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Environmental Implication

Chromium(V1) (Cr(V1)), a highly toxic metal ion, generally co-exists with organic pollutants
in industrial effluents. The clean and effective technology for water purification is an imperative
issue but still a challenging task. This work provides an advanced strategy for the fabrication

of high-efficiency CQD-based Z-scheme photocatalysts for environmental remediation.
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The Z-scheme Bi7Ogl3/g-C3N4 heterojunction was modified by lignin-derived CQD

through a facile hydrothermal method.

CQD/Bi709l3/g-C3N4 exhibited superior photocatalytic activity for synchronous

removal of Cr (V]) and organic pollutants.

CQD acted as an electron reservoir to build a bridge between Bi7Ogls and g-CsNsa,

inhibiting the recombination of electron-hole pairs.

«0% and holes were identified to be the dominant active species during the

photocatalytic degradation of levofloxacin.
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Abstract: Chromium(VI1) (Cr(V1)), a highly toxic metal ion, generally co-exists with organic
pollutants in industrial effluents. The clean and effective technology for water purification is
an imperative issue but still a challenging task. The Bi;Ogls/g-CsN4 (BOI/CN) composite
modified by lignin-derived carbon quantum dots (CQD) was fabricated by hydrothermal
method and applied for synchronous photocatalytic removal of Cr (V) and levofloxacin
(LEV). Compared to those of BOI (51.2%), CN (36.8%) and BOI/CN (74.4%), the
photoreduction efficiency of Cr(\V1) reached up to 100% by 0.5-CQD/BOI/CN photocatalyst
(0.5% content of CQD) under 60 min of light irradiation, together with 94.8 % degradation
efficiency of LEV. The redox potential in the Z-scheme CQD/BOI/CN system was estimated
based on the band structure analysis, revealing that CQD as an electron reservoir constructed
a bridge for promoting the electron transfer in BOI/CN heterojunction. The degradation of
LEV was dominantly controlled by active species (holes and *O,") identified by electron
paramagnetic resonance analysis and free radical trapping experiments. The intermediates of
LEV were determined by LC-MS and the possible degradation pathway was speculated in
combination with density functional theory calculation, involving defluorination,
decarboxylation, quinolone rings opening, and piperazine moieties oxidation reactions. This
work provides an advanced strategy for the fabrication of high-efficiency CQD-based

Z-scheme photocatalysts for environmental remediation.
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1. Introduction

Industrial effluents containing toxic heavy metal ions and organic chemical compounds
from electroplating, metal finishing, leather tanning and steel fabricating pose a growing
health risk and ecological threat [1, 2]. Among them, soluble hexavalent chromium (Cr(VI))
and residual antibiotics are of particular environmental concern owing to their mobility,
carcinogenicity and teratogenicity on the ecological cycle chain [3, 4]. The traditional
treatments including chemical precipitation, electrocatalysis, membrane separation, ion
exchange, adsorption and bioremediation, suffer from the tedious operation, secondary
pollution, low efficiency and high cost [5, 6]. Recently, the photocatalysis has emerged as a
sustainable and promising purification technology due to its clean, green and convenient
advantages [7]. For the effective removal of heavy metal and organic pollutants, it is of great
significance to develop desirable photocatalysts with strong light harvesting capacity and
photocatalytic activity.

In a variety of photocatalytic materials (TiOz, CsN4, Fe:0s, ZnO, WO, etc.) [8-11],
bismuth-based semiconductors like bismuth oxide, bismuthate, and bismuth halide oxide are
emerging as a hot topic of research due to tunable band structure and abundant crystal forms
[12, 13]. Among them, Bi;Ogls (BOI) possesses the unique structure of interchanging halogen
atomic layer and [Bi2O,]%" layer, exhibiting rapid charge transfer and strong visible light
absorption ability [14]. However, the pure BOI generally suffers from photocorrosion and
electron-hole pairs recombination, leading to a low photocatalytic efficiency [12, 15]. The
construction of BOI-based heterojunction structure has been verified to be an effective
strategy to solve these issues. The energy bands of different heterojunction materials are
arranged interleaved so that the separation of electron-hole pairs is improved through the
internal electrical field, band buckling and electrostatic effects [16, 17]. The suitable
heterojunction structure could broaden the sunlight response range, and promote electron-hole
pairs separation, thus improving the photocatalytic activity [18, 19]. It is critical to select a
semiconductor that matches the BOI band to construct an effective heterojunction
photocatalyst. Even so, the recombination effect in the heterojunction structure might still
occur when electrons are clustered at the band edge positions [20]. Pt, Au and Ag are
commonly introduced as a mediator in the heterojunction system to guide the electrons to the
surface photocatalyst [21, 22]. However, noble metals are expensive and rare, limiting their

large-scale applications.
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Carbon quantum dots (CQD) have been employed as an ideal alternative to modify the
heterojunction due to its chemical inertness, excellent electron reservoir and transfer
properties [23-25]. Particularly, the green synthesis of CQD using renewable biomass has the
merits of non-toxicity, low cost, and environmental friendliness, which is a win-win strategy
for the rational disposal and value-added utilization of solid waste [26, 27]. Meanwhile, the
unique up- and down-conversion photoluminescence (PL) properties of CQD would broaden
the absorption region of sunlight and boost the utilization of solar energy [28, 29]. Many
attempts have been made on the CQD-modified photocatalysts and satisfactory outcomes
have been achieved, such as CQD/BiOBr/CeO, [13], CQD/Bi;WOe¢/g-CsNs [14],
CQD/BiVO4/AgsPO,4 [16], CQD/BiVO4/BisTaO7 [21], etc. Notably, biomass-derived CQD
are rarely utilized in heterojunction systems, and the insightful mechanism of CQD impacts
needs to be further clarified.

In this work, the BizOqls/g-C3N4 (BOI/CN) heterojunction modified by different contents
of lignin-derived CQD were prepared via a facile hydrothermal method. The morphology,
structure, chemical composition, optical and photoelectrochemical properties of the prepared
photocatalysts were thoroughly investigated. The photocatalytic activity was estimated
through synchronous photoreduction of Cr (V]) and degradation of levofloxacin (LEV) under
simulated light irradiation. The photocatalytic mechanism was elucidated by the free radical
trapping experiment and electron paramagnetic resonance spectrometer (EPR) analysis. The
photodegradation pathways of LEV were proposed according to the analysis of liquid
chromatography-mass spectrometry (LC—MS) combined with density functional theory (DFT)

calculations.

2. Experimental section

2.1 Materials and chemicals

The materials and chemicals was detailed in Text S1 (Supporting Information).

2.2 Photocatalysts preparation

2.2.1 Synthesis of lignin-derived CQD

CQD was synthesized through a modified method according to previous works [30, 31].
As illustrated in Scheme 1, 0.8 g of 1, 2, 4-triaminobenzene dihydrochloride (T-acid) and 0.8
g of alkali lignin (AL) were mixed in 240 mL of deionized water, which was continuously

magnetic stirred for 1 h at 90 °C. The supernatant was obtained via vacuum filtration (1.0 um)
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and then kept at 200 °C for 12 h in a 300 mL Teflon-lined autoclave. After cooling to room
temperature, the water-soluble CQD solution was obtained by vacuum filtration (0.22 pm).
The CQD solution was purified overnight in a dialysis membrane (3000 Da) and vacuum

lyophilized to CQD powder.
2.2.2 Synthesis of g-C3N4 and CQD/g-C3Na4

The ¢g-CsNs (CN) and CQD/g-CsNs (CQD/CN) were synthesized through thermal
polymerization from melamine. 0.025 g of CQD and 5 g of C3HsOs were dispersed in an
ethanol solution and sonicated for 0.5 h. The mixed solution was vacuum dried at 60 °C and
ground uniformly into a crucible. It was subsequently subjected to heating in a muffle furnace
at 5 °C/min to 550 °C and maintained for 4 h. Naturally cooled to ambient temperature, the
solid product was ground into uniform powder in a crucible and noted as CQD/CN. The CB
powder was obtained by heating CsHsOs directly in the muffle furnace without the addition of
CQD.

2.2.3 Synthesis of BizOqls and Bi7Ogls-based composites

The synthesis process of BizOqls (BOI) and BOI-based composites were fabricated via a
hydrothermal method. 4.368 g of Bi(NOs3)3-5H,O was dispersed into 120 mL EG and
sonicated for 30 min to get solution A. 1.494 g of KI, g of CN, and a designed amount of
CQD was taken into 120 mL ethyl alcohol (EG) with sonicating for 30 min to get solution B.
Afterwards, solution A was manually mixed into solution B with stirring for 2 h. The obtained
solution was then treated in a 300 mL Teflon-lined autoclave at 160 °C for 24 h. The resulting
solution was centrifugalized at high speed and cleaned four times with DI water. The
CQD/BOI/CN powers were acquired through vacuum drying at 70 °C for 12 h. The contents
of CQD to BirOgls/g-CsN4 (BOI/CN) composite was controlled at 0.2 wt%, 0.5 wt% and 1
wt%, which were dvenoted as 0.2-CQD/BOI/CN, 0.5-CQD/BOI/CN, and 1.0-CQD/BOI/CN,
respectively. The pure BOI, BOI/CN, and CQD/Bi-Oql; (CQD/BOI) were obtained using the
above similar procedure in the absence of CN and CQD, CQD, CN, respectively.
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Scheme 1. Schematic diagram of the synthetic route of the samples.

2.3 Characterization

The characterization of samples was detailed in Text S2, and photoelectrochemical

measurement in Text S3 (Supporting Information).
2.4 Photocatalytic activity evaluation

2.4.1 Photocatalytic degradation and reduction

The photocatalytic activity of the synthesized photocatalysts was evaluated by
photoreduction of Cr(VI) and degradation of LEV under 300 W Xe lamp irradiation (100
mW/cm?, CEL-PF300-T6). As in each test, 50 mg of the photocatalyst was added in 100 mL
of aqueous solution with Cr (V] (20 mg/L) and LEV solution (20 mg/L). The mixed solution
was next stirred continuously in the dark for 30 min. Afterwards, the solution was irradiated at
25 °C for 60 min. In the reaction process, 3 mL of the reactive solution was taken every 10
min and filtered through a 0.22 um microporous membrane. The concentration of Cr(VI) in
the supernatant was determined via the standard diphenylcarbazide (DPC) method (Text S4,
Supporting Information). The concentration of LEV was recorded at Amax = 279 nm using a

UV-Vis spectrophotometer.
2.4.2 Recycling test

The photostability of the as-prepared photocatalysts was carried out through a series of

consecutive recycling experiments. The spent samples samples were re-collected by
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high-speed centrifugation, cleaned several times with deionized water, and dried at 80°C for
12 h before recycling. In addition, XRD and FT-IR analyses were also conducted for the used

materials to elucidate the photocatalytic activity loss during the recycling.

2.5 Active species analysis

The EPR spectra were measured on a Bruker EMXplus-6/1 to identify the active species.
5, 5-dimethyl-1-pyrroline N-oxide (DMPO, 50 uL) was used as a spin capture reagent. The
active species were identified indirectly by free radical scavenging experiments with the
addition of reactive species scavenger in the photocatalytic process. The typical scavengers
employed were N, for the dissolved O,, 1,4-benzoquinone (BQ, 1.0 mM) for the superoxide
radical (+O2), ethylene diamine tetraacetic acid disodium salt dihydrate (EDTA-2Na, 10 mM)
for the holes (h*), isopropanol (IPA, 10 mM) for the hydroxyl radical (¢OH), respectively.

3. Results and discussion

3.1 Morphology and structural characterization

The morphology of the fabricated photocatalysts was observed by SEM. In Fig. 1a, the
pure BOI exhibits stacked 3D layered flower-like microspheres ranging from approximately
1~2 pum in diameter. This unique morphology facilitates the transfer of electrons and the
adsorption of contaminants. In Fig. 1b, the CN sample possesses a plicated lamellar structure
and would tend to stack and agglomerate due to high-temperature polymerization. In term of
BOI/CN (Fig. 1c) and CQD/BOI (Fig. 1d), CN and CQD are irregularly scattered on the
surface of BOI spheres. The smoothness of the composite surface is substantially lower than
that of the pure BOI. The CQD/CN (Fig. 1e) and CN have almost identical bulk morphology.
In Fig. 1f, the surface of 0.5-CQD/BOI/CN is coated with CN and CQD, resulting in a more
curved and rough surface. This indicates that nanocomposites have been successfully

prepared.
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Fig. 1. SEM images of (a) BOI, (b) CN, (c) BOI/CN, (d) CQD/BOI, (e) CQD/CN, and (f)
0.5-CQD/BOI/CN.

The TEM and HR-TEM images further revealed the internal structure and lattice of the
photocatalysts. As shown in Fig. 2a, the CQD are well-dispersed, O-dimensional
quasi-spherical spheres with sizes less than 10 nm. The lattice spacing of CQD in the inset is
around 0.32 nm corresponding to the (0 0 2) diffraction plane of graphitic carbon. Fast
Fourier transform (FFT) image obtained from the HR-TEM image confirms the presence of
hexagonal diffraction planes of sp2 graphitic C in the inner regions of CQD. The TEM image
of BOI in Fig. 2b presents a distinct flower-like nanoflake, and the pristine CN in Fig. 2c
possesses an amorphous structure. The TEM image of CQD/BOI in Fig. 2d exhibit that the
small-sized CQD are attached to the surface of the BOI nanoflowers with no change in the
size and morphology. For 0.5-CQD/BOI/CN nanocomposite (Fig. 2e), the structures of CN
and BOI are coupled together, and CQD nanoparticles are attached to the surface (Fig. 2f).
The close contact between CQD, CN and BOI contributes to charge transfer during the
photocatalytic reaction. Furthermore, the TEM mapping (Fig. 2g-n) shows that
0.5-CQD/BOI/CN nanocomposite contains C, N, O, ClI, I, and Bi, all of which could be
apparently detected. The detailed content of each element is listed in Table S1 (Supporting
Information), where the content of C, N and CI increases with the proportion of CQD
modifications. These outcomes further confirm that ternary CQD/BOI/CN/ photocatalysts are

successfully prepared.
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Fig. 2. TEM images of (a) CQD (Inset is the FFT pattern and lattice spacing), (b) BOI, (c) CN,
(d) CQD/BOI, (e) 0.5-CQD/BOI/CN.

The crystal features of the fabricated photocatalysts were characterized by XRD. In Fig.
3a, within the range of 10-80°, CQD shows a broad peak centred at 26.7°, which is ascribed
to (0 0 2) planes of graphitic carbon. The pure BOI has distinct characteristic peaks at 29.2°,
32.2°,46.1°, and 55.6°, which are attributed to the (10 2), (11 0), (200), and (2 1 2) crystal
planes (JCPDS 40-0548) [12], respectively. The pure CN possesses a weak diffraction peak at
13.2° and another sharp peak around 27.6°, which denotes the (1 0 0) and (0 0 2) plane of
aromatic compounds and the stacked conjugated aromatic systems (JCPDS 87-1526),
respectively. For BOI/CN, CQD/BOI and CQD/CN, the characteristic peaks of BOIl and CN

8
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in the binary composites can be apparently seen, while the flat peak of CQD in the
nanocomposites is very insignificant due to its low level. The ternary composite
CQD/BOI/CN exhibits distinctive three-part characteristic peaks belonging to BOI, CN and
CQD, respectively. As the CQD content increases from 0.2% to 1.0%, the (0 0 2) lattice plane
peak is strengthened, suggesting more coupling of the CQD to the BOI and CN [32]. Fig. 3b
showed FT-IR spectra of the as-prepared photocatalysts for comparison. The broad
characteristic absorption band at 3440-3280 cm™ is assigned to stretching vibrations of O-H
for CQD. The stretching vibration band at 3280-3087, 1766, 1603, 1399, and 1122 cm™ are
related to N-H, C=0, C=C, C-0O, and C-N bonds [30, 31]. For pure BOI, the vibration bands
at 3420, 1593, 1380, 1066, 881, and 507 cm™ are characteristic of O-H, H-O-H bonds of
adsorbed H.0, I-O-I, Bi-O, and I-O bonds, respectively [17, 21]. The CN exhibits a broad
peak at 3600-3000 cm™, which is assigned to the N-H bond originating from incompletely
condensed N-H bonds or residual hydrogen atoms bound to the edges of graphite-like CN.
The stretching vibration bands at 1670-1122 and 804 cm™* belong to C=N and C-N bonds [33].
Similar characteristic bands are well traced in FT-IR spectra of BOI/CN, CQD/BOI, CQD/CN
and CQD/BOI/CN, which further proves that the successful preparation of the binary and
ternary nanocomposites. In comparison, the intensity of the stretching vibrations of carboxyl

groups in CQD/BOI/CN is gradually strengthened with the increase of CQD content.
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Fig. 3. XRD patterns and FTIR spectra of the fabricated photocatalysts.

XPS spectra were adopted to analyze the chemical compositions on the surface of the
photocatalysts. Fig. 4a demonstrates the survey spectra including C 1s, N 1s, Cl 2p, Bi 4f, O
1s, and | 3d of the as-prepared photocatalysts. The C 1s spectra in Fig. 4b can be divided into
characteristic peaks at 288.7 eV (C=0), 286.1 eV (C-O/C-N), 284.8 eV (C-C/C=C) for CQD,
and 288.0 eV (N-C=N), 284.8 eV (C-C/C=C) for CN [34, 35]. The N 1s spectra in Fig. 4c

9
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show three peaks of C-N-H, N-(C)s;, and C=N-C at 401.6, 400.2, and 398.8 eV for CQD and
CN [36]. The interaction of the N atoms in CQD/BOI/CN and certain species through
chemical bonding or intense electrostatic gravitational forces may cause a shift in the position
of the N 1s peak. The shift in binding energy implies the transfer of electrons from BOI to CN
and CQD at the interface [12]. The CI 2p spectra in Fig. 4d are fitted into two peaks of ClI
2pa2, Cl 2p12 at 199.6 and 198.2 eV originated from CQD. The CI 2p peaks of CQD-based
nanocomposites are unapparent on account of the low content of CQD. The Bi 4f spectra in
Fig. 4e display two peaks at 163.9 eV (Bi 4fs) and 158.9 eV (Bi 4f,) for BOI-based
nanocomposites [13]. The O 1s spectra in Fig. 4f are fitted into two peaks at 532.9 eV (C=0)
and 531.4 eV (C-0) for CQD, and 531.8 eV (surface chemisorbed H,O/OH"), 530.3 eV (Bi-O
in [Bi,0,]** slabs) for BOI [12, 37, 38]. The | 3d spectra in Fig.4g display two obvious peaks
at 630.4 eV (I 3ds») and 618.8 eV (I 3ds12) in BOI-based nanocomposites, indicating that the
valence of 1 in BOI is -1 [12, 15]. The above findings prove the interconnection between CQD,
BOI and CN structures in the ternary nanocomposites, which benefits the electron transfer

and improve the photocatalytic performance.

10
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3.2 Optical and photoelectrochemical properties

The actual colour of all the photocatalysts can be seen in Fig. 5a, the modified
nanocomposites are darker than the pristine photocatalysts. Particularly, the colour of the
CQD/BOI/CN nanocomposites deepened as the CQD content varied from 0 to 1.0%. UV-vis
DRS spectra in Fig. 5b display that CQD have an absorption edge of ~650 nm and two
characteristic peaks at 261.4 and 489.9 nm, which are corresponding to m-n* transition of sp?
conjugated structure and n-n* transitions of heteroatom doping defects, respectively [39]. The
absorption boundaries of BOI, BOI/CN, CQD/BOI and CQD/BOI/CN are close to each other
around 605.0-656.8 nm, while that of CN and CQD/CN are relatively narrow at 467.2 and
483.4 nm, limiting their photocatalytic efficiency. CQD/BOI possesses the broadest light
absorption range, and all BOI-based nanocomposites have a satisfactory visible light response.
Compared to BOI, CN and BOI/CN, CQD/BOI, CQD/CN and CQD/BOI/CN composites
display the strengthened light-harvesting capacity with the addition of CQD, especially in
response to ultraviolet and near-infrared light. The CQD/BOI/CN has a slight blue shift with
increasing CQD content and the absorption intensity is mildly diminished. It is probably due
to the interfacial interactions that hinder the light absorption. Nevertheless, the light
absorption capacity is not the exclusive factor influencing the photocatalytic activity. The
energy bandgaps (Eg) of photocatalysts are calculated by Eq. (1) [40]:

ahv = A(hv — Ej)™/? (1)

Where a, hv, and A are absorption coefficients, photon energy and constant, respectively. The
Eg is estimated by extrapolation of a plot of (ahv)*? versus hv as displayed in Fig. 5¢. The Eq
of BOI, CN, CQD/BOI, and CQD/CN are calculated to be 1.67, 2.39, 1.61 and 2.27 eV,
suggesting a narrowing of Eg after the introduction of CQD.

The PL emission behavior of CQD was explored under different excitation wavelengths.
In Fig. 5d, when excited by the short-wavelength light from 400 to 600 nm, CQD presents a
slight red shift from long-wavelength emission of 542 to 600 nm. This down-conversion PL
of CQD can extend multiple photons to the near infrared region, thus thus improving the
utilization of sunlight and achieving a full spectrum response. The PL spectra of the fabricated
photocatalysts in Fig. 5e show that the 0.5-CQD/BOI/CN has the most pronounced
fluorescence quenching, revealing the lowest recombination rate of photogenerated carriers [9,
41]. Besides, the PL intensity of CQD/BOI, CQD/CN and CQD/BOI/CN are weaker than that
of the pure BOI, CN and BOI/CN. The results indicate that the introduction of CQD enables
to inhibit the recombination of photogenerated carriers. In Fig. 5f, all the photocatalysts have

regular photocurrent responses when the light is turned on or off. Their photocurrent intensity
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are in the order of 0.5-CQD/BOI/CN > 1.0-CQD/BOI/CN > 0.2-CQD/BOI/CN > BOI/CN >
CQD/BOI > CQD/CN >BOI >CN > CQD. The introduction of conductive CQD to BOI, CN
or BOI/CN heterojunction considerably increases the electron lifetime and current separation
efficiency [42, 43]. The electrochemical impedance spectra (EIS) was measured to further
illustrate the interfacial electron transfer rate of the samples (Fig. 5g). Among them,
0.5-CQD/BOI/CN possesses the smallest arc radius of impedance curve, representing the
fastest interfacial charge transfer [44]. The constructed CQD/BOI/CN composites with rapid
electron transfer rate and effective carriers separation efficiency are qualified to participate in
the photocatalytic reaction. Furthermore, VBXPS spectra (XPS valence band in Fig. S1,
Supporting Information) were conducted to quantitatively depict the band structure of the
as-prepared photocatalysts. The energy of the conduction band (Ecg) and valence band (Evs)
position can be determined by Eg. (2).

Ecp = Eyp — Eg 2)
With the introduction of CQD, the Ecg of CQD/BOI (-0.84 eV) and CQD/CN (-0.75 eV)
show a gradually downward shift from that of BOI (-0.95 eV) and CN (-0.85 eV),
respectively. The Ecs level reveals the photoreduction ability of the photocatalysts (Fig. 5h)
[15, 34].
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Fig. 5. (a) Photographs, (b) UV-vis DRS spectra, and (c) energy bandgaps of the as-prepared
photocatalysts. (d) Down-convertion PL spectra of CQD. (e) PL spectra, (f) transient
photocurrent response, (g) EIS and (h) band structure diagram of the as-prepared

photocatalysts.

The photothermal effect as an assistant factor to facilitate photocatalytic activity,
involves the transformation of photon energy into thermal energy [22]. The photothermal
materials like metal and carbon materials, function as heat emitters at the reaction interface.
The thermal energy of materials is in turn dissipated to the surrounding solution. In general,
an elevated reaction temperature could lower the apparent activation energy in the
photocatalytic system and thereby improve the photocatalytic performance [45, 46]. Hence,
the surface temperature of the prepared photocatalysts was recorded by an infrared thermal
imager to quantitatively analyze the photothermal effect. All the samples were subjected to a
Xe lamp irradiation at 0, 1, 5, and 15 min for the Thermo images (Fig. S2, Supporting
Information). As illustrated in Fig. 6a-d, the surface temperature of BOI/CN composite
significantly increases from ambient temperature (28.5 °C) to 52.4 °C within 1 min of
irradiation, and slowly increases to 56.0 °C within 15 min of irradiation. While the surface
temperature of 0.5-CQD/BOI/CN increases sharply from 28.7 to 71.2 °C within 1 min of
irradiation, and gradually increases to 79.6 °C within 15 min of irradiation. In the
photocatalytic process, there are two dominant sources of heat: the direct thermal radiation
from the light source as well as the intrinsic photothermal effect of the sample. The thermal
variations induced by the external light irradiation are constant. The thermal increment of
BOI/CN composites can be attributed to the external light source. The sudden increase in
thermal energy of 0.5-CQD/BOI/CN may be due to the synergy and SPR effect of CQD and
Bi, which contributes to the photothermal effect [12, 22].
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Fig. 6. Thermographic images of (a-d) BOI/CN and (e-h) 0.5-CQD/BOI/CN composites

under light irradiation of 0, 1, 5 and 15 min, respectively.

3.3 Photocatalytic activity evaluation

The photocatalytic activity of the fabricated photocatalysts was estimated for
synchronous removal of Cr (VI) and LEV under 300W Xe lamp irradiation. In Fig. 7a, the
monomer photocatalysts of CQD, BOI, and CN exhibit limited reduction efficiency of 4.5%,
51.2%, and 36.8% after 60 min of light irradiation, which may be attributed to the intensive
photon scattering and rapid charge recombination. The binary nanocomposites of CQD/BOI,
CQD/CN and BOI/CN present higher reduction efficiency of 64.1%, 41.6% and 74.4% due to
the improved charges separation efficiency. The construction of ternary heterojunctions
CQD/BOI/CN can further enhance the photocatalytic performance for the Cr (VI) removal
with the optimal reduction efficiency up to 100% (0.5-CQD/BOI/CN). The photocatalytic
reduction kinetics for the photocatalysts are fitted with a pseudo-first-order kinetic model [13,
47, 48):

—In(C/Cy) = kt ©)

Where k is the kinetic reaction rate (min™). The linear kinetic curves of the Cr(VI) reduction
over the photocatalysts are depicted in Fig. 7b. The 0.5-CQD/BOI/CN possesses the highest
Cr(V1) reduction rate of 0.08725 min, corresponding to 164.3, 9.3,15.2 6.4, 12.7, 4.8, 2.8,
and 2.4 times higher than that of CQD (0.00053 min‘?), BOI (0.00939 min™), CN (0.00575
min't), CQD/BOI (0.01357 min), CQD/CN (0.00689 min™), BOI/CN (0.01825 min),
0.2-CQD/BOI/CN (0.03099 min?), 1.0-CQD/BOI/CN (0.03671 min), respectively. The
excessive accumulation of CQD on the surface of BOI/CN nanocomposite would inevitably

hinder the charge transfer and active sites, with consequently lowering the photoreduction
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efficiency. As seen in Fig. 7c, the photoreduction efficiency of 0.5-CQD/BOI/CN for Cr(VI)
maintains 79% after the five times recycling cycle experiments. Additionally, XRD patterns
and FT-IR spectra of 0.5-CQD/BOI/CN before and after five recycle experiments are
measured (Fig. S3, Supporting Information). In comparison, there are no emerging peaks and
significant shifts appeared, suggesting the invariant crystalline structure and surface
functional groups of the reused 0.5-CQD/BOI/CN.

As for the synchronous photocatalytic degradation of LEV (Fig. 7d), all the
photocatalysts achieve the adsorption-desorption equilibrium after constant stirring for 30 min
in the darkness. The blank sample has negligible degradation capacity of LEV (20 mg L%).
Comparatively, the binary nanocomposites of CQD/BOI (62.5%), CQD/CN (36.8%), and
BOI/CN (74.4%) exhibit higher LEV degradation efficiency than the monomer photocatalysts
of CQD (4.5%), BOI (39.8%), CN (26.8%) after irradiation for 60 min. The constructed
ternary 0.5-CQD/BOI/CN heterojunction shows the optimal LEV degradation efficiency of
94.8%, which is in accordance with the optical and photoelectrochemical results. In Fig. 7e,
the maximum reaction rate over 0.5-CQD/BOI/CN (0.03863 min?) is about 72.9, 6.2, 9.9
times higher than the monomer photocatalysts of CQD (0.00053 mint), BOI (0.00626 min),
CN (0.00389 min), and 3.1, 6.7, 2.2 times higher than the binary photocatalysts of CQD/BOI
(0.01262 min't), CQD/CN (0.00575 min‘t), BOI/CN (0.0174 min™). It is noteworthy that the
introduction of insufficient and excessive CQD negatively affects the further improvement of
photoreaction and degradation efficiency [33, 49, 50]. The reusability of the photocatalyst is
vital for the application in practice, and the five photocatalytic cycling experiments were
performed. In Fig. 7f, the degradation efficiency of 0.5- CQD/BOI/CN for LEV decrease to
T77% after the fifth cyclic experiment. These results manifest the superior recyclability and

stability of the as-synthesized photocatalysts.
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Fig. 7. (a) Photoreduction of Cr(VI) by different photocatalysts (Co=20 mg L™?). (b) The
pseudo-first-order reaction kinetics. (c) Reusability evaluation in cycling experiment of Cr(V1)
photoreduction. (d) Photodegradation of LEV by different photocatalysts (Co=20 mg L™1). (e)
The pseudo-first-order reaction kinetics. (f) Reusability evaluation in cycling experiment of
LEV degradation.

3.4 Photocatalytic reaction mechanism

To gain insight into the photocatalytic reaction mechanism, EPR measurement was
performed under simulated sunlight irradiation to determine the free radical species. The
characteristic quartets with intensities of 1:2:2:1 and 1:1:1:1 are corresponding to
DMPO-+OH and DMPO-+O; signals, respectively. In Fig. 8a, b, the pure BOI and BOI/CN
composite both exhibit very weak peaks of DMPO-*OH and DMPO-+O; signals under light
irradiation. As the introduction of CQD, the significant characteristic peaks of the two signals
are observed for CQD/BOI nanocomposite (Fig. 8c). In comparison, 0.5-CQD/BOI/CN
nanocomposite presents apparently stronger signals of both DMPO-+OH and DMPO-+O;"
(Fig. 8d). The generation process of active species can be clarified through the investigation
on energy band structure. The electrons in the CB of BOI seem to have the potential to reduce
0O, to *Og, since the Ecg (-0.97 eV) position is lower than that of O, (-0.13 eV vs NHE).
But the rapid recombination of photogenerated electrons and holes in pure BOI hinders the
generation of free radicals, resulting in poor photocatalytic performance. BOI/CN exhibits a
typical type Il heterojunction with building a dual transfer mechanism, where electrons
transfer migrate from the CB of BOI to CN and holes migrate from the VB of CN to BOI.
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This traditional model shows the limited generation of active species due to higher Ecg of CN
than BOI, and lower Evg of BOI than CN. The accepted redox ability of BOI/CN
heterojunction is mainly ascribed to efficient electron-hole pairs separation rather than active
species. In CQD/BOI nanocomposite, CQD as an electron reservoir significantly facilitates
the efficient separation of photogenerated electron holes. The enriched electrons in the surface
of CQD and the CB of CQD/BOI (-0.84 eV) can be both used for the reduction reaction
accompanied by promoting the generation of *O,". The VB of CQD/BOI cannot oxidize H,O
to *OH as its Evg (0.87 eV) position is lower than that of H,O/*OH (2.38 ¢V vs NHE). The
separated electrons, holes, *O2 and *OH (from the weak secondary reaction) are responsible
for the strengthened photocatalytic activity of CQD/BOI. As for 0.5-CQD/BOI/CN, the
photoexcited electrons migrate from the CB of CN to the VB of BOI via CQD as a bridge.
Then, the electrons in the CB of BOI (-0.97 eV) and holes in the VB of CN (1.54 eV) can be
used for photocatalytic reduction and oxidation. The accelerated electronic transfer by CQD
and lower CB position dramatically enhances the generation of *O; and *OH from the
secondary reaction. Therefore, 0.5-CQD/BOI/CN processes superior photocatalytic

performance.
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Fig. 8. EPR spectra and the energy band structures of (a) BOI, (b) BOI/CN, (c) CQD/BOI,
and (d) 0.5-CQD/BOI/CN photocatalysts.

The EPR spectra of different CQD/BOI/CN composites in Fig. 9a manifest that the
characteristic peak intensity of DMPO-+OH increases and then decreases as the CQD content
ranges from 0.2% to 1.0% under light irradiation. The situation of DMPO-+O," is consistent

with that of <OH (Fig. 9b), and the 0.5-CQD/BOI/CN composite shows the optimal intensity

of both DMPO-+OH and DMPO-+0O;" signals. It is known that the photoexcited *OH and *O,~

radicals are essential for the photocatalytic activity of CQD/BOI/CN composite, whereas

excessive or insufficient CQD content has a negative impact on the generation of active
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species. It is consistent with the experimental results of the photocatalytic performance
evaluation. According to the EPR analysis, the LEV degradation by 0.5-CQD/BOI/CN mainly

relied on the h*, O, *OH, and the Cr(VI) reduction only relied on the electrons. The active

species trapping experiments were implemented to further identify the contribution of each
free radical. In Fig. 9c, the addition of IPA, BQ and EDTA-2Na trapping agent has a minor
effect on the photoreduction reaction. 0.5-CQD/BOI/CN with Na,S;O3; added exhibits the
lowest removal rate of 38.6%, revealing that e is the only dominant factor in the
photoreduction of Cr (VI). In Fig. 9d, the degradation rate of LEV over 0.5-CQD/BOI/CN is

slightly decreased from 99.9% to 90.5% in the presence of IPA («OH scavenger), while
observably declined to 47.2%, 36.8%, 41.2% with the BQ (*O.~ scavenger), EDTA-2Na (h*

scavenger) and N (dissolved O, scavenger). It is confirmed that *O,~ and h* are the dominant
reactive radicals for the degradation process of LEV, and dissolved O can be photoreduced

by e to yield <O, radicals for attacking the LEV molecules.
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Fig. 9. EPR spectra using DMPO to capture (a) *OH and (b) <O, over different
CQD/BOI/CN composites. Active species trapping experiment of 0.5-CQD/BOI/CN
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photocatalyst during the reduction of (d) Cr (V1) and degradation of (c) LEV.

Accordingly, the potential photocatalytic mechanism of the 0.5-CQD/BOI/CN composite
is proposed and illustrated in Fig. 10. The excellent photocatalytic performance of
0.5-CQD/BOI/CN may be ascribed to the fabrication of Z-scheme heterojunction. The BOI
and CN are photoexcited under the sunlight irradiation, producing electrons and holes at their
CBs and VBs, separately. As CQD processes outstanding electrons collect and transfer ability,
the electrons in the CB of CN first migrate to the CQD surface. Then, the electrons on CQD
allow quick recombination with the holes on the VB of BOI. CQD act as an electron reservoir
or buffer to build a bridge between the CB of CN and the VB of BOI. This Z-scheme system
can both accelerate the rate of electron transfer and effectively inhibit the recombination of
electron-hole pairs inside BOI and CN. Thus, exceptionally high yields of electrons and holes
are formed in the CB of BOI and the VB of CN, which can be directly used in photo-redox
reactions. The CB position (—0.97 eV) of BOI is more negative than that of O»/*O," (-0.33 eV
vs NHE), while the VB of CN is not more positive than H,O/*OH (2.38 ¢V vs NHE). The
enriched electrons in the CB of BOI can reduce the adsorbed O; to O, (O, + e— +0O;), and
then to *HO~, H20-, and «OH from the secondary reaction (¢O;” + ¢ + H*— «HO; ", *HO; +
H*— H202, H,02 « 2°0OH) [18, 51]. Noteworthily, the above structural analysis has verified
the N, CI co-doping of CQD, so the electrons accumulated on the surface of CQD could
reduce Cr(VI) and activate O, to yield plentiful active species owing to its abundant surface
defect sites. The organic pollutants (LEV) can be attacked by these active species (*Oz~, *OH)
and holes, eventually oxidized to CO; and H2O. The electrons, holes and active species can be
sustainably refreshed by the sunlight irradiation, leading to highly efficient photocatalytic
redox capability of 0.5-CQD/BOI/CN composite.
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Fig. 10. Schematic diagram illustrating the possible photocatalytic mechanism for the
synchronous reduction of Cr(VI) and degradation of LEV by 0.5-CQD/BOI/CN photocatalyst.

3.5 Photocatalytic degradation pathway

DFT calculations (method in Text S5) were employed to explore the charge distribution
of organic pollutant. The chemical structure of LEV molecule is described in Fig. 11a. The
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) in Fig. 11b represent the ability to lose electron and the deficient-electron sites of
LEV molecule, respectively [52, 53]. Combined with the electrostatic potential (ESP) profile
(Fig. 11c) on the molecular surface of LEV, the peripheral regions of N19 and N23 are
susceptibly attacked by positive holes, while 011, 013, 014 and F26 tend to be attacked by
anionic radicals (*O"), promoting of molecular interface reactions [54]. The natural
population analysis (NPA) charge distribution and Fukui index of LEV were calculated to
guantitatively evaluate reactive sites of electrophilic, nucleophilic, and radical attacking
[54-56]. From Fig. 11d, C8 and O11 in a quinolone ring exhibit the highest f° values of
0.0642 and 0.0634. Meanwhile, C9 connected to a carboxyl group, has the high f- and f° of
0.0385 and 0.0393. It implies that the quinolone ring is vulnerable to decarboxylation and
cleavage by electrophilic <O, attack. The high Fukui index values of N19 (f- = 0.0958, f° =
0.0534) and N23 (f- = 0.041, f° = 0.0216) make piperazine epoxidation feasible. The high f°

values of 0.0271 and 0.0265 for C11 and F26 are crucial for defluorination reaction. The f-
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and f° values of C4, C1, C3 and 018 are also high, contributing to the all-cleavage of LEV

molecules to small molecules.
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Fig. 11. DFT calculations on LEV molecule. (a) LEV chemical structure. (b) HOMO and
LUMO. (c) ESP-mapped molecular surface of LEV. (d) NPA and Fukui index of LEV.

To elucidate the photocatalytic oxidation process of the target pollutants, LC—MS was
further performed to determine the intermediate products. The major chemical formula, m/z,
and possible structure are listed in Fig. S4 and Table S2. On the basis, four feasible
photocatalytic degradation pathways of LEV are deduced in Fig. 12, primarily involving
defluorination, decarboxylation, quinolone rings cleavage, and piperazine moieties oxidation
[54, 57, 58]. In Path I, the initial substrate LEV (m/z 362) is attacked by active species (h*,
*0, and *OH) and L1 (m/z 360) is formed with the replacement of the F group by a hydroxyl
group. The quinolone moieties are further oxidized to product L2 (m/z 392) and then ring is
opened to yield products L3 (m/z 322), L4 (m/z 233), and L5 (m/z 188) [59, 60]. Product L2
could also be decarboxylated and then take off the piperazine ring to obtain L8 (m/z 290), L9
(m/z 262), and L10 (m/z 232). The second and third degradation paths are the demethylation
and decarboxylation from LEV to yield L12 (m/z 348) and L19 (m/z 318), respectively. The
subsequent deamination reaction results in the loss of quinolone ring to obtain L14 (m/z 278)
and L15 (m/z 233) [61, 62]. The fourth degradation path refers to the piperazine epoxidation
and ring cleavage to obtain product L20 (m/z 392). The aldehyde groups of L20 are removed
to product L23 (m/z 279) and the F group is simultaneously substituted with a hydroxyl group
to product L15 (m/z 233) [63]. Then L15 undergoes the dehydration reaction to product L16

(m/z 217) and the quinolone rings are further destroyed under the continuous oxidation [64].
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Ultimately, these intermediates are mineralized to small organic molecules, CO; and H,O via
deep oxidation reaction [65], and the photocatalytic degradation of the LEV on
0.5-CQD/BOI/CN composite is achieved
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Fig. 12. The possible degradation pathways of LEV in the 0.5- CQD/BOI/CN system.

4. Conclusions

A series of UV-vis-light-driven Z-scheme CQD/BOI/CN composites were successfully
synthesized by the hydrothermal method. The optimal composite (0.5-CQD/BOI/CN) features
the broadened UV-vis light absorption region, highly effective photogenerated carrier
separation and enhanced redox ability. The photoreduction efficiency of Cr (V] is up to 100 %
over 0.5-CQD/BOI/CN under 60 min of light irradiation, and its reaction rate (0.08725 min™)
is about 4.8 times higher than that of BOI/CN (0.01825 min). The synergetic degradation
efficiency of LEV reaches 94.8 % under 60 min of light irradiation, and the reaction rate
(0.03863 min?) is 2.2 times higher than that of BOI/CN (0.0174 min?). CQD sandwiched
with BOI/CN heterogeneous interface acts as an electron reservoir, facilitating the efficient
separation of photogenerated electron-hole pairs and accelerating the charge transfer. The
down-conversion PL property of CQD is conducive to broadening the UV-vis light absorption
region. It was found that LEV degradation was dominantly controlled by the holes and +O>"
regarding to the free radical trapping experiments and EPR analysis. According to the DFT
calculation and LC-MS analysis, the decomposition pathway of LEV involves the

defluorination, decarboxylation, quinolone rings opening, and piperazine moieties oxidation
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reactions. This work provides a promising approach to synthesize the CQD-based Z-scheme
photocatalysts for synergistic removal of Cr(VI) and organic pollutants for efficient water

purification.
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