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A B S T R A C T   

A novel 0D/3D CdTe quantum dots/Bi2WO6 (CTQDs/BWO) Z-scheme photocatalyst was designed to enhance 
photochemical energy conversion efficiency. Experimental results demonstrated that the CTQDs/BWO injected 
electron lifetime, interfacial carrier transfer efficiency, and visible light absorption ability were observably 
enhanced due to the quantum effect and Z-scheme heterojunction synergy. In particular, 1.0 % CTQDs/BWO 
displayed excellent tetracycline removal efficiency (91.45 %) and prominent E. coli photoinactivation under 
visible light. In addition, its tetracycline removal efficiency remained above 85 % after five cyclic experiments. 
Moreover, using density functional theory (DFT) calculations and LC–MS spectra, we deeply analyzed the 
photoinduced electron transfer pathways and photocatalytic reaction degradation pathways and proposed a Z- 
scheme heterojunction model. This work provides a novel strategy for designing efficient Z-scheme photo-
catalysts and exhibits promising prospects for utilizing photocatalysts to address water contaminants.   

1. Introduction 

E. coli, a microbiological contaminant in water, has become a major 
threat to human health worldwide, causing more than two million 
deaths every year [1–5]. Although the development of antibiotics such 
as tetracycline (TC) has successfully treated bacterial diseases, it has led 
to the inundation of antibiotics in water and the production of 
drug-resistant bacteria [6–8]. Therefore, there is an urgent need to 
eliminate bacterial and antibiotic contamination from water environ-
ments [9,10]. There are many technologies that can treat bacterial 
contamination in water, such as chlorination, ozone, and ultraviolet 
light. However, these technologies have several disadvantages, such as 
carcinogenic disinfection byproducts, environmental damage, and high 
costs [11–13]. Chemical, physical, and biological treatment approaches 
have been developed to remove TC from water, among which photo-
catalytic technology is considered one of the most promising approaches 
because it can not only efficiently photodegrade TC but also simulta-
neously photoinactivate E. coli [14,15]. 

Photocatalytic technology is a light-driven chemical process that 

converts sustainable solar energy to electric energy [16–18]. Therefore, 
sustainable, green, and promising photocatalytic technology has been 
widely applied to environmental remediation [19–21]. Nevertheless, 
even though photocatalytic technology has made enormous progress in 
environmental applications, it can suffer from low photocatalytic per-
formance, narrow light absorption range, and poor charge-carrier sep-
aration efficiency, limiting its practical use [22–27]. Therefore, it is 
important to solve the aforementioned problems and develop novel 
high-efficiency photocatalysts. 

Flower-like Bi2WO6 (BWO) possesses superior photocatalytic ca-
pacity due to its chemical properties and unique layer structure [22,25, 
28]. However, BWO photocatalytic performance is limited by two fac-
tors in practical applications: (a) the fast electron-hole pair recombi-
nation rate and (b) the low solar energy utilization efficiency [29–32]. 
These two factors are contradictory. The former requires a wide band 
gap to reduce the electron-hole pair recombination rate, but does not 
contribute to light absorption. In contrast, the latter requires a narrow 
band gap to promote light absorption and enhance solar energy utili-
zation efficiency. Therefore, it is difficult for a single photocatalyst 
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compound to simultaneously solve these two issues [18,33,34]. Gener-
ally, constructing artificial Z-scheme heterojunction photocatalytic 
systems can solve the aforementioned single compound photocatalyst 
defects and achieve high-efficiency photocatalytic performance [35]. In 
recent years, many researchers have developed numerous hetero-
junctions based on BWO. For instance, Wang et al. [36] prepared an 
Ag-decorated WO3/Bi2WO6 Z-scheme heterojunction photocatalyst 
which exhibited highly efficient removal of gaseous chlorinated volatile 
organic compounds by utilizing the surface plasmon resonance effect. 
Tang et al. [37] fabricated an atomic-scale g-C3N4/Bi2WO6 hetero-
junction using a hydrothermal reaction which showed high-efficiency 
ibuprofen photodegradation. Wang et al. [38] constructed the 
CuInS2-QDs/Bi2WO6 p-n heterojunction through a deposition process 
which degraded toluene and reduced Cr(VI) with high efficiency. Ac-
cording to the above reports, Z-scheme heterojunction construction re-
quires semiconductors with perfectly matched energy band structures 
and precise contact interface mediation. 

Cadmium telluride quantum dots (CTQDs) have been used to 
construct Z-scheme heterojunctions based on flower-like BWO because 
of their high visible light absorption efficiency and quantum confine-
ment effect. A Z-scheme CTQDs/BWO photocatalyst can achieve high- 
efficiency photogenerated electron separation efficiency by trans-
ferring electrons from the BWO conductor band (CB) to the CTQD 
valence band (VB). The CTQDs/BWO Z-scheme heterostructure CB and 
VB with higher band energy can contribute to generating reactive 
oxidation species (ROS) [39–41], such as ⋅O−

2 (− 0.33 V vs. NHE) and 
⋅OH (+ 2.4 V vs. NHE) radicals [24] for photoinactivating E. coli and 
photodegrading TC. 

In this work, a novel 0D/3D CTQDs/BWO Z-scheme heterostructure 
was designed based on three-dimensional flower-like BWO and func-
tionalized CTQDs. The CTQDs were successfully deposited on the BWO 
surface and interspaces by the linker-assisted attachment method. We 
verified that photocatalysts were successfully synthesized by using 
scanning electron microscopy (SEM), transmission electron microscopy 
(TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy 
(XPS), Fourier transform infrared (FT-IR) spectrosopy, and Raman 
spectroscopy techniques. In addition, electron spin response (ESR), 
diffuse reflectance spectra (DRS), density functional theory (DFT) cal-
culations, and LC–MS spectra were performed to evaluate the reaction 
pathways, mechanism, and kinetics. Meanwhile, CTQDs/BWO photo-
catalytic performance was further investigated by E. coli photo-
inactivation and TC photodegradation (Fig. 1). Finally, the CTQDs/BWO 
stability and reusability was assessed by cycling experiments. 

2. Experimental section 

2.1. 3D flower-like BWO synthesis 

3D flower-like BWO spherical superstructures were synthesized via a 
hydrothermal method. When 20 mL of a Na2WO4⋅2H2O solution (0.05 
M) was added to 30 mL of a nitric acid solution (0.4 M) containing 0.97 g 
of Bi(NO3)2⋅5H2O, a white precipitate was formed, and the suspension 
was constantly stirred for 24 h. This solution was heated to 160 ◦C for 20 
h in a Teflon-lined autoclave. After naturally cooling to 25 ◦C, the 
samples were washed and collected with ethyl alcohol and deionized 
water and then dried at 60 ◦C for 12 h. 

2.2. Thioglycolic acid-stabilized CTQDs and CTQDs/BWO photocatalyst 
synthesis 

Water-soluble thioglycolic acid (TGA)-capped CTQDs were synthe-
sized via a hydrothermal method. First, 0.0917 g of Cd(AC)2⋅2H2O was 
dissolved in 100 mL deionized water, and then 40 μL of TGA was added 
to the solution. This solution was bubbled with a N2 atmosphere for 15 
min. The pH of the solution was adjusted to 10.0–10.5 with a sodium 
hydroxide solution (1 M). After the solution was bubbled with N2 for 10 
min, 0.0185 g of Na2TeO3 and 0.2209 g of Na3C6H5O7⋅2H2O were dis-
solved in the solution. In addition, 0.01 g of sodium borohydride was 
quickly dissolved in the solution. The mixture was further bubbled 
under a N2 atmosphere for 20 min. Finally, this solution was heated to 
160 ◦C for 2 h in a Teflon-lined autoclave. Then, the samples were 
washed with isopropanol:ethyl alcohol (2:1). Finally, the product was 
sealed in 100 mL of deionized water for later use. 

The CTQDs were deposited on the BWO surface and interspaces using 
the linker-assisted attachment method. Briefly, 1 mg of CdTeQDs was 
dispersed to 100 mL of deionized water, and the CdTeQDs solution was 
ultrasonicated for 30 min to disperse the CdTeQDs. The prepared BWO 
(100 mg) was added to the above solution and then stirred for 24 h. 
Finally, the CTQDs/BWO were collected by centrifugation (8000 rpm) 
and then dried at 60 ◦C for 12 h. According to the CdTeQDs and BWO 
mass ratio, the sample was designated 1.0 % CdTeQDs/BWO. To 
investigate the influence of the CTQDs amount, CTQDs/BWO Z-scheme 
photocatalysts with different CTQDs mass ratios (0.5 % and 1.5 %) were 
designated 0.5 % CTQDs/BWO and 1.5 % CTQDs/BWO, respectively. 

2.3. Photocatalytic capacity measurements 

2.3.1. Photocatalytic E. coli inactivation 
The BWO photocatalytic properties, 0.5 % CTQDs/BWO, 1.0 % 

CTQDs/BWO, and 1.5 % CTQDs/BWO were investigated with photo-
catalytic E. coli inactivation. Fig. S1 shows the E. coli inactivation 
experimental apparatus. The double-wall quartz vessel with bacterial 
suspension was irradiated with visible light from by a 300 W xenon lamp 
(CEL-HXF300, Beijing China Education Au-light Co., Ltd., China) with 
cutoff filters (λ > 420 nm). The visible light intensity was measured as 
132.5 mW⋅cm− 2 using an optical power meter (CEL-NP2000-2A, Beijing 
China Education Au-light Co., Ltd., China). The bacteria were grown in 
nutrient broth at 37 ◦C for 16 h to yield a cell count of approximately 
107-108 colony forming units (CFU/mL). One hundred mg of photo-
catalyst was dispersed into 100 mL of 0.9 % physiological saline with 3 
× 107 CFU/mL E. coli. One mL of bacterial suspension was removed at 
certain illumination time intervals. After diluting to a suitable concen-
tration (approximately 104 CFU/mL) with 0.9 % physiological saline, 
the suspension was spread on LuriaBertani culture plates and then 
incubated at 37 ◦C for 24 h. 

2.3.2. Photocatalytic antibiotic degradation 
The fabricated photocatalyst performance was evaluated by photo-

degrading TC. Monolayer quartz vessels with TC suspensions were 
irradiated with visible light from a 300 W xenon lamp with cutoff filters 

Fig. 1. CTQDs/BWO photocatalytic mechanism on E. coli inactivation and TC 
degradation. 
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(λ > 420 nm). The visible light intensity was measured as 123.5 mW 
cm− 2 using an optical power meter (CEL-NP2000-2A, Beijing China 
Education Au-light Co., Ltd., China). Fifty mg of photocatalyst was 
dispersed into 100 mL of TC solution (20 mg/L). Three mL of reaction 
solution was collected at 15 min intervals under visible light after the 
supernatant liquid was stirred in the dark for 30 min. Then, supernatant 
liquid was obtained by centrifugating the collected suspension at 13,000 
rpm. The TC concentration was measured using a UV–vis spectropho-
tometer at 358 nm. Cycle experiments were performed to assess the 
material stability and reusability. 

2.3.3. Reactive oxygen species scavenging and trapping experiments 
Radical scavenging experiments were performed to investigate the 

photocatalytic mechanism. Isopropanol (IPA, 50 mM), 2,2,6,6-tetrame-
thylpiperidine-1-oxyl (TEMPO, 50 mM), and sodium oxalate (Na2C2O4, 
50 mM) were used as scavengers to eliminate ⋅OH, h+ and ⋅O−

2 In 
addition, electron spin response (ESR) spectra were employed to detect 
⋅OH and ⋅O−

2 signals using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as 
the trapping agent. 

2.4. Electrochemical experiments 

The CTQDs/BWO photocurrent (PC) response was detected using a 
CHI-660E electrochemical workstation. Mott-Schottky (MS) plots were 
measured with a frequency of 1000 Hz and amplitude of 0.01 V. The 
electrochemical impedance spectra (EIS) were obtained with a low fre-
quency of 0.01 Hz and high frequency of 106 Hz. 

2.5. DFT calculation 

Density functional theory (DFT) calculationswas performed to opti-
mize the geometrical structure and electronic properties using the 
Vienna Ab initio Simulation Package (VASP) [42,43] with a projector 
augmented wave (PAW) method [44]. The Perdew-Burke-Ernzerhof 
(PBE) generalized gradient approximation (GGA) exchange-correlation 
functional method was adopted. All calculations were performed using 
the DFT/GGA method. Moreover, the DFT-D3 method incorporated van 
der Waals interactions with Becke-Jonson damping [45,46]. The kinetic 
energy cutoff ; was 480 eV. Brillouin zone integration was performed 
with Γ-centered 1 × 3 × 1 k-point grids for structural relaxation and 3 ×

5 × 1 k-point grids for electronic structure calculations (density of states 
and charge transfer). The total energy and all forces on atoms converged 
to less than 10− 5 eV and 0.05 eV/Å, respectively. A vacuum space of 
more than 10 Å along the z-direction was used to decouple possible 
periodic interactions. We took the 1 × 1 Bi2WO6 (220) facet to match the 
1 × 2 

̅̅̅
3

√
CdTe (111), which made lattice mismatch less than 3%. The 

CdTe and Bi2WO6 thicknesses were larger than 10 Å. 
All materials, apparatuses, and experimental details are provided in 

the Supplementary Information. 

3. Results and discussions 

3.1. Crystal structure and chemical composites 

The crystal structure and crystallinity were analyzed by XRD. As 
shown in Fig. S2, the distinct characteristic peaks of the as-synthesized 
CTQDs at 25.02◦, 43.38◦ and 51.22◦ matched well with the CTQDs 
crystal structure (1 1 1), (2 2 0), and (3 1 1) planes, respectively. In 
addition, the BWO powder diffraction pattern exhibited four broad 
peaks at 28.31◦, 32.80◦, 47.16◦, and 55.83◦, corresponding to the BWO 
(1 1 3), (2 0 0), (2 2 0), and (3 1 3) planes (JCPDS NO. 73–1126), 
respectively. As displayed in Fig. S2, it was clearly observed that the 
CTQDs/BWO composite characteristic peaks retained the crystal struc-
ture of a single BWO, indicating that the composites synthesis process 
did not change the pristine crystal structure. Due to the low CTQDs 
reactive diffraction intensity, the CTQDs diffraction peaks were not 
clearly observed in the CTQDs/BWO composites XRD patterns. How-
ever, it was obviously observed that the BWO (1 1 3) plane slightly 
shifted to the CTQDs (1 1 1) plane, which was attributed to CTQDs 
deposition on the surface and BWO interspaces caused by the variation 
in the chemical environment. Therefore, CTQDs/BWO composites were 
successfully synthesized and possessed the high crystallinity and crystal 
structure of single catalysts. 

Fourier transformed infrared spectroscopy was employed to illus-
trate whether the bifunctional ligand –COOH group was chemically 
connected to the BWO interspaces. As displayed in the CTQDs spectrum 
(Fig. S3a), the absorption peaks at 1630 cm− 1 and 1383 cm− 1 were C––O 
asymmetric stretching vibrations and C––O symmetric stretching vi-
brations (νC=O) from the –COOH group, respectively [47]. 

Fig. 2. XPS spectra of as-synthesized samples: (a) survey scan; (b-f) Cd 3d, Te 3d, Bi 4f, W 4f, and O 1s high-resolution XPS spectra.  
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Fig. 3. SEM images of flower-like spherical BWO (a, c, and e); 1.0 % CTQDs/BWO (b, d, and f); and (g) EDX mapping analyses of the Cd, Te, Bi, W, and O dis-
tribution. The insets of (a) and (b) are the BWO and 1.0 % CTQDs/BWO size distributions, respectively. The insets of (c) and (d) are the drawing models. The insets of 
(e) and (f) show the BWO and 1.0 % CTQDs/BWO pore radii distributions, respectively. 
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Furthermore, these absorption peaks were found in the 1.0 % 
CTQDs/BWO IR spectrum (in amplified Fig. S3a), implying that CTQDs 
were chemically absorbed on the BWO surface by carboxylic acid 
groups. In contrast, the 1.0 % CTQDs vibration peaks at ~3480 and 
~600 cm− 1 corresponded to O–H stretching vibrations from carboxylic 
acid and water and Bi-O and W–O stretching vibrations, respectively. 
These results confirmed that CTQDs were successfully bonded to the 
BWO interspaces using the –COOH group as the linker. Additionally, 
Raman spectra further confirmed CTQDs/BWO photocatalyst formation. 
As shown in Fig. S3b, the peaks of pure BWO at 789.8 and 820.3 cm− 1 

were attributed to O–W–O stretching vibration, and the peak at 712.9 
cm− 1 was connected to the tungstate chain stretching vibration [38]. 
The strong BWO peak at 309.4 cm− 1 and shoulder peaks (262.6 and 
295.03 cm− 1) were attributed to W–O and Bi–O bonding stretching or 
bending vibrations, and the peak at 418.2 cm− 1 corresponded to equa-
torial O–W–O bending vibrations [48]. The BWO peak at 162.8 cm− 1 

could be attributed to tungsten and bismuth ion transitions. After CTQDs 
deposition on the BWO surface and interspaces, the BWO intensity in the 
1.0 % CTQDs/BWO composites markedly decreased due to the CTQDs 
modification effects. In addition, the extra CTQDs/BWO peaks (126.2 
and 295.1 cm− 1), except for the BWO peaks, were ascribed to the CTQDs 
Te A1, Te E, CdTe TO, and CdTe LO modes [49,50]. However, the BWO 
peak at 309.4 cm− 1 and shoulder peaks (262.6 and 295.03 cm− 1) almost 
disappeared in 1.0 % CTQDs/BWO, indicating that the CTQDs were 
successfully modified on the BWO surface and interspaces. 

The BWO, CTQDs, and 1.0 % CTQDs/BWO elementary composition 
and chemical valence states were measured using XPS. As illustrated in 
Fig. 2, the 1.0 % CTQDs/BWO full spectrum mainly included all CTQD 
and BWO elements, such as Cd, Te, Bi, W, and O. Meanwhile, the sample 
element compositions were listed in Table S1, among which the C 
element was introduced as an external carbon source to calibrate the 
instrument. As shown in Fig. 2b, the Cd 3d spectrum contained two 
obvious peaks at 405.05 and 411.8 eV, which corresponded to Cd 3d5/2 
and 3d3/2 states in CdTe and CdO, respectively. The Te 3d spectrum 
(Fig. 2c) revealed that two peaks at binding energies (BEs) of 572.5 and 
576.1 eV were attributed to Te 3d5/2 and 3d3/2 in CdTe and Te-Ox 
compounds, respectively [49]. As shown in Fig. 2d, the Bi 4f spectrum 
included two peaks with BEs of 159.05 eV (Bi 4f7/2) and 164.35 eV (Bi 
4f5/2) of Bi3+ from [Bi2O2]2+. The peaks at 35.35 and 37.45 eV (Fig. 2e) 

corresponded to W 4f7/2 and W 4f5/2 of W6+ from [WO4]2− , respectively 
[24,38]. The O 1s spectrum of BWO was shown in Fig. 2f, where the peak 
at 529.9 eV was assigned to lattice oxygen. This peak could be further 
divided into three peaks at 529.656, 530.4, and 532.3 eV, which cor-
responded to the W–O band of [WO4]2− , the Bi-O bond of [Bi2O2]2+, 
and the surface absorbed oxygen species, respectively [48]. After CTQDs 
were deposited on the BWO surface and interspaces, the Cd 3d and Te 3d 
peaks from the 1.0 % CTQDs/BWO slightly shifted the higher binding 
energy compared with pure CTQDs. This could be attributed to the 
variation of interfacial chemical environment, which was caused by the 
strong interfacial connection between CTQDs and BWO. In contrast, the 
binding energy of the Bi 4f, W 4f and O 1s peaks for the 1.0 % 
CTQDs/BWO sample exhibited a slightly positive shift compared with 
BWO, which suggested the variation of the Bi and W interfacial chemical 
environment after CTQDs deposition [36,51]. 

3.2. Micromorphology and characterization 

SEM images directly exhibited the morphological structure and 
particle size of the as-synthesized photocatalysts. As illustrated in Fig. 3a 
and c, BWO photocatalysts exhibited uniform flower-like spherical 
structures with an average size of 5.4 μm. From Fig. 3c and e, the flower- 
like spherical structure was assembled by many smooth nanoplates, 
endowing interspaces with variable sizes which contributed to an in-
crease in the contact area with contaminants. The inset of Fig. 3e showed 
that the BWO pore radius was mainly dispersed at 5.3 nm. Furthermore, 
as displayed in Fig. 3f, CTQDs were densely deposited on the BWO 
surface and interspaces. Fig. 3b and d showed that the CTQDs/BWO 
retained a flower-like spherical structure with an average size of 5.99 μm 
after CTQDs deposition on the BWO surface and interspaces. Meanwhile, 
the 1.0 % CTQDs/BWO pore radius was mainly dispersed at 1.88 nm, as 
seen in the inset of Fig. 3f. As shown in the insets of Fig. 3c and d, the 
BWO and 1.0 % CTQDs/BWO drawing models perfectly exhibited the as- 
synthesized material shape. According to the energy dispersive X-ray 
spectroscopy (EDX) elementary mapping technique (Fig. 3g), represen-
tative CTQDs/BWO composite elements, such as Cd, Te, Bi, W, and O, 
were evenly distributed in the flower-like spherical region, illustrating 
that CTQDs were successfully deposited on the BWO surface and pores. 

The BWO and CTQDs/BWO specific surface areas and pore radii were 

Fig. 4. (a) TEM image of the flower-like CTQDs/BWO; (b, c, and d) TEM images of the regional CTQDs/BWO sheets, among which image (c) corresponds to the 
marked region of (b); CTQDs high-resolution TEM images (e) and BWO; and (f) corresponds to the marked region of (d). 
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measured using a Brunauer-Emmett-Teller analyzer (Figs. S4 and S5). As 
shown in Table S2, the single BWO, 0.5 % CTQDs/BWO, 1.0 % CTQDs/ 
BWO, and 1.5 % CTQDs/BWO specific surface areas were 15.018, 
20.751, 24.581, and 27.866 m2 g− 1, respectively. In addition, Table S2 
showed the BWO and CTQDs/BWO samples pore radii and pore vol-
umes. From Fig. 3e and f, it was apparently observed that the smooth 
BWO surface transformed into a rougher surface after CTQDs deposition, 
implying that CTQDs/BWO had a larger specific surface area and more 
available active sites for removing contaminants. However, due to 
CTQDs deposition in the BWO interspaces, the CTQDs/BWO pore size 
and volume slightly decreased compared with those of BWO (Table S2). 

TEM images in Fig. 4b-d provided evidence that CTQDs with a 
diameter of approximately 8 nm were tightly immobilized on the BWO 
surface. High-resolution CTQDs/BWO TEM images further affirmed the 
as-synthesized sample lattice plane and microstructure. From Fig. 4e, 
the lattice fringe spacing of 0.362 nm corresponded to the CTQDs (1 1 1) 
lattice planes. Similarly, the lattice fringe spacing of 0.273 nm could be 
attributed to the BWO (2 0 0) lattice planes (Fig. 4f). The as-synthesized 
BWO and CTQDs/BWO samples were displayed in Fig. S6a, and we 
found that yellowish BWO transformed into reddish CTQDs/BWO after 
CTQDs deposition on the BWO surface and pores. Meanwhile, EDX 
characterizations (Fig. S6b) exhibited the Bi, W, O, Cd, Te, and Cu ele-
ments and percentages (bronze net). These results further provided 

powerful evidence that CTQDs were deposited on the BWO surface to 
form CTQDs/BWO composites. 

3.3. Photocatalytic capability analysis 

3.3.1. Photocatalytic antibacterial capability 
Photocatalytic properties were evaluated by photoinactivating 

E. coli. From Fig. 5a, the bacterial colonies remained at almost the initial 
number in the dark, indicating that photocatalysts had nearly no 
toxicity. As exhibited in Fig. 5b, the blank experiment without photo-
catalysts indicated that E. coli was highly resistant to visible light. 
However, all photocatalysts displayed inactivation to a certain extent 
within 120 min of irradiation. From Fig. 5b, BWO displayed the lowest 
photocatalytic antibacterial performance, which could have been 
ascribed to the fast electron-hole pair recombination rate. The CTQDs/ 
BWO composites clearly improved E. coli photocatalytic inactivation, 
which could have been attributed to the Z-scheme formation and CTQD 
quantum synergy. As shown in Fig. 5b and c, 1.0 % CTQDs/BWO 
exhibited the highest photocatalytic inactivation efficiency compared 
with other samples, which almost completely sterilized E. coli within 
120 min. However, other samples showed lower antibacterial effi-
ciencies, which might have been attributed to the CTQDs amount. The 
CTQDs exceeded load resulted in heavy accumulation on the BWO 

Fig. 5. (a) Cytotoxicity of the homemade samples for E. coli in the dark; (b) photoinactivation properties of E. coli for each sample (λ > 420 nm); (c) photographs of 
E. coli colonies at different irradiation times during the photocatalytic disinfection process. 
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surface and formed a “shielding effect”. This could have reduced the 
active sites and further reduced E. coli photoinactivation. These results 
illustrated that the quantum effect and the Z-scheme formation 
contributed to enhancing the charge carrier transfer efficiency and 
simultaneously reducing the electron-hole pair recombination rate. In 
addition, as shown in Fig. 5c, compared with the blank experiment and 
BWO material, the bacterial colonies were significantly reduced after 
using CTQDs/BWO, and 1.0 % CTQDs/BWO had the greatest antibac-
terial efficiency. It was observed that bacterial colonies sharply 
decreased from approximately 3 × 107 to 2 × 104 by using 1.0 % 
CTQDs/BWO. These results sufficiently proved that the photocatalyst 
quantum effect and the Z-scheme formation efficiently enhanced the 
CTQDs/BWO photocatalytic ability. 

3.3.2. Photocatalytic degradation capability 
The photocatalytic degradation properties of the samples were 

investigated by TC photodegradation experiments. As displayed in 
Fig. S7, photocatalysts absorbed up to 20 % of TC in dark conditions. 
From Fig. 6a, there was almost no change in TC concentration in the 
blank experiment (without catalysts), indicating that the influence of 
visible light could be neglected. However, CTQDs/BWO composites 
displayed a higher photodegradation capability than pure BWO. As 
illustrated in Figs. 6a and S8, the TC removal efficiencies using BWO, 0.5 
% CTQDs/BWO, 1.0 % CTQDs/BWO, and 1.5 % CTQDs/BWO were 
72.22 %, 88.68 %, 91.45 %, and 86.68 %, respectively. However, the 
removal efficiency declined when the CTQDs mass ratio exceeded 1.0 %. 
This was probably because excessive CTQDs produced a light “shielding 
effect”, which could affect the BWO absorbed visible light. From Fig. 6b, 
it could be found that the degradation efficiency could reach 75.23 % at 
a reaction time of 45 min by using 1.0 % CTQDs/BWO. However, the 
degradation efficiency only reached 72.22 % at a reaction time of 135 
min by using BWO. This was because CTQDs/BWO formed a Z-scheme 
heterojunction and had more active sites. TC photodegradation kinetics 

were investigated according to the pseudofirst-order and pseudosecond- 
order models: 

− ln
Ct

C0
= k1t (1)  

1
Ct

−
1

C0
= k2t (2)  

where C0 and Ct are TC concentrations at reaction times of 0 and t min, 
respectively. k1 (min− 1) and k2 (L⋅mg− 1 min− 1) are the pseudo-first- 
order and pseudo-second-order kinetics apparent rate constants, 
respectively. Fig. 6c and d show the linear fitting equation of the two 
kinetics models. As shown in Table 1, according to the correlation co-
efficients, the pseudo-second-order kinetic model better matched the TC 
photodegradation process. Moreover, the 1.0 % CTQDs/BWO composite 
possessed the highest reaction rate constant (0.0822 L⋅mg− 1 min− 1), and 
this reaction rate constant was five times higher than that of BWO 
(0.0164 L⋅mg− 1 min− 1). The degradation efficiency and apparent rate 
constants demonstrated that the CTQDs/BWO composites possessed 
higher photocatalytic efficiency than pure BWO, which could have been 
attributed to the quantum effect and the formation of a Z-scheme 

Fig. 6. (a) TC photodegradation properties; (b) TC photodegradation efficiency using BWO and 1.0 % CTQDs/BWO; (c) TC photodegradation pseudo-first-order 
kinetics curves; and (d) TC photodegradation pseudo-second-order kinetics curves. 

Table 1 
TC photodegradation kinetics from pseudo-firstorder and pseudo-second-order 
models.  

Samples Pseudo-first-order kinetic Pseudo-second-order kinetic  

k1(min− 1) R2
1  k2(L⋅mg− 1⋅min− 1) R2

2  

BWO 0.0066 0.9858 0.0164 0.9981 
0.5 %CTQDs/BWO 0.0128 0.9697 0.0573 0.9886 
1.0 %CTQDs/BWO 0.0143 0.9429 0.0822 0.9970 
1.5 %CTQDs/BWO 0.0120 0.9703 0.0488 0.9960  
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heterojunction. 
From Table 2, we found that Bi2WO6 photocatalysts were more in-

clined to construct Z-scheme heterojunctions, and these Z-scheme pho-
tocatalysts exhibited superior photocatalytic ability for TC degradation. 

Furthermore, the fabricated photocatalysts exhibited better photo-
catalytic performance than most of the reported photocatalysts when 
comparing photocatalyst dose and TC content. This may have been 
because the modified CTQD quantum confinement effect improved the 

Table 2 
A comparison of TC photodegradation by various Bi2WO6 photocatalysts.  

Photocatalysts Type Light Dosage Volume and concentration of TC Degradation efficiency Ref. 

CTQDs/Bi2WO6 Z-scheme 300 W Xe lamp (λ > 420 nm) 50 mg 100 mL, 20 mg/L 91.45 % (135 min) This work 
PO43− -Bi2WO6/PI Z-scheme 150 W Xe lamp 50 mg 50 mL, 20 mg/L 65.1 % (120 min) [52] 
Bi2WO6/Ta3N5 Z-scheme 300 W Xe lamp (λ > 400 nm) 40 mg 100 mL, 20 mg/L 86.7 % (120 min) [53] 
AgBr/Bi2WO6 Z-scheme Xe lamp (λ > 420 nm) 50 mg 50 mL, 20 mg/L 87.5 % (60 min) [22] 
Bi2WO6/CuBi2O4 Z-scheme 300 W Xe lamp (λ < 400 nm) 50 mg 100 mL, 15 mg/L 94 % (60 min) [24] 
CuInS2/Bi2WO6 Z-scheme 300 W Xe lamp (λ > 420 nm) 30 mg 100 mL, 10 mg/L 92.4 % (120 min) [54] 
g-C3N4/Bi2WO6/AgI Z-scheme 300 W Xe lamp (λ > 420 nm) 30 mg 50 mL, 20 mg/L 91.13 % (60 min) [55] 
AgIn5S8/Bi2WO6 Z-scheme 300 W Xe lamp 30 mg 100 mL, 10 mg/L 92.0 % (120 min) [56] 
RGO-Cu2O/Bi2WO6 Z-scheme 300 W Xe lamp 50 mg 10 mL, 100 mg/kL 86 % (180 min) [57] 
Ag6Si2O7/Bi2WO6 Z-scheme 300 W Xe lamp (λ > 420 nm) 50 mg 80 mL, 20 mg/L 86.8 % (150 min) [58]  

Scheme 1. Proposed possible degradation pathways of TC with 1.0 % CTQDs/BWO.  
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electron-hole pair separation and transfer efficiency. Therefore, the 
fabricated photocatalysts exhibited greater potential for treating phar-
maceutical wastewater. 

3.3.3. Mineralization capability for TC degradation 
Mineralization capability is another primary parameter in evaluating 

photocatalytic properties. However, due to the formation of in-
termediates (Figs. S10–S14) during the photocatalytic process, the TOC 
removal efficiency was weaker than the TC degradation efficiency. As 
shown in Fig. S9, the 1.0 % CTQDs/BWO TOC removal efficiency 
reached 34.55 % at an irradiation time of 240 min, but the BWO TOC 
removal efficiency only reached 21.36 % at an irradiation time of 240 
min. Furthermore, from Fig. S9, we found that the TOC removal effi-
ciency of 21.82 % only required 120 min by using 1.0 % CTQDs/BWO. 
Therefore, the results illustrated that 1.0 % CTQDs/BWO possessed 
better mineralization ability than BWO for TC degradation. 

3.3.4. Possible TC degradation pathway 
LC–MS systems were used to analyze the possible TC intermediate 

products under photocatalytic processes. Fig. S10a and 10b showed 
show the standard TC HPLC spectrum and MS spectrum, respectively. As 
shown in Fig. S10c, the TC peak area gradually weakened as photo-
catalytic degradation proceeded, indicating that TC was decomposed. 
The HPLC spectrum clearly exhibited three peaks of intermediate 
products at photocatalytic times of 60 min and 120 min. The MS spectra 
of major intermediate products were shown in Figs. S11–S14, and a 
possible degradation pathway was proposed (Scheme 1). 

There were three typical TC degradation pathways, which were 
shown in Scheme 1. Due to the high electron density, the functional 
groups of double bonds, phenolic hydroxyl groups, and amine groups 
were vulnerable to attack by radicals generated under photocatalytic 
processes [59]. According to Fig. S10c, HPLC spectra generated three 
new peaks at 60 min and 120 min, which corresponded to three major 
intermediate products. As shown in Fig. S11 and Scheme 1, the m/z 
values of 445 (TC) was attacked by the ⋅OH generated during the pho-
tocatalytic process. This process was speculated to be a hydroxylation 
process (Pathway 1) [60,22]. As shown in Scheme 1 (Pathway 2), 
N-demethylation occurred stepwise under radical attack, resulting in 

m/z values of 445 (TC) which sequentially formed 4-demethyltetracy-
cline (m/z = 431) and 4-dedimethyltetracycline (m/z = 417) [61,62]. 
Then, intermediates with m/z values of 399 and 367 were formed from 
further hydroxyl group and amidogen loss. In addition, according to the 
MS spectra, the intermediate product with m/z values of 427 could be 
attributed to TC decomposition through the loss of hydroxyl groups, and 
other intermediate products with m/z values of 417, 399 and 367 were 
also detected, which could be attributed to the loss of hydroxyl groups 
and methyl groups [63]. As shown in Figs. S12-S14, these intermediate 
products were further decomposed into ring-opening small molecules 
and finally mineralized into CO2 and H2O. 

3.3.5. Reusability and photostability of 1.0 % CTQDs/BWO 
To satisfy practical applications and cut costs, the reusability of 1.0 

% CTQDs/BWO was investigated with five recycling experiments. As 
displayed in Fig. S15, the TC degradation efficiency decreased from 
91.145 % (first cycle) to 85.79 % (fifth cycle), which was probably due 
to photocatalytic corrosion and photocatalyst loss. These results indi-
cated that 1.0 % CTQDs/BWO possessed excellent photocatalytic sta-
bility. Besides, the catalysts photostability was investigated by analyzing 
the fresh and used XRD and XPS patterns of 1.0 % CTQDs/BWO. As 
shown in Fig. S17, the XRD patterns of the used 1.0 % CTQDs/BWO were 
almost the same as those of fresh 1.0 % CTQDs/BWO, illustrating that 
the 1.0 % CTQDs/BWO crystal structure was not changed after photo-
catalytic tests. In addition, Fig. S18 showed the elementary composition 
and valence state of the fresh and used 1.0 % CTQDs/BWO. There was no 
observable change in the Cd 3d, Te 3d, Bi 4f, W 4f, and O 1s surface 
elementary composition and binding energies after the photocatalytic 
tests. These results further verified that the photocatalysts possessed 
high photostability during the photocatalytic process. 

3.3.6. Biosafety evaluation 
The biosafety of CTQDs/BWO catalysts was evaluated by using 

zebrafish as the living model. As shown in Fig. S16, the zebrafish sur-
vival rate remained at 100 % after feeding different doses of 1.0 % 
CTQD/BWO solution over four weeks, indicating negligible catalyst 
toxicity. In addition, as shown in Fig. 5a, there was nearly not change in 
the number of E. coli colonies after cultivation in different photocatalysts 

Fig. 7. (a) BWO, CTQDs, and 1.0 % CTQDs/BWO UV–vis DRS; (b) Tauc’s plots of (αhν)2 vs. photon energy for the BWO, CTQDs, and 1.0 % CTQDs/BWO band gap 
energies (details in the Supplementary Information); Mott-Schottky plots for electrodes of (c) BWO and (d) CTQDs in Na2SO4 electrolyte (0.5 M); (e) photo-
luminescence spectra; and (f) transient photocurrent response of samples. 
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for 120 min in the dark, which indicated that the photocatalysts had 
almost no toxicity. Therefore, the fabricated photocatalysts possessed 
high biosafety and could be applied to environmental remediation. 

3.4. Optical absorption and photoelectrochemical properties 

UV–vis DRS showed the optical absorption properties of the fabri-
cated materials. As displayed in Fig. 7a, the CTQDs and 1.0 % CTQDs/ 
BWO absorption edges were higher than those of BWO, which exhibited 
a greater visible light response. From Fig. 7b, the BWO, CTQDs, and 1.0 
% CTQDs/BWO band gaps were approximately 2.71, 2.2, and 2.38 eV, 
respectively. The 1.0 % CTQDs/BWO band gap was narrower than that 
of BWO after the CTQDs deposition on the BWO surface and interspaces, 
indicating increased light absorption efficiency. In addition, the BWO 
and CTQD flat-band potentials (Efb) were measured through using the 
Mott-Schottky (M–S) measurements. As displayed in Fig. 7c and d, due 
to the positive M-S curve slope, we estimated that BWO and CTQDs 
belonged to n-type semiconductors. According to the M-S curve X axis 
intercept, the BWO and CTQDs Efb values were calculated as 0.045 and 

-1.60 V (vs. SCE), respectively. Generally, the conductor band potential 
(Ecb) of n-type semiconductors is approximately 0.2 V lower than Efb. As 
a consequence, the BWO and CTQD Ecb values were calculated as 0.087 
eV and − 1.558 eV vs. NHE (ENHE = ESCE + 0.242 V), respectively. Based 
on these results, the BWO and CTQD valence band potentials (Evb) were 
calculated as 2.797 and 0.642 eV, respectively, according to the formula 
Eg = Evb – Ecb. 

Electron-hole pair separation and transfer efficiency is an important 
factor in evaluating photocatalytic performance. Therefore, photo-
luminesence (PL) spectra were performed to investigate the electron- 
hole pair separation and transfer efficiency. A lower PL intensity rep-
resents a lower electron-hole pair recombination efficiency and a higher 
charge separation efficiency. As shown in Fig. 7e, CTQDs/BWO exhibi-
ted a lower PL intensity than pure BWO, implying that the CTQDs 
quantum effect contributed to enhancing charge carrier separation and 
reducing the electron-hole pair recombination rate. In addition, photo-
current was employed to analyze the photogenerated electron migration 
and separation capability. As illustrated in Fig. 7f, pure BWO exhibited a 
lower current density (0.123 μA) during repeated on/off light cycles. In 

Fig. 8. EIS Nyquist plots of samples (a) without and (b) with visible light; EIS Nyquist plots of (c) BWO, (d) 1.5 % CTQDs/BWO, (e) 0.5 % CTQDs/BWO, and (f) 1.0 % 
CTQDs/BWO with and without visible light in 0.5 M Na2SO4 electrolyte. The insets of (a) and (b) are Bode phase plots of samples with and without visible light. 
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contrast, Z-scheme CTQDs/BWO showed a higher current density, 
indicating that the introduction of CTQDs boosted charge carrier sepa-
ration and migration under visible light. Among the CTQDs/BWO pho-
tocurrents, 1.0 % CTQDs/BWO presented the highest current density 
(3.623 μA), which was 29.5 times higher than that of BWO. However, 
with the increase in the CTQDs mass ratio, the 1.5 % CTQDs/BWO 
current density declined. This was probably because excessive CTQDs 
produced a light “shielding effect” which could have affected the BWO 
absorbed visible light. 

EIS was carried out to evaluate the charge transfer capability. The 
smaller arc radius indicated a smaller charge transfer resistance. As 
shown in Fig. 8a and b, the CTQDs/BWO arc radius was smaller than 
that of BWO with and without visible light, implying that CTQDs/BWO 
possessed higher charge separation efficiency and smaller electron 
transfer resistance. In addition, as exhibited in Fig. 8c-f, the arc radius of 
the same material under visible light was much smaller, implying that 
visible light enhanced the electron transfer efficiency. From Fig. 8, the 
1.0 % CTQDs/BWO arc radius was smallest than the other photo-
catalysts, indicating that 1.0 % CTQDs/BWO possessed higher charge 
separation efficiency under light. In addition, according to Bode phase 
plots (in insets of Fig. 8a and b), the characteristic CTQDs/BWO 

composite frequency peaks shifted gradually to lower frequencies 
compared with BWO, indicating that CTQD/BWO possessed a higher 
electron transport rate and electron separation efficiency. This was 
because the frequency (f) was closely related to the lifetime (τ) of the 
injected electrons according to the following formula: 

τ ≈ 1/(2πf ) (3)  

From Bode phase plots and Eq. (3), as shown in Table S3, the electron 
lifetime of 1.0 % CTQDs/BWO (0.612 ms) was higher than that of BWO 
(0.0289 ms) and other CTQDs/BWO under visible light, indicating that 
1.0 % CTQDs/BWO possessed the highest injected electron lifetime and 
lowest electron-hole pair recombination rate. 

3.5. Photocatalytic reactive mechanism 

Radical scavenging experiments and ESR techniques were employed 
to explore photocatalysis reaction pathways and mechanisms. As shown 
in Fig. 9a and b, we utilized TC as a degradation model to explore the 
important role of various radicals in photocatalysis. Fig. 9a displayed the 
scavenging experiment results using IPA, Na2C2O4, and TEMPO as ⋅OH, 

Fig. 9. (a) Scavenging effect on radicals and holes by adding different scavengers with 1.0 % CTQDs/BWO; (b) TC photocatalytic degradation efficiency; ESR spectra 
of trapped radicals by adding DMPO: (c) DMPO-⋅OH detected for 1.0 % CTQDs/BWO dispersed in deionized water and (d) DMPO- ⋅O−

2 detected for 1.0 % CTQDs/ 
BWO dispersed in methanol. 
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h+, and ⋅O−
2 scavengers, respectively. As illustrated in Fig. 9b, when IPA, 

Na2C2O4, and TEMPO were added, the TC degradation efficiency 
decreased from 90.58 % to 55.79 %, 59.62 %, and 52.16 %, respectively, 
indicating that ⋅OH, h+, and ⋅O−

2 played important roles in photo-
catalysis. Additionally, the ESR spin-trapping technique was utilized to 
further investigate the photogenerated ROS over 1.0 % CTQDs/BWO 
catalysts, and the corresponding results were exhibited in Fig. 9c and d. 
The DMPO-⋅OH and DMPO- ⋅O−

2 signals could not be produced in the 
dark. However, four characteristic DMPO-⋅OH signals were detected 
with 1.0 % CTQDs/BWO catalysts under visible light for 5 min, and the 
peak intensity clearly increased when the irradiation time was pro-
longed to 10 min. As exhibited in Eqs. (S2)-(S6), H2O was oxidized to 
⋅OH under visible light. Similarly, four characteristic DMPO- ⋅O−

2 peaks 
were detected by utilizing the ESR technique under visible light, indi-
cating that O2 was reduced to ⋅O−

2 (Eqs. (S2)-(S6)). Both radical 

scavenging experiments and ESR trapping experiments verified that the 
1.0 % CTQDs/BWO composite played a major role in the photocatalytic 
process. As shown in Fig. S19, for pure BWO the DMPO-⋅OH and DMPO- 
⋅O−

2 signals were obviously lower than that of 1.0 % CTQDs/BWO, 
indicating that the formation of a Z-scheme heterojunction significantly 
enhanced the 1.0 % CTQDs/BWO photocatalytic performance. 

The CdTe and Bi2WO6 density of states (DOS) and electronic prop-
erties were investigated by DFT calculations to further elucidate the 
CTQDs/BWO photocatalytic capability improvement mechanism. As 
shown in Fig. 10a and b, the Bi2WO6 (220) facet and CdTe (111) facet 
were selected to construct a CdTe (111)/Bi2WO6 (220) interface ac-
cording to the XRD crystal planes (Fig. S2). To better characterize the 
charge transfer at the CdTe (111)/Bi2WO6 (220) interface, the charge 
density difference (Δρ) was calculated according to the following 
formula: 

Fig. 10. (a) Top view and front view of the Bi2WO6 (220) atomic structure model and (b) top view and front view of the CdTe (111) atomic structure model. (c) The 
three-dimensional diagram of the charge density difference (Δρ) for the CdTe (111)/Bi2WO6 (220) interface under the ground state. The yellow and cyan areas 
indicate electron accumulation and depletion, respectively. (d) The calculated Δρ across the x-y plane layers for the CdTe (111)/Bi2WO6 (220) heterostructure. The 
black line and red line represent raw data and moving average of the CdTe (111)/Bi2WO6 (220) heterostructure gained and lost electrons, respectively. The dashed 
line represents the gained and lost electron critical line. (e) Calculated DOS of CdTe (111), Bi2WO6 (220), and CdTe (111)/Bi2WO6 (220). The orbital energy was 
recorded relative to Fermi levels, and the Fermi levels were set to zero. The red, blue, and black lines correspond to the partial DOSs of CdTe (111), Bi2WO6 (220), 
and CdTe (111)/Bi2WO6 (220). (f) Energy level diagrams of the CdTe (111) surface and Bi2WO6 (220) surface before and after contact, showing the photoinduced 
carrier transfer mechanism and the CdTe (111)/Bi2WO6 (220) Z-scheme heterojunction formation (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article). 
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Δρ = ρtotal(combination) −
∑

ρtotal(individual) (4)  

where ρtotal (combination) is the CdTe (111)/Bi2WO6 (220) hetero-
structure total charge density, and ρtotal (individual) is the total charge 
densities of individual CdTe (111) and Bi2WO6 (220). The three- 
dimensional charge density difference in Fig. 10c vividly showed that 
charge redistribution mainly occurred at the interface between the CdTe 
(111) facet and Bi2WO6 (220) facet, and electrons were mainly trans-
ferred from the CdTe (111) facet to the Bi2WO6 (220) facet in the ground 
state. To further explain the charge redistribution, the planar Δρ along 
the Z-axis direction was shown in Fig. 10d. Some oscillations were 
clearly observed, especially in the CdTe (111)/Bi2WO6 (220) interfacial 
region. The moving average of Δρ was exhibited by treating raw Δρ data 
to better understand the net charge flow. A net flow of electrons from the 
CdTe (111) facet to the Bi2WO6 (220) facet was clearly found. This 
caused the CdTe energy band to bend upward. To quantify the charge 
transfer, Bader charge analysis was performed to calculate the CdTe 
(111)/Bi2WO6 (220) heterostructure charge density. This indicated that 
0.58 e/Å was transferred from the CdTe (111) facet to the Bi2WO6 (220) 
facet. This result was attributed to the electronegativity of interfacial O 
atoms in Bi2WO6 being stronger than that of interfacial Te or Cd atoms of 
CdTe. Charge transfer led to the formation of an electric field in the CdTe 
(111)/Bi2WO6 (220) interface, and the direction of the electric field was 
from CdTe (111) to Bi2WO6 (220). Due to the existence of an electric 
field, photoinduced electrons transferred from the Bi2WO6 CB to the 
CdTe VB. In addition, according to the DOS results (Fig. 10e), we ob-
tained the materials’ conduction band minima (CBM) and valence band 
maximum (VBM) positions relative to the Fermi levels. Thus, the CdTe 
energy band bended upwards toward the interface, and the Bi2WO6 
energy band bended downwards toward the interface. After the CdTe 
(111)/Bi2WO6 (220) interface equilibrium, the Fermi level shifted to the 
upward direction for Bi2WO6 and the downward direction for CdTe until 
the Fermi level was aligned (Fig. 10f). Therefore, the photoinduced 
CdTe electrons could not migrate to Bi2WO6 due to the CdTe energy 
band upward bending, and the photoinduced electrons could only 
transfer from the Bi2WO6 CB to the CdTe VB to form a Z-scheme 
heterojunction. 

Based on the aforementioned energy band theory and DFT results, a 
photocatalytic reaction mechanism of the Z-Scheme CTQDs/BWO sys-
tem was proposed, and as shown in Fig. 11b. According to UV–vis DRS 
spectra and M-S plots, the BWO CB and VB were calculated as 0.087 and 
2.19 eV vs. NHE, respectively, and the CTQDs CB and VB were calcu-
lated as -1.558 and 0.642 eV vs. NHE, respectively. As shown in Fig. 11a, 
BWO and CTQDs could be constructed using the typical type-II hetero-
junction model. However, this heterojunction model did not explain the 
photocatalytic mechanism because the BWO CB potential (0.087 eV vs. 
NHE) was more positive than O2/ ⋅O−

2 (-0.33 V vs. NHE) [17], where O2 
could not be reduced to ⋅O−

2 . Similarly, because the CTQD VB potential 
(0.642 eV vs. NHE) was more negative than H2O/⋅OH (+2.4 V vs. NHE) 
[17], H2O could not be oxidized to ⋅OH. In that case, ⋅O−

2 and ⋅OH could 
not be generated during in the photocatalytic process, but this was 
contradictory to the radical scavenging tests and ESR results. Therefore, 
assuming a conventional heterojunction model would have been 
impossible. However, a Z-scheme structure could account for the pho-
tocatalytic process because the BWO CB was closer to the CTQD VB. As 
presented in Fig. 10b, when the CTQDs/BWO Z-scheme system was 
irradiated by visible light, the photoinduced electrons at the BWO CB 
were quenched with the photoexcited holes at the CTQD VB. In addition, 
the photogenerated holes were retained in the more positive BWO VB, 
and electrons were retained in the more negative CTQD CB. According to 
Eqs. (S2)–(S6), accumulating electrons in the CTQD CB could reduce O2 
to ⋅O−

2 , and accumulating holes in the BWO VB could oxidize H2O to 
⋅OH. Subsequently, ⋅OH, h+, and ⋅O−

2 exhibited strong oxidation in the 
photocatalytic process. As discussed above, the Z-scheme heterojunction 
system was conducive to enhancing the photocatalytic performance. 

4. Conclusion 

In this work, a high-efficiency 0D/3D CTQDs/BWO Z-scheme pho-
tocatalyst was synthesized using a hydrothermal method. The CTQDs/ 
BWO photocatalyst exhibited a much higher E. coli photoinactivation 
efficiency and TC photodegradation efficiency than pure BWO under 
visible light because the quantum effect dramatically promoted charge 
carrier transfer in the BWO and CTQD interface. In addition, the CTQDs/ 

Fig. 11. Schematic illustration of the proposed electron transfer pathway and reaction mechanism for E. coli photoinactivation and TC photodegradation: (a) the 
typical type II heterojunction and (b) the Z-scheme heterojunction. 
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BWO kinetics, reaction pathways, and charge-carrier transfer mecha-
nism were further discussed based on experimental results. This work 
opens a new route to designing high-efficiency Z-scheme photocatalysts 
and exhibits promising prospects for employing CTQDs/BWO photo-
catalysts to address water contaminants. 
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