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11 Abstract: The design and development of high-efficient photocatalyst are confined by the
12 limited light-harvesting capacity and rapid electron-hole recombination. The BisOols
13 nanosheets decorated by lignin-derived carbon quantum dots (CQDs) were prepared through a
14  simple hydrothermal process, which was employed for the photocatalytic degradation of
15  tetracycline hydrochloride (TC). The prepared CQDs/Bi7O9l3 composite with the CQDs content
16  of 3% showed the optimal photocatalytic degradation efficiency of 100% in 45 min under 300
17 W Xe lamp irradiation. The corresponding degradation rate was 0.08133 min™!, which was 4.74
18  times higher than that of pure BisOol5. The superoxide (¢O*) and hole (h") radicals were
19  identified as the key reactive species for TC degradation through the photocatalytic mechanism
20  exploration. The photocatalytic activity of CQDs/Bi7O¢l; with 3% CQDs content could
21  maintain above 80% after five recycles of TC degradation reaction, signifying its outstanding
22 stability and reusability. The superior photocatalytic performance of CQDs/Bi;Oyl; is explained
23 by the enhanced sunlight harvesting ability, the accelerated electron transfer, and the formation
24 of reactive species thanks to the incorporation of CQDs. It offers a promising strategy for
25  constructing high-performance and environmentally friendly photocatalysts for contaminant
26 water treatment through the decoration of biomass-derived CQDs.
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1. Introduction

The increasing global environmental pollution in water caused by the excessive use of
antibiotics adds serious risk to the ecological surrounding and human health [1, 2]. The
elimination of antibiotics from the water system becomes an urgent issue. As compared to the
conventional treatment plans (ion exchange and adsorption), photocatalysis is considered to be
a clean technology for the removal of antibiotics due to its sustainability, cost-effectiveness and
environmental friendliness [3, 4]. A variety of metal oxides have made certain advances in the
photocatalytic degradation of antibiotics, for instance, TiO,, ZnO, Fe,Os, WOs, etc [5-7].
However, these metal oxides possess a wide band gap, a weak reduction ability range as well
as a narrow visible light response [8]. Their activity presents a significant limitation under
visible light, while visible light accounts for ~50% of solar energy [9]. The development of
efficient photocatalysts to fully utilize solar energy is the foremost priority.

The energy bandwidth of metal oxides can be narrowed by forming new valence band
energy levels or electron donor energy levels between the O, orbitals and other elements, thus
enhancing the photocatalytic performance. Currently, bismuth halide oxide BiOX (X =F, Cl,
Br, I) exhibits outstanding degradation ability of organic pollutants and has drawn extensive
interest for its unique layered and electronic structure, and excellent visible light absorption
ability [10, 11]. Nevertheless, the rapid recombination of photo-generated electro-hole pairs
and insufficient sunlight absorption in the single-phase Bi-based materials are the key factors
to limit photocatalytic performance [12]. Carbon quantum dots (CQDs) as an emerging zero-
dimensional (0D) carbon nanomaterial with a size less than 10 nm, have aroused increasing
concern in photocatalytic applications [13]. It possesses an amorphous nanocrystal core
composed mainly of sp?> conjugated structure and is enriched with oxygen in the form of
hydroxyl and carboxyl groups, which contributes to the superior electronic storage capacity of
CQDs [14]. CQDs may be applied as a co-catalyst to construct surface separation centers for
electron-holes, thus inhibiting their recombination [15, 16]. Newly, CQDs have been coupled
with Bi-based photocatalysts such as CQDs/BiOCl [17], CQDs/BiOBr [11, 18], and
CQDs/BiOIO; [10] to enhance their photocatalytic activity, but the related studies are still
limited. It is determined that the band gap of BiOX decreases in order with F, Cl, Br, and L.
Compared with BiOCI and BiOBr, BiOIO; shows greater visible light absorption ability and
narrower band gap. Moreover, nitrogen doping is effective in inducing charge delocalization,
reducing the work function and promoting the electron transfer capability of CQDs [16, 18].
The superior photocatalytic activity of different heteroatoms doped CQDs decorated Bi-based

photocatalysts is expected and needs to be further investigated.
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Herein, the Bi;O9l3 nanosheets decorated by lignin-derived CQDs were synthesized via a
simple hydrothermal process. The morphologies, structures and optical-electronic
characteristics of CQDs/Bi;09]3 composites were investigated in detail. The photocatalytic
activity of CQDs/Bi;00l3 composites was estimated through photodegradation of tetracycline
hydrochloride (TC). The photocatalytic mechanism was revealed by free radical trapping

experiments and electron paramagnetic resonance (EPR) analysis.

2. Experimental section

2.1 Chemicals and materials

Alkali lignin (AL) with 4% sulfur content was provided by Sigma Aldrich in Shanghai,
China. 3-Aminophenylboronic acid hemisulfate, bismuth nitrate hydrate (Bi(NOs);-5H>0),
potassium iodide (KI), ethylene glycol (EG), TC, isopropanol (IPA), 1, 4-benzoquinone (1, 4-
BQ), and ethylene diamine tetraacetic acid disodium salt dihydrate (EDTA-2Na) were obtained
from Aladdin in Shanghai, China. All chemical reagents were of analytical grade and were used
without further purification. The dialysis bag (3000 Da) was supplied by Viskase in the USA.
The PTFE microporous filter membranes with pore diameters of 0.8 and 0.22 um were
purchased from Jinteng in Tianjin, China. Deionized water (DI, 18 MQ) was used throughout

the experiment.

2.2 Synthesis of photocatalysts

2.2.1 Synthesis of lignin-derived CQDs

The lignin-derived CQDs were prepared by a two-step route by the previously reported
method [19]. Briefly, 0.8 g of 3-Aminophenylboronic acid hemisulfate acid and 0.8 g of AL
were solubilized in 240 mL of DI water with continuous magnetic stirring at 90 °C for 1 h.
Then, the filtered liquid was moved into a 300 mL Teflon-lined stainless autoclave and
maintained at 200 °C for 12 h. Subsequently, the yellow-brown solution was filtered and
purified in a dialysis bag for 48 h. The light yellow CQDs powder was finally obtained after

vacuum freeze-dried for 48 h.
2.2.2 Synthesis of Bi;Ool; and CQDs/Bi;Ool; composites

The CQDs decorated Bi;O9l; composites were fabricated via a hydrothermal process as

presented in Scheme 1. Typically, 4.368 g of Bi(NOs);-5H,O was dispersed into 120 mL EG
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with sonicating for 30 min to get solution A. 1.494 g of KI and a designed amount of CQDs
powder were mixed into 120 mL EG with sonicating for 30 min to get solution B. Then, solution
A was manually added to solution B and stirred continuously for 2 h. Afterwards, the mixed
solution was moved into a 300 mL Teflon-lined autoclave and kept at 160 -C for 24 h. The
resulting solution was centrifugalized at high speed and cleaned four times with DI water. The
CQDs/Bi709l3 powers were obtained through drying at 70 °C for 12 h. For comparison, the
mass ratio of CQDs to Bi;Ovl3 was controlled at 1 wt%, 3 wt% and 5 wt%, which were denoted
as CQDs/Bi;00l3-1, CQDs/Bi;09l3-3, and CQDs/Bi7013-5, respectively. The pure Bi;O9l; was

obtained using the above similar procedure in the absence of CQDs.
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Scheme 1. Diagram of the synthesis process of CQDs/Bi709]3 composites.

2.3 Characterization

The X-ray diffraction (XRD, Bruker D2 PHASER) patterns were detected via the X-ray
powder diffraction instrument with Cu Ka radiation. The morphology features were analyzed
by scanning electron microscope (SEM, ZEISS Sigma 300), and the transmission electron
microscope, higher transmission electron microscope (TEM, HR-TEM, FEI Talos F200s) with
the energy dispersive spectrometer (EDS, FEI Super-X EDS Detector). The surface chemical
structure was implemented on an X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250XT). The surface structure was recorded on a Fourier transform infrared spectrometer (FT-
IR, Thermo Scientific Nicolet iS20). The light absorption capacity (200~800 nm) was analyzed
by a UV-Vis diffuse reflectance spectrophotometer (UV—Vis DRS, Shimadzu UV-3600i Plus).
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The photoluminescence spectra were performed on a fluorescence spectrophotometer (PL,
Agilent Cary Eclipse). The electron paramagnetic resonance spectra were measured on an
electron paramagnetic resonance spectrometer (EPR, Bruker EMXplus-6/1) with 5, 5-dimethyl-
1-pyrroline N-oxide (DMPO, 50 pL).

2.4 Photocatalytic degradation of TC

The photocatalytic activity of the photocatalysts was assessed through TC degradation
under simulated sunlight irradiation. In brief, 50 mg of the photocatalyst was put into TC (20
mg/L, 200 ml) solution and the mixture with continuous stirring for 30 min in the darkness.
After that, the photocatalytic reactions were carried out under 300 W Xe lamp irradiation (100
mW/cm?, Beijing China Education Au-light CEL-PF300-T6). The different reaction solutions
were taken out at specific time intervals and filtered through a 0.22 pm microporous filter
membrane. The corresponding concentration of TC in the solution was measured by UV-Vis
spectrophotometer at an absorption wavelength of 357 nm. The recyclability of CQDs/Bi7Ool3
composites was obtained through four successive cycling experiments. The degradation
efficiency was calculated by Eq. 1:

Co

~C % 1009 = L4t
Co

Ao

n= x 100% (1)

where m indicates the degradation efficiency, Co and C represent the initial and instant
concentration of TC, respectively.

The trapping experiments were implemented to determine the impacts of reactive species
including superoxide radical (-O,7), holes (h"), and hydroxyl radical (-OH) on the
photocatalytic process of CQDs/Bi70s]3 composites. IPA, 1, 4-BQ, and EDTA-2Na (0.1 mol/L)
served as the scavenger for -O,7, h*, and -OH, respectively. The experimental procedures were

the same as those in the tests of photocatalytic activity.

2.5 Photoelectrochemical evaluation

The transient photocurrent response (i-t) and electrochemical impedance spectra (EIS)
were tested on an electrochemical system (CHI-660E, Shanghai Chenhua) with a three-
electrode cell. The saturated Ag/AgCl electrode, Pt wire and 0.5 M Na,SO4 were used as
reference electrode, counter electrode and electrolyte solution, respectively. The working
electrodes were fabricated of FTO glass with the prepared photocatalysts attached to it.
Typically, 10 mg of photocatalyst was completely dispersed in 1 mL of ethanol and 30 uL of
naphthol. The mucilage was subsequently dripped uniformly onto a 10 x 20 mm FTO.
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3. Results and discussion

3.1 Morphology and structural characterization

The crystalline structure of CQDs, pure Bi;Ool3, and CQDs/Bi;0¢l3 composites with the
adjustment of CQDs contents of 1%~3% can be validated by XRD. As displayed in Fig. 1a, the
distinct diffraction peaks at 28.5°, 32.1°, 45.9°, and 55.0° are corresponding to the (102), (110),
(200), (1 3 3), and (212) crystal planes of orthorhombic Bi;O¢l; (JCPDS 40-0548) [20],
respectively. The weak characteristic peak (002) around 26.5° from CQDs/Bi;Ools-1 to
CQDs/Bi;00l3-3 slightly strengthens with the increasing content of CQDs [21]. Obviously,
Bi7009l3 is the predominant constituent in the composites, and the modification of CQDs might
not inhibit the growth of Bi;Ool; crystal. The FTIR spectra of the prepared photocatalysts are
shown in Fig. 1b. For CQDs, the peaks at 3423, 1719, 1600, 1364, 1106, 759, and 623 cm™" are
assigned to stretching vibrations of O-H/N-H, C=0, C=C, C-O, C-N, B-O and C-S bonds,
indicating the N, S, and B co-doping of CQDs [19, 22]. The FT-IR spectrum of pure Bi;Ool3
has characteristic peaks at 3420, 1593 cm™' corresponding to the O-H, H-O-H bonds of
adsorbed H>O, and 1380, 1066, 881, 507 cm™! of I-O-I, Bi-O, and I-O bonds, respectively [23,
24]. For the CQDs/Bi709l3 composites, their FT-IR spectra are the combined result of Bi;Ool3
along with the low content of CQDs. The intensity of emerging peaks at 1746, 1305, and 765
cm! of C=0, C-0, and B-O bonds increase gradually as the content of CQDs increases [14]. It
can be further concluded that the Bi;Ool3 photocatalyst is modified by CQDs successfully.
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Fig. 1. XRD patterns and FTIR spectra of CQDs, Bi70vl3, and CQDs/Bi;09I3 composites.

The morphology of CQDs, pure BizOsl3, and CQDs/Bi;09l3 composite can be observed
by SEM, TEM and HR-TEM. The TEM and HR-TEM images (Fig. S1) show that CQDs are
dispersed 0D quasi-spherical nanodots below 10 nm. The SEM images of pure Bi;Ool3 in Fig.
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2a-c present a stacked 3D layered flower-like microstructure with a diameter of ~2 pm. The
SEM images of the CQDs decorated Bi;O9l3 composite in Fig. 2d-f display a small amount of
rough and irregular surfaces grown on the nanoflakes due to the non-uniformity of CQDs. This
special morphology facilitates electron transfer and adsorption of contaminants. The TEM and
HR-TEM images of the CQDs/Bi;O¢l3 (Fig. 2g-i) exhibit that the small-sized CQDs are
attached to the surface of the nanosheet without changing the size and morphology of the
Bi709lI3 main structure. The lattice spacings of 0.31 nm and 0.281 nm are ascribed to the (002)
crystal plane of CQDs and (100) crystal plane of BisOols, respectively. The elemental mapping
(Fig. 2j-q) shows that CQDs/Bi7O9¢l3 composite contains Bi, I, O, C, N, S, and B, all of which
are clearly distributed. Additionally, the EDS analysis (Fig. 2r) shows that the percentages of
Bi, I, O,C, N, S, and B are 48.77, 26.05, 24.67, 0.39, 0.13 and less than 0.01%. The SEM and
TEM analyses confirm the successful coupling of CQDs with Bi;09l;.

Element  Weight% atomic%
Bi 73.33 48.77
| 23.78 26.05
o 2.81 24.67
C 0.03 0.39
N 0.01 0.13
S <0.01 <0.13
B <0.01 <0.13

e

5 1.0 1.5 20
Energy (keV)
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Fig. 2. SEM images of (a-c) pure Bi;Ools, (d-f) CQDs/Bi;Ool3-3 composite. (g-i) TEM, HR-
TEM images, (j-q) the elemental mapping elements and (r) EDS spectra of the CQDs/Bi;Ool3-
3 composite.

The chemical compositions and valence states of the as-prepared photocatalysts are further
studied by XPS. Fig. 3a displays the survey spectra containing C 1s, O 1s, N 1s, S 2p, B 1s for
CQDs, and Bi 4f, I 3d, O 1s for the pure Bi;Ool3-3. The CQDs/Bi;09l3-3 composite contains
most of the above elements and matches well with the elemental mapping and EDS results. In
Fig. 3b, the Bi 4f spectra show that the two obvious peaks are located at 164.1 eV (Bi 4fs,,) and
158.88 eV (Bi 4f7) in Bi;Ool3-3 and CQDs/Bi;Ool3-3 [18]. The I 3d spectra in Fig.3c display
two characteristic peaks at 630.1 eV (I 3dsz) and 618.8 eV (I 3dsz) in BisOols and
CQDs/Bi;09I3-3 composite, suggesting that the valence of iodine in Bi;Ool3 is —1 [10, 20]. The
O 1s spectra in Fig. 3d are fitted into two peaks at 535.6 eV (C-O) and 531.6 ¢V (C=0) for
CQDs, and at 531.1 (C=0), 529.5 eV (Bi-O) for Bi;09I3-3 and CQDs/BisOol3-3 [25, 26]. The
C 1s spectra of CQDs and CQDs/Bi;0]I3-3 in Fig. 3e can be divided into three peaks at 288.6,
286.5, and 284.8, eV, which belong to C=0, C-O/C-N and C-C/C=C, respectively [9, 27]. The
N 1s spectra of CQDs and CQDs/Bi709l3-3 in Fig. 3f mainly show the peak of N-H at 400.0
eV [28]. The Bls and S 2p of CQDs can be detected significantly (Fig S2a, b), whereas not
detected in CQDs/Bi70913-3 composite probably due to the tiny content of B and S elements
(far less than 3%).
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Fig. 3. (a) XPS survey spectra, high-resolution XPS spectra of (b) Bi 4f, (c) 1 3d, (d) O 1s, (e)
Cls, and (f) N 1s of CQDs, Bi7Ol3, and CQDs/Bi;00l3-3 composite.
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3.2 Optical and photoelectrochemical properties

The optical performance of the as-synthesized photocatalysts is explored by UV-vis DRS
characterization. Fig. 4a shows that CQDs have several peaks at 215, 233, and 292 nm
corresponding to m-n* transition of sp?> conjugated structures, and 368 nm ascribed to n-m*
transitions of heteroatom doping defects with a UV absorption edge of ~400 nm [29]. The
Bi;0913, and CQDs/Bi709]3 composites present a close absorption edge of ~625 nm, implying
a strong light absorption in UV and Vis regions. The CQDs/Bi;Ool3-3 composite displays
stronger absorption region at 200~450 nm probably due to the optimal adding ratio of CQDs.
It demonstrates that the harvest capacity of BisOols is strengthened by the incorporation of
CQDs, thus the availability of UV light is effectively extended. The energy bandgaps (Eg) of
photocatalysts are calculated by Eq. 1 [30]:

ahv = A(hv — Eg)"/? )

Where a, hv, and A are absorption coefficients, photon energy and constant, respectively. Both
CQDs and CQDs/Bi;O9l3 composite are indirect bandgap semiconductors (n=4). The E, of
CQDs, Bi;O9l3, CQDs/Bi70913-1, CQDs/Bi70913-3, and CQDs/Bi;O9l3-5 are determined to be
3.43,1.67, 1.75, 1.77, and 1.84 eV, indicating a slightly blue-shift of E, with the incorporated
of CQDs.

The PL spectra are conducted to explicate the separation efficiency of photo-generated
electron-holes. The PL spectra peak of CQDs is located at 420 nm with strong intensity (Fig
S2). It is well known that the stronger PL intensity means the rapid recombination of photo-
generated electron-holes [31, 32]. As seen in Fig. 4b, the PL emissions peaks appear at 475 nm
with a slight blue shift as the CQDs content increases, which may be due to a minor widening
of Eg. The PL intensity of the photocatalysts is in the order of Bi;Oolz > CQDs/Bi;O9l3-1 >
CQDs/Bi;09I3-5 > CQDs/Bi7013-3, signifying that CQDs/Bi7Ool3; with heterojunction structure
would significantly inhibit the recombination of electron-hole pairs. The transient photocurrent
response is also performed to verify the electron transfer and separation efficiency of the as-
synthesized photocatalysts. In Fig. 4c, the pure BisOol; presents a lower photocurrent density
with four on-off irradiation cycles, indicating fast recombination of photo-generated electron-
holes [33, 34]. As expected, the CQDs/ Bi;Ool3-3 presents a remarkable improvement in
photoresponse performance after the incorporation of CQDs, inferring fast electron transfer and
efficient separation of electron-hole pairs. Meanwhile, the EIS analysis in Fig. 4d illustrates
that the CQDs/Bi7O9l3-3 possesses the smallest Nyquist circle in the high-frequency region in
comparison with the other photocatalysts, suggesting the minimum charge transfer resistance

[35]. It could be concluded that the formation of a tightly connected interface between CQDs
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and Bi7Ool3 accelerates the charge migration, thus promoting electron-hole pair separation.
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Fig. 4. (a) UV—vis DRS spectra (inset: energy bandgaps), (b) PL spectra, (c) Transient
photocurrent response, and (d) EIS of CQDs, Bi7Ool3, and CQDs/Bi;0913 composites.

3.3 Photocatalytic performance

The photocatalytic performance of the prepared photocatalysts is evaluated by TC
degradation under 300W Xe lamp irradiation (Fig. 5a). The adsorption-desorption equilibrium
is attained between the photocatalysts and contaminant after constant stirring for 30 min in the
darkness. The blank experiment manifests that TC can be hardly degraded without
photocatalysts. The CQDs and pure Bi;O9l; exhibit limited degradation efficiency of 16.0%,
and 70.9% after irradiation for 50 min, which could be in the reason of intensive photon
scattering and rapid charge recombination. After the incorporation of CQDs, 98.2%, 100%, and
95.0% of TC can be removed by CQDs/Bi;09I3-1, CQDs/Bi709l3-3, and CQDs/Bi;0913-5 under
the same conditions, respectively. Notably, the photocatalytic performance of the previously
reported CQDs-based photocatalysts for TC degradation is listed in Table S1. The
CQDs/Bi709l3-3 composite in this work possesses the highest photocatalytic activity, which

enables the rapidly degrade all of the contaminants within only 45 min. It could be in the reason
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of enhanced UV light absorption and improved separation efficiency of electron-hole pairs by
the incorporation of CQDs, which is validated by UV—vis DRS and PL spectra, respectively.
Importantly, it is commercially valuable and competitive in terms of CQDs’ low-cost and green
raw material applied to environmental purification. Nevertheless, the excessive accumulation
of CQD on the surface of CQDs/Bi;O9l3-5 composite would inevitably hinder the light
absorption and active sites, with consequently lower lowering the degradation efficiency [36-
38]. Additionally, the photocatalytic degradation kinetics for CQDs, Bi;O9l3 and CQDs/Bi;sOol3
composites (Fig. Sb) are fitted with the pseudo-first-order kinetic model [18, 39, 40]:

—In(C/Cy) = kt (3)

Where k is the pseudo-first-order kinetic reaction kinetic values (min™'). In agreement with the
photocatalytic degradation curves, the k value of 0.08133 min"! for TC degradation over
CQDs/Bi;09l3-3 is about 31.00, 4.74, 1.44 and 2.04 times higher than that of CQDs, Bi7Osl3,
CQDs/Bi709l3-1, and CQDs/Bi709l3-5, respectively. These results imply that the appropriate
modification by CQDs could promote the highly efficient synergistic effect of CQDs with
Bi7O9l;.

The recycling experiments are performed for the assessment of the recyclability and
stability of the CQDs/Bi;09]3-3 composite. After five cycles, the degradation efficiency of TC
for CQDs/Bi;09]13-3 maintains at 80%, while that for Bi;Ol3-3 drops sharply to 30% (Fig. S5c).
Additionally, XRD patterns of the CQDs/Bi;Ool3-3 composite before and after five recycle
experiments are measured in Fig. 5d. In comparison, there are no emerging peaks and
significant shift appeared in the two XRD patterns, suggesting the invariant crystal structure of
the reused CQDs/Bi7O9l3-3. These results reveal the superior recyclability and stability of the
as-synthesized photocatalyst.
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278
279  Fig. 5. (a) Photocatalytic degradation efficiency, (b) First-order kinetics for CQDs, BisOol3, and

280  CQDs/Bi;O0ls composites, (¢) Recycle experiments of TC degradation for Bi;Ools, and
281  CQDs/BisO¢l3 composites, and (d) XRD patterns of initial and reused CQDs/Bi;O9l3-3

282  composite.

283 3.4 Photocatalytic mechanism

284 The trapping experiments were employed to identify the predominant reactive species for
285  TC degradation over CQDs/Bi;Ool3-3 composite, and IPA, 1, 4-BQ and EDTA-2Na were
286  selected as the scavengers of *OH, *O* and h', respectively [41-43]. In Fig. 6a, the
287  photocatalytic degradation efficiency of TC by CQDs/Bi;09I3-3 dramatically decreased to 43.8%
288  and 23.1% in the presence of 1, 4-BQ and EDTA-2Na, as compared to 94.8% in the presence
289  of IPA. The effects of free radicals on kinetic rate constants of TC degradation by
290  CQDs/Bi709l3-3 are in the order of h* (0.00352) > «O* (0.00783) > *OH (0.06048) (Fig. 6b).
291  These results manifest that *O* and h* are the crucial reactive species to dominate the
292  photocatalytic activity, while *OH exerts a slight effect on TC degradation by CQDs/Bi;Ool3-3.
293  To further determine the photocatalytic mechanism, the EPR measurements are carried out with

294  a free radical scavenger (DMPO). As illustrated in Fig. 6c, there is no EPR signal for DMPO-
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*OH of CQDs under 300W Xe lamp irradiation, and the weak quartet peaks for DMPO--OH
are obtained in the photocatalytic system of Bi;Ool3 and CQDs/Bi7O9l3-3. According to Fig. 6d,
the apparent signals of DMPO-+O* with the intensity of 1:1:1:1 are detected in CQDs and
CQDs/Bi;0913-3 photocatalysts under 300W Xe lamp irradiation [44], while that in Bi;00l; is
not clearly identified. These results confirm the incorporation of CQDs contributes to the

formation of *O* radicals in the photocatalytic system.
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Fig. 6. (a) Photocatalytic degradation efficiency and (b) kinetic rate constants of TC degradation
in the existence of three scavengers for CQDs/Bi;Ool3-3 composite, and EPR spectra of (c)
DMPO-+OH, and (d) DMPO-O* of CQDs/Bi;Ol5-3 composite under 300W Xe lamp
irradiation.

According to the above analysis, the photocatalytic mechanism of the CQDs/Bi7O9l3-3
composite for TC degradation is proposed in Fig. 7. Upon simulated sunlight irradiation of
CQDs/Bi;0013-3, Bi7O9l; is excited to generate electrons on the conduction band (CB) and holes
on the valence band (VB), respectively [20]. Generally, most of the photo-generated electrons
and holes are rapidly recombined rather than contributing to the photocatalytic reaction
probably due to the too narrow E; (1.77 eV) of Bi;Ools [15, 45]. However, CQDs act as an
excellent electron reservoir due to their outstanding conductivity of conjugated 7 structure, and

could easily collect the electrons from CB of Bi;Ool3. The electron transfer rate is significantly
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accelerated by CQDs and the recombination of electron-hole pairs of Bi;Ools is effectively
inhibited [16, 46]. The established inner electric field on the tightly contacted interface of
CQDs/Bi;09l3-3 greatly promotes the rate of photocatalytic TC degradation. Subsequently, the
accumulated electrons attached to the surface of CQDs reduce the dissolved O to yield «O*” [6,
47, 48], which is confirmed to be the key radical in the photocatalytic reaction of
CQDs/Bi709l3-3. The holes remaining on the VB of Bi;O¢l3 would partly directly oxidize TC
or react with HO/OH" to produce *OH [49, 50]. The TC molecules can be attacked by these
+O?" and h" radicals, and ultimately decomposed into the intermediates or CO, and H,O [51,
52]. Noteworthily, the abundance of different heteroatom (N, S and B) surface defect sites on
the surface of CQDs facilitates the activation of O, molecular [15]. It reveals that the
incorporation of CQDs not only enhances the sunlight harvesting ability but also improves the
photocatalytic performance of CQDs/Bi;Ool3-3 though enhancing the separation of electron-

hole pairs and providing more reactive species.
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Fig. 7. Nllustration of the photocatalytic mechanism of TC degradation by CQDs/Bi;O9l3-3

*OH

composite.

4. Conclusions

The photocatalyst composites of Bi;Ool; decorated by lignin-derived CQDs were
fabricated via a simple hydrothermal process. The CQDs were embedded on the surface of the
Bi;09]3 nanosheet. The CQDs/Bi;O9l3 composites had enhanced photocatalytic performance,

recyclability and stability for TC degradation under Xe lamp irradiation compared to pure
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Bi709]3. The optimum CQDs/Bi;09l3-3 exhibited superior photocatalytic efficiency with nearly
100% removal of TC (10 mg/L) in 45 min and 0.08133 min"! degradation rate, which was 4.74
times higher than that of pure Bi;Ools. The *O? and h* radicals identified by EPR and free
radical trapping experiments were estimated as the key reactive species for TC degradation.
The roles of CQDs in photocatalytic performance enhancement can be explained from the
following aspects: (i) CQDs acted as a photosensitizer and photocenter for enhancing the
sunlight harvesting ability of CQDs/Bi;O¢l3 composite; (ii) CQDs worked as an electron
reservoir and reduce the dissolved O; to yield «O*™ radicals, thereby accelerating the charge
migration and inhibiting the recombination of electron-hole pairs; (iii) The abundance of
defects on the surface of CQDs extremely facilitates the activation of O, molecular, promoting
the photocatalytic activity of CQDs/Bi;0¢l3 composite. This work has inspired the design and
fabrication of more high-performance photocatalysts decorated by biomass-derived CQDs for

contaminant water treatment.
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