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Developing S-scheme heterojunctions with a strong internal electric field (IEF) is crucial to facilitat-
ing charge separation and thereby enhancing catalytic activity. Herein, a 3D nanoflower-like oxygen va-
cancy (OV)-modified carbon quantum dot (CQD)/Bi,WOg heterojunction was synthesized through a hy-
drothermal process followed by alkaline etching. The experimental and theoretical results demonstrate
that the introduction of OVs optimizes the band structure of Bi,WOg and increases the Fermi level dif-
ference between Bi,WOg and the CQDs, thereby generating an enhanced interfacial IEF to boost the
separation/migration of photoproduced charges. Quantitative analysis reveals that the IEF intensity of
CQD/Bi;,WOg-0V is 1.84 times greater than that of CQD/Bi,WQg. The S-scheme charge migration path-
way between the CQDs and Bi;WOg-OV was elucidated via in situ X-ray photoelectron spectroscopy (XPS)
and electron paramagnetic resonance (EPR), which facilitates efficient charge separation and enhances the
photocatalytic redox capability. As a result, the optimized CQD/Bi,WQOg-OV S-scheme heterojunction ex-
hibits a degradation efficiency of 95.2% for ciprofloxacin (CIP) within 40 min under visible light, and its
kinetic rate constant is 3.4 and 30.8 times greater than that of Bi,WQg and the CQDs, respectively. Fur-
thermore, liquid chromatography-mass spectrometry (LC-MS) and Fukui function analyses elucidate the
degradation mechanisms of CIP, and toxicity assessment confirms the low environmental risk of its in-
termediates. This work provides insights into the design of OV-engineered S-scheme heterojunctions for

efficient charge separation and antibiotic photodegradation.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

The widespread use of antibiotics in recent years has raised se-
rious environmental and public health concerns [1]. To address this
challenge, visible-light-driven photocatalysis has emerged as a po-
tential solution for controlling antibiotic pollution owing to its en-
vironmentally benign nature, mild operating conditions, and potent
radical-mediated oxidation capacity [2]. Consequently, the rational
fabrication of high-performance photocatalysts is crucial for ad-
vancing photocatalytic technologies that effectively degrade antibi-
otics in wastewater systems. In this regard, as a typical bismuth-
based photocatalyst, Bi,WOg possesses a distinctive layered struc-
ture, excellent chemical stability, and outstanding visible-light re-
sponse, exhibiting a great advantage for photocatalytic remediation
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applications [3,4]. Nevertheless, the severe recombination of pho-
toproduced charges has restricted the photocatalytic efficiency of
pure Bi,WOg [5,6]. In recent years, heterojunction engineering has
emerged as an effective approach to address this issue, especially
given the growing focus on S-scheme heterojunction photocatalysts
[7,8]. The S-scheme heterojunction is typically composed of two
semiconductor materials with staggered energy bands. When two
materials come into contact, the difference in their Fermi levels
causes electron migration at the interface, resulting in band bend-
ing and the formation of an internal electric field (IEF). Notably,
driven by the IEF, the low-value photogenerated electrons (e-) and
holes (h*) undergo recombination, while those with strong redox
ability are preserved. Consequently, the S-scheme heterojunction
achieves dual functionality: (i) Significantly promoting the spa-
tial separation of photoproduced e--h* pairs while (ii) maintaining
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the strong redox capabilities essential for photocatalytic processes
[9,10].

Carbon quantum dots (CQDs), an emerging class of zero-
dimensional carbon nanomaterials, exhibit excellent dispersibil-
ity, stable chemical structure, tunable optical bandgap, outstand-
ing surface features, and strong light absorption capacity [11,12].
These exceptional properties enable CQDs to offer unique bene-
fits in the development of advanced photocatalytic materials. Re-
cent investigations have revealed that S-scheme heterojunctions
can be constructed by coupling CQDs with appropriate semicon-
ductor materials. Recent advances have demonstrated several CQD-
based S-scheme heterojunction systems, including N-CQDs/g-C3N4
[13,14], CQDs/Cu,0 [15], N-CQDs/TiO, [16], Yb-MnO,/N-CQDs [17],
CQDs/Bi;MoOg [18] and CQDs/BiOBr [19], all of which have sig-
nificantly enhanced photocatalytic activity. Despite the significant
progress achieved, S-scheme photocatalysts that combine CQDs
with semiconductors for antibiotic degradation are still in their
nascent stages of development, with considerable potential yet to
be harnessed for performance enhancement. Defect engineering,
particularly through the introduction of OVs, is recognized as a po-
tential tactic to increase the photocatalytic performance of semi-
conductor materials [20,21]. OV can not only expand light absorp-
tion but also modify the intrinsic bandgap structure of semicon-
ductors, acting as trap centers for photoelectrons to facilitate the
transfer/separation of photoproduced charges [22,23]. For example,
Zhong et al. enhanced the photocatalytic activity of selective ben-
zene oxidation to phenol by regulating the OV on the TiO, surface
[24]. Notably, while OVs have been extensively studied in single-
component semiconductor photocatalysts, the mechanistic under-
standing of their role in S-scheme heterojunctions as binary pho-
tocatalysts remains limited. These observations inspire us to design
S-scheme heterojunctions by incorporating OV-modified Bi, WOg
onto CQDs, aiming to improve the photocatalytic removal efficiency
of emerging antibiotic contaminants from contaminated water.

Inspired by previous research, we fabricated a 3D nanoflower-
shaped CQD/Bi,WOg-OV S-scheme heterojunction photocatalyst
through a combination of hydrothermal synthesis and alkaline
etching techniques (Fig. S1 in Supporting information). Systematic
analyses reveal that the OV introduced in Bi;WOg augments the
Fermi level disparity between Bi,WOg and the CQDs, facilitating
the transfer of more e~ from Bi,WOg-OV to the CQDs. This pro-
cess strengthens the IEF at the interface, thereby improving the
separation/transfer of photoproduced charges. In situ XPS, EPR, and
density functional theory (DFT) evidence of the S-scheme charge
transfer process between Bi,WOg-0V and the CQDs. The optimized
catalyst achieves 95.2% CIP degradation within 40 min under visi-
ble light (A > 420 nm), outperforming most reported Bi,WOg-based
photocatalysts.

The  microstructures of Bi;WOg, CQDs/Bi,WOg, and
CQDs/Bi,WOg-0V were examined via scanning electron microscopy
(SEM) analysis. The SEM micrographs in Fig. S2a (Supporting in-
formation) show that Bi,WOg has a 3D nanoflower structure
made from nanosheets approximately 22nm thick. The images
in Fig. S2b (Supporting information) indicate that, after adding
the CQDs, the overall morphology of the CQD/Bi,WQg composite
remains a 3D nanoflower, with no significant change from that of
pure Bi;WOg. However, the nanosheet surface appears rougher,
likely due to the hydrothermal loading of CQDs onto the Bi, WOg
nanosheets. Owing to their small size, visualizing CQDs with SEM
remains challenging. The SEM micrographs in Fig. S2c (Supporting
information) show that the microstructure of the CQD/Bi,WOg
composite remained mostly the same after adding OV, implying
that the NaOH treatment did not cause significant corrosion. Ad-
ditionally, Fig. S2d (Supporting information) shows the SEM-EDS
elemental mapping results, confirming a uniform distribution of
elements (Bi, W, O and C) in the CQD/Bi, WOg-OV nanocomposite.
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The structure of the as-synthesized CQDs was characterized
via transmission electron microscopy (TEM) and fluorescence spec-
troscopy. As depicted in Fig. S3 (Supporting information), the CQDs
display a near-spherical morphology without interparticle aggre-
gation and emit intense blue fluorescence under a 365nm UV
lamp. These findings demonstrate that highly crystalline fluores-
cent CQDs were synthesized via a hydrothermal approach using
lignin as the precursor. The TEM micrograph in Fig. 1a shows that
pure Bi;WOg is composed of nanosheets, which aligns with the
SEM findings. The HR-TEM micrographs of Bi,WOg (Figs. 1b and
c) reveal distinct lattice fringe spacings of 0.272 nm, assigned to
the (002)/(200) crystal planes of Bi,WOg [25]. Fig. 1d displays
TEM images of CQDs/Bi,WOg-OV at various magnifications. Com-
pared with that of pure Bi,WOg, the surface roughness of the
CQD/Bi,W0g-OV composite is greater, with many quantum dots
(6nm in diameter) distributed across its surface (Fig. 1e). The
HR-TEM image of CQDs/Bi,WOg-OV (Fig. 1f) shows two sets of
clear lattice fringes: A spacing of 0.272 nm matching the Bi,WOg
(002)/(200) planes and another fringe with a 0.212 nm spacing as-
sociated with the CQD (100) crystal plane [26]. These results pro-
vide compelling evidence for the robust interfacial adhesion be-
tween the CQDs and Bi,WOg.

The X-ray diffraction (XRD) patterns of all the samples (Fig.
1g) exhibit exclusively Bi,WOg diffraction peaks, with no observ-
able CQD peaks in the CQD/Bi,WOg composite, which is likely
due to the low CQD loading (<5wt%). Compared with those of
Bi, WOg, distinct D and G bands were observed in the Raman spec-
tra of the CQDs/Bi, WOg (Fig. S4 in Supporting information), further
confirming the formation of CQDs. The N, adsorption-desorption
isotherms (Fig. 1h) reveal that all the catalysts exhibited a typical
type IV shape, indicating the presence of narrow slit-like macrop-
ores and mesopores in the catalyst [27]. The specific surface areas
of Bi;WOg, Bi;WOg-0V, CQDs/Bi;WOg, and CQDs/Bi,WOg-OV are
23.21, 24.36, 32.51, and 42.29 m?/g, respectively (Table S1 in Sup-
porting information). The pore size distribution in Fig. S5 (Support-
ing information) indicates that CQD/Bi,WOg-OV has a narrower
pore size distribution. These results demonstrate that incorporat-
ing CQDs and OVs onto Bi,WOg 3D nanoflowers increases the spe-
cific surface area of the catalyst, which offers more reactive sites
for pollutant adsorption and degradation.

Fig. S6 (Supporting information) shows the high-resolution XPS
spectra of O 1s and the relative amount of different oxygen species.
The O 1s peaks of CQDs/Bi,WOg-OV and Bi,WQOg-OV can split into
three peaks at 530.2, 531.8, and 533.2eV, corresponding to lat-
tice oxygen, OVs, and adsorbed oxygen, respectively (Fig. S6a in
Supporting information) [28]. The area of the three peaks and
the corresponding oxygen species content were calculated through
area integration. The semi-quantitative analysis results indicate
that compared with BiWOg-OV, the relative content of OV in
CQD/Bi,WOg-0V is slightly reduced (Fig. S6b in Supporting infor-
mation), which may be due to the electronic defect states of OV
on the surface of BiyWOg-OV being offset by lone pair electrons of
oxygen atoms on the surface of CQDs [29]. EPR spectroscopy was
utilized as another powerful technique to confirm the existence
of OV. As shown in Fig. 1i, the Bi;WOg-OV and CQD/Bi, WOgz-OV
nanoflowers exhibit similar EPR signals at g=2.003, whereas the
bare Bi;WOg and CQD/Bi,WOg samples present no signal, further
indicating the presence of OV in Bi,WOg-OV and CQD/Bi, WOg-0OV
[30].

The relationship between the loading level of the CQDs (con-
trolled via the lignin precursor dosage) and the photocatalytic effi-
ciency of Bi,WOg was explored. As presented in Fig. S7 (Supporting
information), pristine Bi,WOg degraded only 60.3% of the CIP af-
ter 40 min of visible light illumination. Notably, the CQDs/Bi, WOg-
2 prepared with the addition of 140mg of lignin exhibited the
optimal degradation efficiency (80.8%) for CIP. Among them, the
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Fig. 1. (a-c) TEM micrographs of pure Bi;WOg and (d-f) CQDs/Bi,WOs-OV at different magnifications. (g) XRD patterns, (h) N, adsorption-desorption isotherms and (i) EPR

spectra of various samples.
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Fig. 2. (a) Photocatalytic removal and (b) first-order rate constants of CIP by various catalysts under visible light exposure. (c) Cycling tests of CQDs/Bi,WOg-OV for CIP
degradation. (d) Impact of pH on CIP removal, (e) degradation of CIP in the presence of distinct inorganic ions and HA, (f) degradation of CIP in various water sources.

first-order rate constant (k=0.04266 min!) of CQDs/Bi,WQg-2 is
2.33 times greater than that of pristine Bi,WOg (k =0.01834 min™!).
These findings demonstrate that introducing a suitable amount of
CQDs can improve the photocatalytic degradation performance of
Bi,WOg toward CIP.

The removal efficiency of CIP was further assessed under
visible-light irradiation across various catalysts. Fig. 2a shows that
the concentration of the CIP solution remains stable under light
irradiation without a photocatalyst, indicating the negligible self-
photodegradation capability of CIP. Additionally, the CQDs exhibit
a limited ability to degrade CIP under visible light. Under the same
conditions, the CQD/Bi,WOg composite exhibits a higher CIP re-
moval efficiency than the original CQDs and Bi,WOg. After fur-

ther introduction of OVs, the CQD/Bi,WOg-OV composite exhibits
optimal photocatalytic activity, achieving 95.2% CIP degradation
within 40 min of visible light irradiation. The corresponding rate
constants were obtained by fitting the first-order reaction kinet-
ics model (Table S2 in Supporting information). The fitting re-
sults are shown in Fig. S8 (Supporting information), which in-
dicates that the photodegradation of CIP is consistent with the
first-order reaction kinetics model. As presented in Fig. 2b, the
first-order rate constant of CQDs/Bi,WOg-OV for CIP degrada-
tion is k=0.06279 min"!, which is 1.47 times greater than that
of CQDs/Bi,WOg (k=0.04266min™!), 3.42 times greater than that
of Bi;WOg (k=0.01834min™!), 2.18 times greater than that of
Bi,WOg-0V (k=0.02879 min"!), and 30.78 times greater than that
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of CQDs (k=0.00204min!). Furthermore, the effects of different
catalysts on the mineralization of CIP were evaluated. Fig. S9 (Sup-
porting information) shows that the CQD/Bi,WOg-OV composite
achieves 46.83% CIP mineralization within 60 min of visible light
illumination, which is 1.63 times greater than that of Bi,WOg-
OV (28.66%) and 1.44 times greater than that of CQDs/Bi;WOg
(32.51%). The above results indicate that constructing heterojunc-
tions with CQDs and creating OVs can effectively promote the
degradation and mineralization of CIP by CQDs/Bi,WOg-OV under
visible light.

The stability of CQDs/Bi,WOg-OV was evaluated via recycling
tests for the photocatalytic degradation of CIP. As evidenced in Fig.
2¢, the CIP removal rate slightly decreased with each successive
cycle, but remained stable at 84.0% after four cycles under visible
light. The XRD patterns (Fig. S10 in Supporting information) be-
fore and after use show no change in the characteristic diffraction
peaks, confirming the structural integrity of the composite. More-
over, the SEM images (Fig. S11 in Supporting information) reveal
that the original morphology of CQDs/Bi,WOg-OV was well pre-
served after use. To further investigate the reasons for the perfor-
mance decline of CQDs/Bi,WOg-OV after use. The Fourier trans-
form infrared (FTIR) and XPS spectra of CQDs/Bi,WOgz-OV were
tested before and after use. The FTIR spectrum of the used sample
(Fig. S12a in Supporting information) reveals no positional shift in
peak positions but a reduction in intensity, indicating an alteration
in its surface chemical state. This finding is supported by XPS anal-
ysis, which shows a concomitant attenuation in the intensities of
the C 1s, O 1s, Bi 4f, and W 4f signals (Figs. S12b-f in Support-
ing information). These changes are likely attributable to the par-
tial detachment of CQDs and the filling of surface OVs during the
reaction.

Furthermore, the photocatalytic performance of CQDs/Bi, WOg-
OV was investigated under various pH values, coexisting anions,
humic acid, and real water conditions. As depicted in Fig. 2d, the
CQD/Bi,WOg-0V exhibits high photocatalytic efficiency toward CIP
within a wide pH range of 6.8-11.1. Notably, compared with acidic
environments (pH 3.08-5.1), alkaline environments (pH 9.1-11.1)
are more favorable for CIP degradation. This phenomenon may be
due to the reduced redox potential of OH~/°OH at higher pH val-
ues [31], which facilitates more efficient OH~ oxidation by the
CQD/Bi;WOg-0OV photocatalytic system to generate additional *OH
radicals. Fig. 2e shows the effects of the presence of both inorganic
salts and humic acid (HA) in water on the photocatalytic degrada-
tion performance of CIP. Compared with ultrapure water, common
anions (SO4%~, NO3~, CO32-, CI7) and HA have negligible effects
on CIP photodegradation, and the total removal rate remains above
88.0% within 40 min. However, they have an impact on the kinet-
ics of the CIP photodegradation reaction, which may result from
their competition with CIP for reaction sites on the CQD/Bi, WOg-
OV surface, as well as their ability to function as scavengers of ac-
tive species [32,33]. The impact of actual water bodies on the CIP
degradation performance is shown in Fig. 2f. The removal efficien-
cies of CIP in tap water, lake water, and river water were 93.6%,
87.5% and 86.0%, respectively. Further kinetic analysis (Fig. S13 in
Supporting information) indicates that compared to the other three
types of water, ultrapure water has a high removal efficiency and
the fastest degradation rate for CIP, due to the absence of active
species inhibitors in ultrapure water [34]. These findings indicate
that CQDs/Bi,WOg-0V have great potential for purifying antibiotic
pollutants in actual water bodies.

The light collection ability and band structure of the sam-
ples were evaluated via UV-visible diffuse reflectance spectroscopy
(UV-vis DRS) and XPS valence band (XPS-VB) analysis. As pre-
sented in Fig. 3a, the original Bi,WOg exhibited excellent pho-
toresponsivity in the range of 200-450 nm. The inherent absorp-
tion edge of Bi,WOg redshifts after the introduction of the CQDs
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and OVs, indicating an improvement in its utilization efficiency of
visible light. Moreover, the band gap energy (Eg) of the catalysts
was calculated via the Tauc plot approach based on UV-vis DRS
spectra [35]. As given in Fig. S14 (Supporting information), the Eg
of Bi,WOg-0V is 2.58 eV, which is lower than that of the original
Bi, WOg (2.65eV). According to previous reports, OVs may generate
defect levels below the conduction band (CB) of Bi,WOg, thereby
shortening the bandgap and expanding the light absorption range
[36]. In addition, Fig. 3b shows the UV-vis DRS of the CQDs, which
exhibit significant absorption throughout the visible light range of
200-800 nm, corresponding to a narrow bandgap of 1.88 eV (inset
of Fig. 3b). The XPS-VB spectra of the samples were recorded to
analyze the band structure. As given in Fig. 3c, the VBxps posi-
tions of Bi;WOg, Bi,WOg-OV, and the CQDs were 2.42, 2.22, and
2.48 eV, respectively. The VB position (vs. NHE) was calculated via
the following equation: Eyg (vs. NHE)= @ + VByps - 4.44 eV, where
@ (4.2eV) and 4.44 eV are the work functions of the XPS analyzer
and the vacuum level, respectively [37]. The VB positions (vs. NHE)
of Bi;WOg, Bi;WOg-0V, and the CQDs were calculated to be 2.18,
1.98, and 2.24V, respectively. Thus, the CB potentials of Bi,WOg,
Bi;WOg-0V, and CQDs were determined via the equation: Eg =Eyp
- Ecg, which yielded values of —0.47, —0.60, and 0.36V (vs. NHE),
respectively. Based on these measurements, the band structures of
Bi,WOg, Bi,WOg-0V, and the CQDs were determined and are sum-
marized in Fig. S15 (Supporting information).

The charge migration/separation kinetics of the photocata-
lysts were investigated via photoluminescence (PL), electrochem-
ical impedance spectroscopy (EIS), and time-resolved photolumi-
nescence (TRPL). As given in Fig. 3d, compared with the Bi, WOg,
Bi,WOg-0V, and CQD/Bi,WOg heterojunctions, the CQD/Bi;WOg-
OV heterojunction has a smaller resistance radius arc under the
same conditions, indicating its excellent interface charge transfer
ability [38]. The separation kinetics of the photoinduced charges
were analyzed through PL and TRPL measurements. As depicted in
Fig. 3e, the PL intensities of Bi,WOg-OV and CQDs/Bi,WOg are sig-
nificantly lower than that of pure Bi,WOg after the introduction
of CQDs and OV. At the same time, CQDs/Bi,WOg-OV presented
the lowest PL signal, indicating that constructing heterojunctions
with CQDs and introducing OVs can promote the effective sep-
aration of photogenerated charges [39]. In addition, TRPL analy-
sis (Fig. 3f and Table S3 in Supporting information) reveals that,
compared with Bi;WOg (Tavg: 0.97 ns), BiWOg-0V (Tavg: 1.02ns),
and CQDs/Bi;WOg (Tavg: 1.22ns), the CQDs/Bi;WOs-OV had a
longer carrier lifetime (Tavy: 1.62ns), demonstrating the signifi-
cant enhancement of space charge separation in CQDs/Bi, WOg-OV
[40]. Therefore, the photogenerated charges in the CQD/Bi, WOg-OV
composites can be maximally utilized for photocatalytic reactions.

The charge transfer direction between the CQDs and Bi,WOg-
OV was determined via in situ irradiation XPS. Before analysis, all
the XPS spectra were energy-calibrated with the adventitious car-
bon C 1s peak set at 284.8 eV as an internal reference. As given in
Fig. 3g, the two peaks of the W 4f orbital in CQDs/Bi,WOg-OV are
ascribed to the binding energies of W 4fs;;, and W 4f;,, respec-
tively [41]. Under light irradiation, these peaks shift toward lower
binding energies, confirming the accumulation of e~ in Bi;WOg-OV.
Similar trends were recorded in the in situ XPS spectra of Bi 4f
(Fig. 3h). The C 1s XPS spectrum (Fig. 3i) reveals three characteris-
tic peaks at 284.8, 285.9, and 288.2 eV, corresponding to C-C/C=C,
C-0, and C=0 bonds, respectively, which are consistent with the
typical chemical structure of CQDs. Notably, these peaks shift to-
ward higher binding energies under light irradiation [42]. The in
situ XPS results strongly confirmed that the photogenerated e-
transferred from the CQDs to Bi; WOg-OV.

Additionally, ultraviolet photoelectron spectroscopy (UPS) was
employed to determine the work functions (®s) of Bi;WOg,
Bi,WOg-0V, and the CQDs [43]. The cutoff edges (E.ywoff) Of
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Fig. 3. UV-vis DRS of (a) Bi,WOg-based catalyst and (b) CQDs. (c) XPS-VB spectra of Bi;,WOg, Bi;WOs-OV and CQDs. (d) EIS spectra, (e) PL spectra and (f) TRPL measurements
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Bi,WOg, Bi,WOg-OV and the CQDs are located at 16.11, 16.72
and 15.51eV, respectively (Fig. S16 in Supporting information).
The @& values of Bi,WOg, Bi,WOgz-OV and CQDs can be calcu-
lated to be 5.11, 4.50 and 5.71eV, respectively, via the follow-
ing equation: @ =hv - E.f Where hv denotes the energy of
the incident photon (21.22 eV) [44,45]. Furthermore, the Fermi lev-
els (Ef) of Bi;WOg, Bi;WOg-OV and the CQDs are calculated to
be —5.11, —4.5 and -5.71eV, respectively, by applying the equa-
tion @ =E, - E; where E, represents the potential of the vac-
uum (0eV). The different @ values between two semiconductors
are the key factors for charge transfer at the semiconductor inter-
face. The greater the difference in @ between the two semicon-
ductors is, the stronger the IEF at the interface, and the higher the
efficiency of interface charge transfer [46,47]. Obviously, after in-
troducing OVs into Bi;WOg, the @ of Bi,WOg-OV decreases, lead-
ing to an increase in E;. The @ difference between the CQDs and
Bi,WOg is 0.6eV, whereas that between the CQDs and Bi; WOg-
OV increases to 1.21eV. Therefore, the introduction of OVs mod-
ulated the diameter of BiWOg, increased the diameter difference
between the CQDs and Bi,WOg, provided a stronger driving force
for interface charge transfer, and enhanced the performance of the
CQD/Bi,WOg-0V S-scheme heterojunction in degrading CIP. As pre-
sented in Fig. S17 (Supporting information), the E; of Bi,WOg-OV is
greater than that of the CQDs. In close contact, e~ spontaneously
transfers from Bi,WOg-OV to the CQDs until E; at the interface
reaches equilibrium. Simultaneously, the energy band of Bi,WOg-
OV that loses e~ bends upward, whereas the energy band of the
CQDs that gain e~ bends downward. The e~ depletion layer and e-
accumulation layer are formed in Bi;WOg-OV and CQDs, respec-
tively, resulting in IEF and band bending from Bi,WOg-OV to the
CQD direction in the space charge layer. During photoexcitation,
the photoproduced e in the CB of the CQDs spontaneously mi-
grates toward Bi;WQg-OV and recombines with h* in the VB of
Bi,WOg-OV. The electron-rich Bi,WOg-OV serves as the reduction
reaction site, whereas the hole-rich CQDs serve as the oxidation re-

action site. The constructed S-scheme heterojunction between the
CQDs and Bi;WOg-0V synergistically promotes the spatial separa-
tion of photoexcited e~-h* pairs while maintaining their high re-
dox potentials.

To elucidate the charge transfer mechanism, the 3D charge
density differences of CQDs/Bi;WOg-OV and CQDs/Bi,WOg were
computed via DFT. Figs. 4a, b, d and e denote the charge den-
sity differences of CQDs/Bi,WOg and CQDs/Bi,WOg-OV, respec-
tively. Blue and yellow refer to the charge depletion and accu-
mulation regions, respectively. e are readily transferred from the
Bi,WOg and Bi,WOg-OV sides to the CQD side through the het-
erojunction interface, leading to a positive charge on the Bi,WOg
and Bi;WOg-0V sides near the interface and a negative charge on
the CQD side. The redistribution of charges results in the gen-
eration of IEF from Bi,WOg and Bi;WOg-OV to the CQDs near
the interface, which aligns with the results of the work function
and in situ XPS. Notably, the CQD/Bi,WOg-OV system results in
a stronger charge density difference than the CQD/Bi,WQOg sys-
tem does, resulting in an enhanced IEF effect at the CQD/Bi, WOg-
OV interface due to the modification of OV, effectively increas-
ing the spatial separation/transfer of photoproduced charges. Bader
charge analysis revealed that the number of free electrons trans-
ferred from Bi;WOg and Bi;WOg-OV to the CQDs was 0.74 e and
1.06 e, respectively (the fundamental charge), which further sup-
ports the above conclusion. As depicted in Figs. 4c and f, the pla-
nar average charge density difference of CQDs/Bi,WOgz-OV along
the z-axis is positive for the CQDs and negative for Bi,WOg-0V,
further confirming e~ migration from Bi;WOg-OV to the CQDs
under nonilluminated conditions. Moreover, the planar average
charge density difference along the z-axis of CQDs/Bi;WOg-OV
is significantly greater than that of CQDs/Bi,WOQg, which is in
good agreement with the charge density difference analysis. These
findings provide clear evidence for both an S-scheme charge
transfer pathway and a strengthened IEF in the CQD/Bi, WOg-OV
composite.
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Typically, the intensity of the IEF serves as a key kinetic fac-
tor governing charge separation, making its quantitative evaluation
an essential step. According to the theory proposed by Kanata et
al.,, the IEF of a given material shows a monotonic positive corre-
lation with both its surface charge density and surface photovolt-
age [48]. Notably, the CQD/Bi;WOg-OV sample achieves a high sur-
face charge density of 0.255411C/cm?, as determined by transient
photocurrent measurements (Fig. 4g). Steady-state surface photo-
voltage (SPV) measurements revealed a significant surface poten-
tial of 2271V for CQDs/Bi,WOg-OV (Fig. 4h). These results fur-
ther demonstrate that the CQD/Bi;WOg-OV heterostructure has an
enhanced photogenerated charge separation efficiency compared
with its CQD/Bi,WOg counterpart [49]. According to the surface
charge density and surface photovoltage results (Table S4 in Sup-
porting information), the IEF intensity of CQDs/Bi,WQg-0V is 1.84
times greater than that of CQDs/Bi,WOg (Fig. 4i). As a result of
the enhanced IEF and well-designed S-scheme heterojunction in
CQDs/Bi,WOg-0V, highly efficient charge migration and separation
can be achieved.

The reactive species generated by CQDs/Bi,WQg-OV during the
photocatalytic process were identified via in situ EPR. As presented
in Figs. 5a and b, the CQD/Bi,WQg-0V does not exhibit DMPO-'OH
or DMPO-'0, characteristic signals under dark conditions. A dis-
tinct four-line DMPO-"OH signal with a 1:2:2:1 intensity ratio and
six intense lines of DMPO-"0,~ were observed under visible light,
confirming the generation of ‘OH and "O, radicals. As the irradi-
ation time increased, the increasing peak intensities of the DMPO-
‘OH and DMPO-"0,~ signals increased, indicating a corresponding
increase in the concentration of these two free radicals. These find-
ings demonstrate that the constructed CQD/Bi;WOg-OV S-scheme
heterojunction facilitates visible-light-driven generation of *OH and
‘0, radicals, which are primarily responsible for CIP degrada-
tion via oxidative cleavage. Reactive species quenching experiments

were performed to assess the contributions of *OH, ‘O,~, and h*
to the photocatalytic removal of CIP by CQDs/Bi,WOg-OV. As given
in Fig. 5¢, the addition of L-ascorbic acid (AA) significantly inhib-
ited CIP degradation, revealing that ‘O, was the primary reactive
species for the photocatalytic removal of CIP. Moreover, the addi-
tion of Na,C,04 (h*™ scavenger) and isopropanol (IPA, ‘OH scav-
enger) also inhibited CIP degradation to some extent, confirming
the secondary roles of h* and "OH in the photocatalytic process.
The corresponding rate constants were obtained by fitting the first-
order reaction kinetics model (Fig. S18 in Supporting information).
Furthermore, compared with the quencher-free system, the addi-
tion of AA, Na,C,04, and IPA reduced the reaction rate constants
for CIP removal to 0.00553, 0.02414, and 0.03799 min~!, respec-
tively (Fig. 5d). This further indicates that *0O,~ is the main reactive
species for CIP degradation, followed by “OH and ht.

Based on experimental analysis and theoretical calculations, the
photocatalytic mechanism of the CQD/Bi,WQg-OV heterojunction
for CIP degradation was further investigated. As revealed in Fig.
5e, the e~ in the CQDs and Bi,WOg-OV transitions from their re-
spective VB to CB under irradiation with light. Under IEF driv-
ing, e= in the CB of the CQDs recombines with h*™ in the VB
of Bi,WOg-OV, whereas highly reactive h* and e~ are retained
in the CQD/Bi,WOg-OV heterojunction. The VB potential of the
CQDs is more positive than that of OH"/"OH (1.99V vs. NHE) [50],
and the CB potential of Bi,WOg-OV is more negative than that of
0,/'0,~ (—0.33V vs. NHE) [51]. Under these conditions, the h*
in the VB of the CQDs can oxidize OH- to generate ‘OH, and the
e~ in the CB of Bi,WOg-OV can reduce O, to form 'O, . Con-
sequently, an S-scheme heterojunction is successfully constructed
between the CQDs and Bi,WOg-0V, which simultaneously facil-
itates (i) efficient separation and directional migration of pho-
toinduced charges and (ii) abundant production of ‘O,~ and ‘OH
radicals.
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Fig. 6. (a) HOMO and LUMO, (b) ESP mapping, (c) optimized structure and (d) Fukui index of CIP.

DFT calculations based on the Fukui function were adopted to
investigate the removal pathways of CIP. The optimized structure
of the CIP is presented in Fig. 6¢c. Typically, the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) identify the sites prone to electrophilic and nucleophilic
reactions in photocatalytic processes [52]. As displayed in Fig. 6a,
the HOMO orbitals of CIP are predominantly situated at C10, C2,
C4, C5, and 013 atoms, whereas the LUMO orbitals are mainly
found at C15, C8, C6, C3, C5, and N11 atoms. Moreover, the electro-
static potential (ESP) mapping of CIP reveals distinct charge local-
ization, with strongly negative potentials concentrated at the 013
and 017 sites, whereas the N7, N22, and C14 regions exhibit signif-
icant positive potentials (Fig. 6b). Although these results indicate
probable reactive sites, HOMO-LUMO and ESP analyses alone are
insufficient for the quantitative evaluation of reactive sites. There-
fore, the Fukui function of CIP was used to quantify its local re-
activity. As depicted in Fig. 6d, the C8, 017, N11, and 013 atoms

have high f0 values and are susceptible to *OH attack; the C2, 013,
N22, F12, and C4 atoms have higher f* values and are vulnerable
to h* and 10, assaults; and the C4, C10, C9, 013, and 017 po-
sitions have high f* values and are prone to preferential attacks
from "0, .

LC-MS technology was utilized to identify potential degradation
intermediates of CIP, as illustrated in Fig. S19 (Supporting infor-
mation). Based on the above DFT calculations and LC-MS findings,
three plausible pathways for CIP degradation were proposed. As re-
vealed in Fig. 7a, the removal process of CIP essentially involves
cleavage of the piperazine ring, F-substitution, depropylation, de-
fluorination, and decarboxylation, among other steps. In pathway
I, CIP (m/z 332) undergoes initial attack by ‘0O, and ‘OH, result-
ing in cleavage and opening of the piperazine ring to generate P1
(m/z 334) and P2 (m/z 262). P2 is subsequently attacked by h* and
‘0, , triggering defluorination and depropylation to yield P3 (m/z
243) and P4 (m/z 205) [53]. In pathway II, CIP (m/z 332) undergoes
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Fig. 7. (a) Decomposition pathway of CIP by CQDs/Bi, WOg-OV. (b) Acute toxicity, (c) mutagenicity and (d) developmental toxicity of CIP and its intermediates.

decarboxylation via *0, attack to generate P6 (m/z 286). Then, P6
undergoes tetrahydropyridine ring cleavage under combined "0,
and "OH attacks, yielding P7 (m/z 262), followed by C-N bond
cleavage of P7 to form P8 (m/z 179) [54]. In pathway III, CIP (m/z
332) undergoes h*-mediated piperazine ring oxidation and cleav-
age to produce P10 (m/z 361). P10 is subsequently attacked by h*
and "0, , followed by hydrolysis to yield P11 (m/z 334) [55]. Then,
P11 is converted to P12 (m/z 261) via amination and fluorine sub-
stitution reactions. Thereafter, P12 undergoes deamination and ring
opening, affording P13 (m/z 197) and P14 (m/z 166). Finally, these
intermediates are further oxidized to nontoxic small molecules via
the combined action of O, , "OH, and h*, with some mineralized
into CO, and H,O0.

The toxicity of CIP and its intermediates was assessed via the
Toxicity Estimation Software Tool (T.E.S.T.) based on QSAR mod-
eling. Fig. 7b shows the evolution of acute toxicity for CIP and
its degradation intermediates during photodegradation, with nearly
all the transformation products exhibiting elevated LCsq values
relative to those of CIP. Among them, three degradation prod-
ucts (P9, P13, and P14) presented significantly higher LCsq values
(>100mg/L) than did CIP, demonstrating an order-of-magnitude
decrease in acute toxicity. As presented in Fig. 7c, a similar phe-
nomenon regarding mutagenicity is observed. Except for product
P6, which is more mutagenic than CIP, the mutagenicity of the
other products is lower than that of CIP. Notably, products P1, P13,
P11, P14, P12, P3, P4, P5, P8, and P13 show no detectable mu-
tagenicity. Fig. 7d further demonstrates that all the intermediates
exhibit reduced developmental toxicity compared with that of CIP,
with products P14 and P9 showing no detectable toxicity. The re-
sults demonstrate that the developed CQDs/Bi,WOg-OV can effec-
tively reduce the toxicity of CIP and its byproducts under visible
light illumination.

Furthermore, the ecological toxicity of the solution following
CIP degradation by CQDs/Bi,WOg-OV was assessed using mung
bean sprout cultivation experiments. In these experiments, mung
beans were soaked in 30mL of tap water, a raw CIP solution
(20mg/L), and a treated CIP solution. After 7 days of cultivation

at a constant temperature of 25°C, the growth results (Fig. S20 in
Supporting information) reveal that the CIP solution significantly
inhibited mung bean growth. In contrast, the mung beans in the
treated CIP solution germinated successfully and grew well, indi-
cating that the CQDs/BiWOg-OV can effectively reduce the ecolog-
ical toxicity of the CIP solution with the assistance of visible light.
Notably, the length of the bean sprouts in the treatment group
is slightly shorter than that in the tap water control. This slight
difference indicates that trace amounts of toxic intermediates still
exist in the CIP solution after 40 min of photodegradation, imply-
ing that a longer irradiation time is necessary to achieve complete
detoxification.

In summary, we synthesized a novel 3D nanoflower-structured
CQD/Bi;WOg-0OV S-scheme heterojunction, which demonstrates fa-
vorable visible-light photocatalytic activity with a 95.2% CIP re-
moval rate, outperforming most reported similar catalysts. Ki-
netic analysis revealed that the first-order rate constant k of
CQDs/Bi,W0g-OV for CIP degradation was 3.4- and 30.8-fold
greater than that of Bi,WOg and CQDs, respectively. DFT calcula-
tions and UPS analysis indicate that the introduction of a moder-
ate OV in the CQD/Bi,WOg-OV S-scheme heterojunction increases
the Fermi level difference between Bi,WOg and the CQDs. These
findings indicate that more electrons are transferred from Bi, WOg-
OV to the CQDs, resulting in a strengthened IEF at their interface,
which enhances the separation of the photoproduced charge car-
riers. In situ XPS and EPR further confirmed the establishment of
an S-scheme charge migration pathway between the CQDs and
Bi,WOg-0V, promoting the generation of ‘OH and "0, radicals
and the photodegradation of CIP. Moreover, three potential degra-
dation pathways of CIP were elucidated via LC-MS and the Fukui
index. The T.E.S.T. analysis predicts low toxicity of the intermedi-
ates, confirming that the CQD/Bi,WOg-OV S-scheme heterojunc-
tion effectively mitigates the ecological risk of CIP by minimiz-
ing the number of heterocyclic groups. This work provides insights
into the design of advanced S-scheme heterojunctions with ro-
bust IEF to achieve superior charge separation and environmental
remediation.
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