent. Ob-
vious DMPO-O," ~ signals and negligible signal of DMPO--OH were
observed over g-C3N,4 under visible light irradiation (Fig. 6a-b). Com-
paring with the g-C3N,, both the DMPO-O, ~ and DMPO--OH signal
intensities of CM3 composite were much higher than that of pure g-

Dark
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A AA A
VT
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318 320 322 324 326
B (mT)

Intensity (a.u.)
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C3Ny. In addition, the existence of O," ~ confirmed the formation of the
Z-scheme heterojunction between MoO3 and g-C3N,4. Dramatically, the
ESR signals of DMPO-O, ~ and DMPO--OH showed the significant
enhancement after the introduction of CDs, indicating the promotion
effect of CDs on the formation of RSs.

Based on the above results, a probable schematic mechanism was
proposed. As shown in Scheme 1, due to the up-converted PL properties
of CDs, light with wavelength > 460nm could be converted into
350-650 nm light by CDs (Fig. S5). Then MoO3 and g-C3N4 can effi-
ciently absorb the up-converted UV and visible light with wavelength
less than 416 nm and 460 nm, and hence the electron-hole pairs were
photogenerated on the surface of MoO3; and g-C3N,, respectively. In
addition, owing to the Z-scheme heterojunction between MoO5 and g-
C3N,, photogenerated electrons in the CB of MoOj transferred quickly
into the VB of g-C3N, and recombined with the holes, leading to the
accumulation of electrons in the CB of g-C3N4 and holes in the VB of
MoOs3. Moreover, the accumulated electrons in the g-C3N4 could be
further transferred and stored within carbon dots. Subsequently, the
electrons could be trapped by O, to form superoxide radicals (O," 7).
Meanwhile, the holes in the VB of MoO3 could oxidize OH-/H,0 to form
-OH or take part in the organic pollutants degradation directly.

3.4. Products identification and theoretical calculations

LC-MS techniques were carried out to identify the intermediates of
TC and the possible structures of the products that were elucidated
based on the analysis of mass spectrum (Table S1). Products with m/z
of 432.12 (P1), 416.12 (P2), and 395.10 (P4) were assigned as the
dealkylation products of TC. The m/z 426.14 (P3) and 383.14 (P5) were
identified as the dehydration products. Products with m/z 375.10 (P6),
363.13 (P7), 278.12 (P8), 337.12 (P9), 241.13 (P10), and 120.01 (P11)
were assumed as the further oxidation products.

Frontier electron densities (FEDs) were calculated to predict the
primary reactive sites for RSs attack [50]. The detailed information for
the theoretical calculation was listed in Text S3 of SM. As shown in
Table S2, the positions at N34, C19, C3, C27, C4, C2, and C6 showed
higher FEDZomo Values, revealing that the photogenerate holes prefer
to oxidize these positions. N34 and C19 also showed the higher
FED#omo + FED?umo values, indicating that the N34 and C19 might be
possibly attacked by 'O, and - OH. In addition, C23 and C29 were easily
attacked by O," ~ due to their positive point charges [51].

On the basis of the degradation intermediates identification and
reactive sites prediction, the potential photocatalytic degradation
pathways of TC, including hydroxylation, dealkylation, and dehydra-
tion over 0.5CCM3 photocatalysts under visible light were proposed, as
presented in Scheme 2 and Table S1. Briefly, the tetracycline molecular
with m/z = 444.15 was firstly attacked by the *OH to form its hydro-
xylated product (m/z = 460.15), and this intermediate was then
transformed to the compound P1 (m/z = 432.12) via the dealkylation.

= Dark
e C3N4 5min
==——CM3 5min

a FO.SMCC 5min

Iy

I
AaE

317.85 318.00 318.15 318.30
B (mT)

(b) Dpmop--oH

- "v
]
—

Fig. 6. ESR spectra of the (a) DMPO- O," —, and (b) DMPO- -OH adducts recorded with pristine g-C3N,4, CM3, and 0.5CCM3 under visible light irradiation.
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Scheme 1. Proposed photocatalytic degradation mechanisms of TC under visible light irradiation with 0.5CCM3 composites.
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Scheme 2. The proposed transformation pathways of TC degradation.

Moreover, compound P4 (m/z = 395.10) and compound P5 (m/
z = 383.14) were formed through dealkylation and dehydration reac-
tion after the dehydration of the compound P3 (m/z = 426.14), re-
spectively. The opening ring products including compounds P6 (m/
z = 375.10), P7 (m/z = 363.13), P8 (m/z =278.12), P9 (m/
z = 337.12), P10 (m/z = 241.13), and P11 (m/z = 120.01) were
formed through the further oxidation of products R3 (m/z = 359.10),
P6 (m/z = 375.10) and P7 (m/z = 363.13). These ring-opening pro-
ducts were finally oxidized into CO, and H,0.
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3.5. Antibacterial tests

Fig. S6 showed the antibacterial activity change of the TC residue
after photodegradation treatment. Clearly, due to the bacteriostatic
effect of TC, the numbers of E. coli bacteria colonies were few (about 50
bacterial colonies) and the colonies were faintly seen with 20 mgL ™!
TC before the light irradiation. In contrast, the number of colonies in-
creased to ca. 100 and their size became bigger after 60 min photo-
catalytic reaction. After 180min irradiation, hundreds of colonies
covered on the whole culture medium, which was similar to the TC
blank control. The above results revealed that the degradation inter-
mediates arising from TC degradation had very low antibacterial



Z. Xie et al.

activity, which is promising for future application of 0.5CCM3 photo-
catalysts to remove TC and TC-related antibiotics from water.

4. Conclusions

In this study, we constructed a high-efficient Z-scheme CDs/g-C3N4/
MoOj3 photocatalyst through a facile calcination method. The prepared
0.5CCM3 photocatalyst showed excellent photocatalytic properties on
tetracycline degradation under visible light comparing with g-C3N,/
MoO3 and pristine g-C3N4. The analysis of reactive species confirmed
that h™ played dominant role in the photocatalytic degradation of TC.
CDs as electron reservoir enhanced the separation and optical con-
verter, and hence improved the photocatalytic activity of g-C3N4/MoO3
Z-scheme photocatalyst. In addition, the antimicrobial property of TC
was decreased after the photodecomposition, indicating the great po-
tential for practical application of CDs/g-C3N4/MoO3 Z-scheme photo-
catalyst in further TC and TC-related antibiotics wastewater treatment.
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