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A B S T R A C T

Building Z-scheme heterostructure integrating oxygen vacancies seems to effectively encourage photoexcited 
charge partition and hence photoelectric response and photocatalytic performance. Here, through the inclusion 
of carbon quantum dots (CQDs) with W18O49/BiOBr (WB) for enhancing electron exchange and band structure 
control, we have developed one Z-scheme ternary CQD/W18O49/BiOBr heterostructures (CWB) with intense 
oxygen vacancies. The optimal CWB heterostructure shows superior photocatalytic and photoelectric response 
execution. The findings indicate that CWB has higher photocatalytic degradation efficiency of tetracycline hy
drochloride (TC) at 97 % compared to WB or W18O49 alone. Additionally, the CWB shows a higher photocurrent 
density, surpassing WB and W18O49 by 2.5 times and 5.4 times. A potential self-supplied photoelectrochemical- 
type photodetector utilizing CWB displays relatively quick and stable photoelectric response at 0 V. The 
improved photo-electric performance are linked to the combined impact of separation and redistribution of 
charges caused by Z-scheme heterostructure and oxygen vacancies, as well as intensive light absorbance by 
localized surface plasmon resonance. Our research also validates significance of CQDs as cocatalyst in acceler
ating the splitting of photo carriers in Z-scheme ternary CWB heterostructures, which will stimulate interest in 
creating advanced photoactive heterojunction substance with carbon nanomaterials.

1. Introduction

Recent years have seen a substantially increased research interest in 
the investigation of photoactive semiconducting materials because of 
their potential applications in hydrogen photo-evolution, water photo- 
splitting, CO2 and N2 photo-reduction, wastewater photo-degradation, 
and photo-detection [1–7].

Single-phase photoactive systems exhibit significant limitations in 
practical usage because of their insufficient capacity to harvest light and 
their inefficiency in the separation, transport, and channelization of 

photo-excited electron/hole pairs [8–10]. Extensive investigations 
report that judiciously constructed heterojunctions can solve the 
mentioned problem in single-phase photoactive systems, and the sun
light absorption range and the efficiency of separation of photoexcited 
carriers can improve [10–14]. Compared to conventional type-II heter
ojunctions, Z-scheme heterojunctions have become a research focus due 
to their strong oxidation and reduction capability and more effective 
separation of photo-excited carriers than their single-component peers 
[13–16]. The synergistic effect of Z-scheme heterojunction and localized 
surface plasmon resonance (LSPR) allows a W18O49/BiOBr 
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heterojunction to perform better in photocatalytic degradation than its 
constituent individual molecular components [17] and the SnS2–BiVO4 
Z-scheme heterostructure increases photoelectric response hence, pro
longing the lifetime of photo-excited carriers [18].

In recent years, there has been a significant amount of research in
terest on the metal oxide semiconductor W18O49, which appeares 
favorable over traditional semiconductors like ZnO and TiO2 because of 
its ability to absorb solar light over a wide range of frequencies through 
the LSPR effect, along with numerous surface oxygen vacancies (OVs) 
[17,19,20]. It is known that these OVs defects alter local atomic coor
dination environment arround defect sites including coordination 
number, bond length, and so on; and further tune the carrier dynamics 
and photocatalytic performance [21,22]. Furthermore, W18O49 is known 
to be a n-typed semiconductor with a comparatively small band gap, 
which has a higher valence band (VB) potential of around +2.76 eV for a 
high oxidation capacity [22,23]. However, the quick recombination of 
photo-induced carriers at deep trap states, the lability of surface defects, 
and its relatively lower conduction band (CB) potential limit the prac
tical application. Hence, in W18O49 based Z-scheme photoactive system 
construction, efficient migrating the electrons from W18O49 surface for 
step photon excitation will be a key to overcome the issues of rapid 
carrier recombination, unstable surface defects and low conduction 
band.

Additionally, as a promising p-type semiconducting material, layer- 
structured BiOBr is also of great interest, because of its visible-light- 
response, superior photocatalytic stability, greater negative CB poten
tial energy, and moderate band gap energy (~2.6 eV) [24–26]. How
ever, the hVB+ has to be improved due to its restricted ability to absorb 
visual light and to oxidize [26,27]. Furthermore, it is discovered that 
BiOBr’s VB and CB positions match W18O49’s well [17]. In this way, it 
can be sensibly anticipated that the Z-scheme heterojunction between 
p-typed BiOBr and n-typed W18O49 may be accomplished due to their 
appropriate band structure compatibility, which is expected to be an 
exceedingly photoactive fabric with self-generated internal electric field 
(IEF), well-repressed recombination of photogenerated electron-hole 
sets and relatively fine photo-stability. To further strengthen electron 
transferring and separation ability, carbon quantum dot (CQD), a 
quasi-0D carbon nanomaterial with prominent optical execution, prev
alent electron exchange, and supply characteristics, nontoxicity, and 
cheapness, basically composed of sp2-sp3 hybridized carbon centers and 
shells of oxygen-containing species, has been chosen to integrate with 
BiOBr and W18O49 [28,29], to realize the near/close interaction in 
heterogeneous structures and to reduce charge exchange resistance and 
quicken the movement of photo-excited carriers owing to their con
ductivity [30,31]. Besides, CQDs with delocalized π-electrons have 
moderately low work function (~4.5 eV) compared to most oxide 
semiconductors (~6 eV in common), which might initiate and upgrade 
IEF at the heterogeneous interface [30–33]. All the favorable properties 
recommend CQDs would be a competent electron-cocatalyst and help a 
photoactive fabric to attain productive charge division and exchange. 
Subsequently, the development of W18O49/BiOBr heterojunction or 
coupling of CQDs with BiOBr or WO3 has been well considered to date, 
which illustrates that the coupling of two distinctive photoactive com
ponents may offer predominant light utilization proficiency and quicken 
charger carrier division [17,30–32]. Be that as it may, this Z-scheme 
ternary heterostructure of W18O49/BiOBr coupling with CQDs counting 
its effortless union procedure and photoelectric applications counting 
photoelectrochemical-type (PEC) photodetectors (PD) and tetracycline 
photodegradation have not been considered however, particularly the 
commitments of impeded electrons-holes recombination and amplified 
visible light utilization on the advanced photoelectric division capacity 
are not clear.

In this paper, we have constructed a ternary Z-scheme heterojunction 
(CQD/W18O49/BiOBr) by basic solvothermal, fluid stage room- 
temperature response, and ensuing mellow warm treatment prepara
tion, which provides non-expensive-device and facile synthesis 

convenience. This Z-scheme heterostructure, helped by the CQDs and 
copious OVs, achieves viable photo-electron-hole partition and appears 
prevalent photoresponse and photocatalytic debasement of TC poisons 
outperforming single W18O49 or W18O49/BiOBr. The CQD/W18O49/ 
BiOBr hybrid is utilized as a promising candidate for self-powered PEC 
PD and ascendant photocatalytic debasement of TC poisons beneath 
solar illumination. These are credited to the synergistic impact of Z- 
scheme heterostructure and OVs, together with intensive light absor
bance by LSPR, inducing proficient charge division, favorable h+、⋅O2

−

and ⋅OH generation. The development of OV-rich and conductive 0D/ 
1D/2D ternary heterostructures might bring unexplored openings for 
the sound plan of exceedingly photoactive materials for natural reme
diation and low-energy photo-detection applications.

2. Experimental

2.1. Materials

The reagents and materials utilized here are all analytical grade and 
used as received without additional purification. Bismuth(III) nitrate 
pentahydrate (Bi(NO3)3⋅5H2O), Citric acid monohydrate (CA), Hex
adecyltrimethylammonium bromide (CTAB), Ethylenediamine, Tung
sten hexachloride (WCl6), 1,4-benzoquinone (BQ), 
Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA-Na2), 
Isopropanol (IPA), absolute ethanol, n-octane and Tetracycline hydro
chloride (C22H24N2O8⋅HCl, TC) are supplied by Shanghai Aladdin 
biochemical Polytron Technology Co. Besides, other commercially 
chemical reagents used are purchased from the Sinopharm Chemical 
Reagent Plant (China).

2.2. Preparation of CQD

The CQDs are synthesized using a modified one-step hydrothermal 
method as described previously [29]: 3 g of CA is dissolved in 10 mL of 
deionized water in a Teflon-lined autoclave. Subsequently, 0.8 mL of 
ethylenediamine is added. After dispersing, the above mixture is heated 
to 190 ◦C for reaction 8 h. Until cooling, the resulting dark-brown so
lution undergoes dialysis for 24 h to obtain the dialyzed CQD solution 
with concentration of about 1.3 mg/mL, and finally, dry CQDs are ob
tained by lyophilizing process.

2.3. Preparation of W18O49

The W18O49 nanowires are synthesized through a modified sol
vothermal method using WCl6 as a precursor [20]. The process is as 
follows: 0.1 g of WCl6 is added into 30 mL anhydrous ethanol in a 
Teflon-lined autoclave, after fully stirring and dissolving, the reaction 
occurs at 200 ◦C for 6 h. After the reaction, the mixture is centrifuged 
together with washing, and drying in a vacuum oven to obtain W18O49.

2.4. Preparation of W18O49/BiOBr

The W18O49/BiOBr composite is obtained in n-octane/water system 
via a room temperature method with modifications [27]: 0.25 g of 
W18O49 is dispersed in 12.5 mL n-octane containing 0.364 g of CTAB; 
meanwhile, 0.485 g of Bi(NO3)3⋅5H2O and 0.072 g of CA slowly are 
added into 7.5 mL deionized water with sufficient stirring, respectively; 
afterwards, this aqueous solution slowly drops into the above organic 
solution and react under intense stirring for 30 min; Finally, the 
as-prepared W18O49/BiOBr is received after alternate cen
trifuging/washing for several times and vacuum drying at 60 ◦C. As a 
comparison, pure BiOBr is synthesized without adding of W18O49 ac
cording to similar procedures.
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2.5. Preparation of CQD/W18O49/BiOBr

50 mg of the above prepared W18O49/BiOBr is dispersed in certain 
amount of CQD aqueous solution under 10 min ultrasonic action and 
constantly stirring for 3 h, and then the mixture is heated at 70 ◦C for 8 h 
in an oven until the liquid evaporation completes; Afterwards, CQD/ 
W18O49/BiOBr samples are obtained after centrifuging, washing and 
vacuum drying at 60 ◦C. According to the mass content of CQDs used, 
samples have been named as CWB-1, CWB-2, CWB-3, CWB-4 (CWB-1: 
12 wt%, CWB-2: 21 wt%, CWB-3: 25 wt%; CWB-4: 28 %).

2.6. Characterization

Microscopic morphology and microstructures as well as elemental 
compositional analysis of prepared samples are performed using a field 
emission scanning electron microscope with energy-dispersive X-ray 
(EDX) spectrometer (SEM, SU8010, HITACHI; EMAX mics 2, HORIBA) 
and field emission transmission electron microscope (TEM, FEI Tecnai 
G2/F30; FEI Tal os F200X). The crystal structures are determined by a X- 
ray diffractometer (XRD, Bruker D8/Advance, Germany) with Cu-Kα 
radiation (λ = 1.5406A◦). The functional structure of as-produced 
samples is identified by Fourier transform infrared spectroscopy (FTIR, 
Nicolet 6700). The chemical state and composition of series of samples is 
performed using X-ray photoelectron spectroscopy (XPS, Thermo esca
lab 250Xi). The specific surface area and pore diameter are recorded and 
evaluated by measuring N2 adsorption/desorption isotherms on a sur
face area using porosimetry analyzer (Micromeritics, ASAP2460). The 
optical absorption characteristic of series of samples is evaluated 

through UV/vis diffuse reflectance spectra (DRS, Cary 5000, Agilent, 
USA) while BaSO4 is used as a reference sample. The radicals occurred in 
prepared samples are investigated on electron spin resonance spec
trometer (ESR, Bruker A300-10/12, Germany).

2.7. Photocatalytic activity measurements

Photo-catalytic activity tests of tetracycline hydrochloride (TC) with 
obtained samples are performed in a reaction beaker equipped with a 
circulating water device under a 300 W Xenon lamp (PLS-SXE300/ 
300UV) with irradiation power of arround 300 mW/cm2. The specific 
process is as follows: 20 mg of each sample is dispersed in TC aqueous 
solution (20 mg/L, 50 mL) following the adsorption/desorption equi
librium process under dark conditions [22]. Then, each sample super
natant is taken when the light turns on at intervals and centrifuged to 
remove photoactive materials. Next, the absorption intensity of the so
lution at the maximum absorption wavelength (356 nm) at different 
times is recorded by UV-vis spectroscopy (Cary 5000, Agilent, USA). By 
comparing, the photo-catalytic activity of each material is evaluated by 
the following formula (1) [12,13]. 

R = Ct/C0                                                                                      (1)

Where: R is photo-catalytic activity (%); C0 and Ct are the original ab
sorption of TC in aqueous solution at different dark and light time T, 
respectively.

Fig. 1. SEM images of prepared samples (W18O49 (a,b); WB (c,d); CWB-2 (e,f)).
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2.8. Photoelectrochemical measurements

Photo-electrochemical measurements are carried out through CHI 
660E electrochemical workstation with a standard three-electrode sys
tem [6]: reference electrode-Ag/AgCl; counter electrode-platinum sheet; 
working electrode-indium-tin oxide sheet glass (ITO) coated with 
different prepared photoactive samples: 5 mg of each sample is weighed 
and mixed well with 1 mL of NMP, and then, the mixture is coated on 
ITO glass with a effective coating/measuring area of 1 cm2 until dry in 
vacuum and take out for use. Light irradiation intensity of 100 mW cm− 2 

(I) is provided and all photo-electrochemical tests are studied at room 
temperature in electrolyte of 0.5 M Na2SO4 solution with volatge 
applied ranging from 0 V to 1 V (vs. Ag/AgCl) with certain time interval.

3. Result and discussion

Morphological features of as-produced samples are observed by SEM 
and TEM as presented in Figs. 1 and 2. It can be seen from Fig. 1 (a, b) 
that W18O49 as a whole displays a one-dimensional (1D) nanowire 
shape. In Fig. 1(c, d), W18O49/BiOBr (WB) thus exhibits a nanowire/ 
flake stacking state with irregular pores, suggesting that W18O49 and 
BiOBr are successfully held together. Besides, porous stacking mor
phologies are also observed in CQD/W18O49/BiOBr (CWB-2) in Fig. 1(e, 
f). Notably, no observation of CQDs with particle size less than 10 nm 

may be due to the limited resolution of SEM. Besides, the employed 
energy-dispersed X-ray results (EDX) of WB and CWB-2 has been listed 
in Table 1S. Both WB and CWB-2 consist of W, O, Bi, Br, and C, which, to 
a certain extent, shows the compositional changes before and after CQD 
introduction. To further explore morphological characteristics of CQD/ 
W18O49/BiOBr, TEM measurement has been carried out and presented 
in Fig. 2 and Fig. S1. Clearly, CWB-2 displays self-assembled morphology 
and black CQD assembled with sheet-like BiOBr and W18O49 nanowires 
could be found in Fig. 2a,b, in which 1D W18O49 exhibits diameters in 
range of about 7–45 nm; BiOBr are composed of 2D flake with sizes 
around 40–245 nm, and obtained CQD particles with sizes of about 4–8 
nm decorated over W18O49/BiOBr heterostructure, which display 
similar sizes compared to single component (Fig. S1); Besides, the op
tical absorption property of CQD is consistent to the reported literature 
shown in Fig. S2 [29]; and the lattice spacing of 0.33 nm, 0.23 nm, 0.38 
nm could be observed in and indexed to (002), (112), (010) facets of 
CQD, BiOBr, and W18O49, respectively [30,34,35]. Subsequently, the 
chemical composition and spatial distribution of the CWB-2 have been 
employed using the HAADF-STEM and corresponding elemental map
ping as shown in Fig. 2(c–h). The results indicate that the CWB-2 consists 
of W, O, Bi, Br, and C, confirming the coexistence of CQD, W18O49, and 
BiOBr. The above results demonstrate the excellent combination of 
abovementioned triple components in CWB, possessing clear crystal 
stripes, intertwined, and tightly bounded interfaces.

Fig. 2. TEM (a), HRTEM (b), HAADF-STEM (c) of CWB-2 sample and corresponding elemental mapping: (d) W; (e) O; (f) Bi; (g) Br; (h)C.

W. Tie et al.                                                                                                                                                                                                                                      Carbon 231 (2025) 119707 

4 



The crystal structure of as-prepared materials is recognized by XRD 
investigation, and the results are shown in Fig. 3a. It can be observed 
that the diffraction peaks in pure W18O49 mainly appear at 23.2◦ and 
47.5◦ respectively, which corresponds to the (010) and (020) crystal 
faces of W18O49 (JCPDS No.71-2450) [19,35], and no impurity peaks are 
observed, indicating that prepared W18O49 has high purity. For BiOBr, 
the diffraction peaks appear at 10.5, 25.3, 32.3, 39.5, 46.5, 50.7, 57.3, 
66.7o, corresponding to the crystal faces of (001), (011), (110), (112), 
(020), (014), (212), and (220), respectively, (JCPDS No.73-2061) [31,
36]; Meanwhile, the (010) facet of W18O49 and (110) facet of BiOBr can 
also be observed in the XRD patterns of W18O49/BiOBr and CWB-2, 
indicating that successful synthesis of W18O49/BiOBr heterostructure. 
In addition, after the combination of CQD onto W18O49/BiOBr, the XRD 
pattern of CWB-2 not only displays characteristic diffraction peaks 
corresponding to W18O49 and BiOBr, but a wide characteristic peak 
likely belonging to the (002) crystal face of CQD also appear around 21o, 
which is consistent with literature reports [29]. The results show that 

CQD, W18O49, and BiOBr are assembled. Subsequently, this 
multi-component sample has been further characterized in the following 
sections.

Furthermore, the chemical bonds and functional groups of the series 
of samples have been carried out through FT-IR analysis and depicted in 
Fig. 3b. Characteristic peaks in pure W18O49 and BiOBr appear 630-820 
cm− 1 and around 546 cm− 1, attributing to the stretching vibration of 
W–O and Bi–O bond of tungsten oxide and BiOBr [30,31]. For 
W18O49/BiOBr and CWB-2, W–O (630-820 cm− 1), Bi–O (524 cm− 1) 
stretching vibration peaks all occur, indicating that W18O49 and BiOBr 
are successfully combined together, but the Bi–O bands in 
W18O49/BiOBr and CWB-2 all have wavenumber shifts from 546 cm− 1to 
524 cm− 1 compared to pure BiOBr, indicating the existence of the 
interaction between W18O49 and BiOBr [30,31,33]. Meanwhile, pure 
CQDs display rich functional groups and chemical bonds, where the 
stretching vibration peaks are observed at 1547 cm− 1, 3400 cm− 1, 1396 
cm− 1, and 1062 cm− 1, 1780-1610 cm− 1, correspond to the –NH, –OH, 

Fig. 3. XRD pattern(a) and FT-IR spectra (b) of the series of samples.

Fig. 4. XPS spectra of series of samples. (a) survey spectra, (b) W 4f core level, (c) Bi 3d core level, (d) C 1s core level.
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–CN, and oxidative functional groups (C–O–C; carbonyl), respectively 
[13,30,33]. Moreover, the stretching vibration peaks of –NH, –CN, 
carbonyl functional groups attributed to CQD also appear in CWB-2, 
indicating that facile fabrication has successfully loaded CQD onto 
W18O49/BiOBr [13,30,31,33], which is consistent with XRD and TEM 
analysis. The FT-IR results incorporation with above mentioned other 
measurements indicates the successful construction of W18O49/BiOBr 
heterostructure and introduction of CQD to a certain extent.

Fig. 4 delineates the XPS investigation of series of samples’ chemical 
composition and their characteristic XPS peak position, inferring for 
bonding presence in heterostructures from their shifting. The XPS survey 
spectra of CWB-2 confirms the coexistence of Br, Bi, O, C, and W com
ponents (Fig. 4a). Other than that, the high-resolution XPS spectra of the 
mentioned elements appear in Fig. 4b-d. The W4f center level range of 
W18O49 shows up at 36.1 and 38.1 eV due to W4f7/2 and W4f5/2 [17]. 
Particularly, binding energies of W4f7/2 and W4f5/2 for W18O49/BiOBr 
and CWB-2 move to lower vitality esteem when compared to immacu
late W18O49, this obvious shift of W peak positions demonstrates the 
extra inclination of electron exchange due to probable formation of 
chemical bond at the interface of W18O49 and BiOBr (Bi–W) [32,36,37]; 
However, there is no obvious peak position shift after W18O49/BiOBr 
coupling with CQD [36,37]. Moreover, Bi 4f (Fig. 4c), is derived from 
BiOBr, and allocated to the chemical state Bi3+ [13,33], because it ex
hibits normal bimodal crests at 164.6 eV (Bi 4f5/2) and 159.3 eV (Bi 
4f7/2); When W18O49/BiOBr is formed, the binding energy of Bi 2f5/2 and 
Bi 2f7/2 for W18O49/BiOBr moves to 164.3 eV (Bi 4f5/2) and 159.1 eV (Bi 
4f7/2); after CQD coupling onto W18O49/BiOBr, the binding energy of Bi 
2f5/2 and Bi 2f7/2 for CWB-2 also moved toward the higher energy level 
at 164.5 eV (Bi 4f5/2) and 159.3 eV (Bi 4f7/2), which probably shows that 
comparable charge exchange may happen from BiOBr to CQD due to the 
likely presence of certain chemical bond induced robust interaction 
between CQD and BiOBr. Similar results are obtained when C materials 
modify BiOBr or ZnO [14,36,37]. In conclusion, the binding energy 
shifting can be attributed to the variation of the interfacial chemical 
environment resulting from the interaction between W18O49, CQD, and 
BiOBr.

For further analysis, the high-resolution C 1s core level spectra of 
CWB-2 are analyzed with peak differentiating and fitting (Fig. 4d). The 
main peak of CWB-2 can be fitted into four gaussian peaks, and; the 
fitted four peaks corresponding to the typical functional groups can be 
assigned to C–C (284.8 eV), C–O (286.2 eV), C––O (288.2 eV), and 
C–O–W/Bi (283.6 eV) bonds, respectively [33,38]. To sum up, it is 
evident that the formation of the C–O–W/Bi bond is obtained in CWB-2 
after CQD further coupling with W18O49/BiOBr. Therefore, we believe 
that a good contact exists between W18O49, CQD, and BiOBr, rather than 
a simple physical connection, and this stable interaction and transfer of 
photo-produced electrons between each component in CWB is shaped 
through the interfacial chemical interaction as proposed by the 
mentioned results [14,33,36–38].

We have carried out photo-degradation tests of tetracycline 

hydrochloride (TC) aqueous solution with a series of samples beneath 
sunlight stimulation and evaluated their photo-catalytic activity 
(Fig. 5a). This, to a certain extent, indirectly reflects the photoexcited 
carrier separation behavior. The expulsion of TC without the catalys’s 
help is less than 10 %, showing that TC has prolonged chemical stability 
in the aqua environment. W18O49 accomplishs about 62.2 % TC 
debasement, which has elevated light absorption and highly positive VB 
potential proved by subsequent tests. Be that as it may, photocatalytic 
debasement might not be realized due to its quick recombination rate of 
photogenerated electron-hole sets. The other BiOBr alone shows ~84.4 
% TC degradation efficiency, which is a much higher photocatalytic 
action than W18O49. After heterojuction establishement, W18O49/BiOBr 
composite efficiently improves TC degradation efficiency to ~92.9 % 
and, such improvement might have been caused by the impact of pro
ficient electron exchange between W18O49 and BiOBr. In addition, the 
degradation efficiency utilizing CWB-2 has also been expanded further 
to 97.3 % after introducing CQD, indicating that the improvement of 
photoexcited carrier separation. Meanwhile, the optimal mass content of 
CQD used in series of CWB samples have been investigated through 
photodegrading process of TC, shown in Fig. S3. CWB-2 displays optimal 
photocatalytic profermance among series of CWB samples with different 
mass content of CQD used. For further study, the TC photo-degradation 
process is explored by applying a pseudo-first-order reaction [27,39]. 
The calculated kinetic rate constant (k) of CWB-2 sample is 0.075 min− 1, 
and is almost 1.3 times higher than that of WB sample; and which is 
approximately 2.2 and 26.7 times higher than those obtained for BiOBr 
and W18O49, respectively (Fig. S4). The photocatalytic rates continuely 
increase after Z-scheme heterojuction construction as well as intergating 
with CQD. Therefore, the photocatalytic degradation rate of TC by 
different materials from lower to higher value can be arranged in the 
following order W18O49<BiOBr < WB < CWB-2. These outcomes in
dicates both Z-scheme heterostructure development and CQD adjust
ment are successful ways to move forward the photocatalytic 
movement, showing that the CWB composite is a good photoactive 
fabric. Table 2S displays the photodegradation results of series of 
Z-scheme heterojunctions in other reported works onto TC [17,31,
39–44]. We can see that optimal CWB, in our work, displays comparable 
photocatalytic degradation ability for TC, from which it should be 
believed that as-prepared CWB shows certain potential for treating TC.

For the differentiation of photoinduced carrier separation and 
migration behavior of these photoactive materials, the transient 
photocurrent response is further investigated by an electrochemical 
workstation with the standard three-electrode system, following above 
photoelectrochemical measurements described [8]. Fig. 5b shows the 
corresponding photocurrent density-time curves at 0.4 V. Pure W18O49 
shows poor light response with a photocurrent density (Jph, Jph = Ji − Jd, 
where Ji and Jd are the photocurrent density with or without irradiation, 
respectively) of 15.2 nA cm− 2 [45,46]. W18O49/BiOBr possesses strong 
photoresponse with a high Jph of 32.7 nA cm− 2, additionally, and 
W18O49/BiOBr after integrating with CQD displays higher 

Fig. 5. Photocatalytic activity (a) of series of samples onto TC under sunlight irradiation, and transient photocurrent response (b) of series of samples.
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photoresponse with a high Jph of 81.4 nA cm− 2, which is significantly 
superior to W18O49 and W18O49/BiOBr (about 5.4 and 2.5 times). Here, 
anodic photocurrents for all samples appear at 0.4 V, and the photo
electrodes (working electrode) function as anode. An increase in 
photocurrent intensity directly indicates a boosted capability for elec
tron generation as well as charge sepatation and transfer to the surface. 
Combined with the remarkable photoresponse enhancement, it is 

verified that W18O49/BiOBr heterojunction construction and further 
coupling with CQD all accelerate exciton dissociation into photo
generated carriers and inhibit the e–-h+ recombination.

The BET surface area and porosity of W18O49, BiOBr, WB, and CWB-2 
are investigated by N2 adsorption-desorption measurement for evalu
ating the role of adsorption in photocatalytic performance, as shown in 
Fig. S5, and the measured BET surface area, pore size, and pore volume 
for series of samples are listed in Table 1. Usually, the BET surface area is 
related to the catalysts’ active sites and it is generablly recognized that 
large BET surface area is conductive to produce high photocatalytic 
activity [40]. However, it is found that the BET surface areas of WB and 
CWB-2 lie between W18O49 and BiOBr, which are highest and lowest; 
and pore sizes of WB and CWB-2 are also moderate compared to indi
vidual W18O49 and BiOBr. However, this is not consistent with the 
above-mentioned photocatalytic degradation rate order of TC, which 
indicate that photocatalytic activity of WB and CWB-2 are higher in 
comparison with individual W18O49 and BiOBr, but their BET surface 
areas (pore sizes) are moderate in series of samples. So, moderate BET 

Table 1 
BET surface area, pore size, and pore volume for series of samples.

Samples BET surface area 
(m2/g)

Pore Size 
(nm)

Pore Volume(cm3/ 
g)

W18O49 64.6348 13.8774 0.210125
BiOBr 7.2714 26.3158 0.053168
W18O49/BiOBr 21.9120 22.0437 0.121805
CQD/W18O49/ 

BiOBr-2
21.7189 22.5373 0.122154

Fig. 6. Diffuse reflectance absorption spectra (a) and Tauc plots showing the band gap (b).

Fig. 7. Photodegradation dynamics (a) of TC in the presence of CWB-2 with and without addition of different scavengers, and ESR spectra of CWB-2 (b–d).
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surface areas indicate that BET is not mainly responsible to the 
enhancement of TC photo degradation profermance in our system [40,
47].

The light absorption characteristic of series of photoactive samples is 
performed through UV–vis diffuse reflectance spectra (DRS) to explore 
the factors affecting the photo-electric profermance difference as shown 
in Fig. 6a. Pure BiOBr displays a substantial reaction in UV–visible-light 
frequencies, but the assimilation edge remains unchanged at approxi
mately 430 nm. By contrast, unadulterated W18O49 displays a UV–vis 
and near-infrared light (NIR) assimilation capacity, credited to the 
arrangement of surface OVs actuated LSPR effect [17,20,22]. Concur
ring with the literature, the essential part of OVs in W18O49 is to realize 
Vis-NIR assimilation and production of high-energy hot electrons 
through the LSPR excitation-induced near-field upgrade impact [17,20,
22]. Combining BiOBr with W18O49, particularly after introducing CQD, 
the visible and near-infrared light absorption operation of 
W18O49/BiOBr and CWB-2 has been upgraded compared to immaculate 
BiOBr attributed to LSPR impact of W18O49, which is advantageous for 
advancing photoresponse and photocatalytic execution. The recorded 
absorption intensity in CWB-2 is significantly enhanced than that of 
W18O49/BiOBr and immaculate BiOBr within the wavelength range of 
400–800 nm credited to fabulous up-conversion fluorescence execution 
of CQDs [13,33]. In this way, the superior light absorbance execution of 
CWB forecasts the synergistic impact of the delivered O vacancies in 
W18O49, and fabulous up-conversion fluorescence execution of CQDs as 
well as enhanced interaction between diverse components of W18O49, 
BiOBr, and CQD. The band gap energies (Eg) of a series of samples are 
calculated by empirical equation (αhυ)1/2 = A(hυ-Eg), among them, the 
parameter α, hυ, Eg and A represents absorption coefficient, photo en
ergy, band gap energy, and a constant, respectively [27,36]. According 
to the calculation (Fig. 6b), the band gaps (Eg) of BiOBr and W18O49, are 
evaluated as 2.70 eV and 1.83 eV, respectively.

We have investigated photo-generated free radicals trapping exper
iments to affirm their contribution in the photodegradation of TC with 
CWB-2. Fig. 7a exhibits that the additives viz. 1,4-benzoquinone (BQ, as 
⋅O2

− forager), isopropanol (IPA, as ⋅OH forager), and ethyl
enediaminetetraacetic acid disodium salt (EDTA-Na2, as hole scavenger) 
all diminishes the debasement rate of TC, illustrating that the photo
generated holes, ⋅OH and ⋅O2

− radicals all take part within the TC 
degradation but with diverse commitment [13,30,33,38]. The existence 
of ⋅O2

− and ⋅OH scavengers diminishes the degradation rate to 71.3 % 
and 62.8 %, be that as it may, supplementation of EDTA-Na2 signifi
cantly hinders the degradation rate to roughly 16.6 %, which uncovers 
that the h+ plays the critical part in degradation process. Summing up, 
within the photocatalytic degradation of TC by CWB-2, ⋅O2

− , ⋅OH, and h+

dynamic species all have unequivocal catalytic corruption impacts on 
TC, but h+ plays a vital part within the debasement of TC; because it can 
also change over to other active substances (i.e., ⋅OH and H2O2) to 
indirectly debase organic substances.

Numerous studies with Z-scheme heterojunction system on TC in
termediates and possible degradation pathways have already been done 
[41,44,48]. It is reported that TC molecules contain double bonds, 
amine and phenolic groups, displaying high electron density, which are 
easy to be attacked by active species (ROS: ⋅O2

− , h+, ⋅OH). When the 
active free radicals of ⋅O2

− , h+, ⋅OH all participate in TC 
photo-degradation process, TC may be degraded due to the shedding of 
different functional groups through undergoing several major pathways 
(removal of amide group, dimethylamine, as well as dehydroxylation, 
ring opening, deethylation and dehydrogenation), and finally broken 
down into small molecules or ions, which are much similar to our system 
[44,48]. Therefore, similar intermediates may genergate in similar 
degradation processes with Z-scheme multicomponent system.

To further illustration of the component for the photocatalytic 
debasement of TC, the ESR method is utilized to affirm the existence of 
⋅OH and ⋅O2

− radicals shown in Fig. 7 [35,39,48]. Nearly no character
istic crests are observed, but six DMPO-⋅O2

− characteristic signal crests 

and four DMPO-⋅OH characteristic crests can be watched beneath light 
as appeared in Fig. 7b and Fig. 7c. Hence, the ESR results straightfor
wardly demonstrate existence of ⋅O2

− and ⋅OH radicals within CWB-2, 
which agrees with the radical extinguishing tests. The radical exami
nations and ESR investigation illustrate that the ⋅O2

− , h+, and ⋅OH species 
play a role within the photocatalytic oxidation of TC. In addition, the 
ESR measurement is also carried out to provide fingerprint evidence for 
probing oxygen vacancies (O Vs). As shown in Fig. 7d, a sharp signal at g 
= 2.003, which is identified as the electrons trapped on O Vs [17,49,50], 
is detected in pure W18O49, WB and CWB-2 sample, verifying again that 
the OVs exist in the as-prepared samples. Even more remarkably, this 
signal strength distinctly increases in WB, especially in CWB-2. Due to 
ESR characterization, we can confirm that the concentration of O Vs in 
CWB-2 is richest, while that is poor in pure W18O49. Larger number of O 
Vs associated with good contact between multi-components, confirmed 
by TEM and XPS analysis, will assist in promoting separation and 
transfer of photoexcited carriers in WB and CWB-2, indicating that it is 
conducive to improving photoresponse and photocatalytic performance.

For confirming the CWB’ charge separation process, the energy band 
structure is explored by above mentioned XPS valence spectra and 
UV–vis DRS analysis. The valence band (EVB) top can be investigated by 
XPS valence band spectra (Fig. S6). The valence band (EVB) maximum 
energies of pure BiOBr and pure W18O49 are 2.27 eV and 2.52 eV, 
respectively. According to the energy band structure formula ECB = EVB – 
Eg, the conduction band (ECB) of BiOBr and W18O49 are calculated to be 
− 0.43 eV and +0.69 eV, respectively [27,33]. In terms of the above 
description, the VB potentials of BiOBr and W18O49 are +2.27 and +
2.52 eV and the CB potentials of BiOBr and W18O49 are − 0.43 eV and 
+0.69 eV, individually. The position of CB for W18O49 is lower than 
BiOBr and the position of VB for BiOBr is higher than that of W18O49. 
Fig. 8 depicts a potential Z-scheme charge transfer mechanism. Beneath 
light illumination, both W18O49 and BiOBr in CQD/W18O49/BiOBr can 
be energized to create photo-induced electrons and holes. Then, the 
CQDs, act as the most important accelerating and the exchange agents of 
electrons [13,33], promotes the recombination of the VB holes of BiOBr 
with the CB electrons of W18O49 to attain the Z-scheme heterojunction. 
Subsequently, the e– on the CB of BiOBr and the h+ on the VB of W18O49 
may keep up solid oxidation reducibility and at long last, O2 within the 
watery environment chemically reacts with e– on the CB of BiOBr to 
make ⋅O2

− , and encourage oxidize poison TC to be debased; on the other 
hand, h+ on the VB of W18O49 would straightforwardly mineralize TC or 
chemically react with H2O to create ⋅OH to expel TC [13,17,33]. Addi
tionally, O Vs might act as an inter-valence band that worked as an 
opening for photogenerated e⁻ transitory accumulation and movement, 
and thus, intensive O Vs strength in CWB might viably capture a huge 
sum of photogenerated e⁻, and after that, alter and hinder the interaction 
of photogenerated e⁻ and h+ and generate of more photogenerated h+

[49,50]. At the same time, the captured e⁻ at O Vs of W18O49 might 

Fig. 8. Possible Z-scheme electron transfer mechanism in CQD/BiOBr/W18O49 
under light irradiation.
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interact with available photons to immediately reach high-energy states 
and generate LSPR hot electrons, which straightforwardly drives oxygen 
reduction response to create ⋅O2

− species or hot electrons due to the LSPR 
impact of W18O49 can infuse into CB of BiOBr for creating a more 
prominent amount of ⋅O2

− [17]. In this manner, the photocatalytic 
degradation action is improved in CWB caused by synergistic effects, 
counting viable electron exchange and partition, upgraded light ab
sorption, and highly concentrated OV generation by Z-scheme devel
opment helped by CQD.

Based on CWB’s excellent photogenerated carrier characteristics, 
self-powered photoelectrochemical-type (PEC) photodetectors (PD) 
based on CWB-2 has been assembled due to its low cost, facile fabrica
tion, power-free capacity, following above photoelectrochemical mea
surements described in the absence of voltage [45,46]. As explored in 
Fig. 9a, the photocurrent density of CWB-based PEC PDs at 0 V is ~16 
nA/cm2, which exhibits self-powered photoresponse of 1.6 μA W− 1 

(Responsitivity: Jph/I, where Jph and I are the photocurrent density and 
light irradiation intensity). Here, cathodic photocurrent appears at 0 V, 
which means the photocurrent polarity has been changed through 
controlling applied voltage [51]. When the CWB photocathode contacts 
the electrolyte, a built-in electric field is generated at the photo
cathode/electrolyte interface, giving the self-powered capability [45]. 
Based on previous description, the Z-scheme electron transfer pathway 
may occurred. Photogenerated carriers (electrons and holes) are 
generated by irradiation onto CWB photocathode surface. Due to com
bination of the photogenerated electrons from the CB of W18O49 with 
holes at the VB of BiOBr, and OH− in electrolyte move to counter elec
trode, and is chemically oxidized into hydroxyl radicals (OH*) and lose 
electron; In the interim, an cathodic photocurrent in the circuit is ob
tained when electrons are transported to the interface of the CWB 
photocathode/electrolyte, and are spent by OH* to reduce to OH− , 
forming a complete circulation [45,51].

Response time and multicycle stability are moreover pivotal pointers 
for PDs. The rising time (Tr) is characterized as the time when the Jph 
rises from 10 to 90 % beneath light irradiation, and the decay time (Tf) is 
the time when Jph decays from 90 to 10 % as the illuminated light turns 
off [45,46]. The Tr and Tf of CWB-based PEC UV PDs at 0 V are 0.36s and 
0.47s, separately (Fig. 9a). Tr and Tf from 0 V to 1 V are calculated from 
the corronding photocurrent density-time curves by the same strategy 
sequentially (Fig. S7), as appeared in Fig. 9b. By constrast, Tr is shorter 
than Tf, and the response time is the fastest in the absence of applied 
voltage. Fig. 10 presents the multi-cycle stability of self-powered and 
small bias driven CWB-based PEC UV PDs. For fresh samples, with 
increasing number of illumination and darkening cycles at 0V and 0.4V, 
shown in Fig.10(a and b), the Jph tends to stabilize and reaches about 
~0.16 μA/cm2 and~0.08 μA/cm2 with almost circulating 800 s (40 
cycles), which show relatively stable photoexcited charge partition. In 
addition, as indicated in Table 3S, we have compared the photoresponse 
performance of the photodetector constructed in this work to that of 
other photodetectors based on Z-scheme heterostructures [52–56] re
ported in the literature. The photoresponse characteristics of PEC 
photodetector reported in this work slightly inferior than that in other 
photodetectors under the same or similar test conditions. However, 
considering different synthesis methods reported by other groups for 
synthesizing similar end product, the Z-scheme heterostructures syn
thesis scheme as reported in this work is simpler and more accessible. 
Here solvothermal, fluid stage room-temperature response, and ensuing 
mellow warm treatment preparation, techniques are used successively 
in which much lower temperature treatment is required in comparison 
with CVD deposition methods in other reported works. The above test 
results indicate that the CWB photoactive materials have potential 
application in PEC photodetectors.

Fig. 9. Photoresponse of CWB-2 based PEC PDs: (a) J-t curve at 0V and (b) Response time (Tr and Tf).

Fig. 10. Photoresponse stability of CWB-2 at 0 V (a) and 0.4 V (b).
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4. Conclusion

Novel Z-scheme heterostructure using a multi-component photon 
excitation system based on BiOBr/W18O49 coupling with CQDs has been 
successfully constructed through simple solvothermal, precipitation, 
and thermal treatment methods. By integration of the CQD electronic 
mediator and W18O49 defect effect, optimal CWB sample has displayed 
improved photocatalytic degradation of 97 % TC removal and surperior 
photocurrent response compared to WB or W18O49 alone, as well as a 
self-powered photoelectrochemical photoresponse with a responsivity 
of 1.6 μA W− 1 and a rising and decay response time of 0.36s/0.47s. The 
upgraded photoresponse and photocatalytic execution can be ascribed 
to the synergistic impact of enhanced light absorption induced by CQD 
and SPR effect, as well as intense oxygen vacancy and compatible Z- 
scheme heterostructure-induced accelerated division of photo-produced 
carriers. These discoveries provide a case for the simple synthesis of 
novel heterojunctions and an assistance design for advancing the 
partition proficiency of photogenerated electrons and holes.
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