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Carbon quantum dots (CQDs) decorated Bi2WO6 nanocomposites were successfully synthesised by a facile hydrothermal method.
The prepared samples were characterised by the XRD, FESEM, TEM, XPS, UV–vis DRS, photocurrent and photoluminescence (PL)
techniques. The DRS, photocurrent, PL spectra measurements reveal that the introduction of CQDs could broaden the absorption edge and
accelerate the separation and transportation efficiency of carriers. Moreover, a reasonable charge transfer approach was given out based
on the calculated work function and the differential charge difference. The CQDs/Bi2WO6-2 sample provides the optimal activity for
photodegradation of CIP under simulated sunlight irradiation. It is hopeful that this work not only gives a reference for the design of
CQDs/Bi2WO6 composites, but also provides some mechanistic insights into enhanced photoactivity.
1. Introduction: Human life is increasingly threatened by more
and more pollutants, such as water pollutants and air pollutants
[1–3]. Due to the misuse of antibiotics, antibiotic wastewater has
become one of the main sources of water pollution and posed
serious threats to the ecosystem [4]. Ciprofloxacin (CIP), one of
the most important synthetic antibacterial agents, is widely used
for treating bacterial infection. Frustratingly, not all of the CIP
can be broken down by metabolism; the accumulation of CIP
could induce bacterial drug resistance and subsequently pose a po-
tential threat to both human beings and other species. Thus, the CIP
pollution problem has attracted significant attention in recent years.
Numerous technologies have been reported for treating wastewater,
such as adsorption, photocatalysis and microwave catalysis [5–7].
The adsorption method has some fatal drawbacks like long reaction
time and lower ability to degrade high concentration wastewater
with high stability [5]. Microwave catalysis, as an advanced oxida-
tion process, holds the advantage of high effectiveness. However,
there still exists a big gap for large-scale applications, which was
attributed to the potential risk of microwave radiation leakage [6].
The photocatalysis, as green and promising technology, has been
widely studied for purifying wastewater because of its low energy
consumption, simple operation and less secondary pollution [8].
The key to photocatalysis is to design efficient visible-light-driven
photocatalyst. Thus, numerous photocatalysts have been designed
and prepared for photocatalytic degradation, such as ZnO, C3N4,
MOFs etc. [9–11]. Among reported photocatalysts, bismuth tung-
state (Bi2WO6) has attracted increasing attention in virtue of its
excellent performance. Firstly, its narrow bandgap (ca. 2.7 eV)
could respond to visible light, which increases the utilisation of
solar light [12]. Moreover, its layered structure is beneficial to
facilitate the separation and transfer efficiency of photogenerated
carriers. However, there still exists a lot of limits due to its
inadequate reduction ability, which is determined by its relatively
positive conduction band potential (ca. 0.51 eV) [13]. Thus,
plenty of attempts have been carried out to improve the photo-
catalytic activity of Bi2WO6 such as controlling morphology [14],
elemental doping [15] and building heterojunctions [16, 17].
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Carbon materials have attracted widespread attention for designing
photocatalysts due to their excellent ability to store/deliver electrons
[11]. CQDs, as a novel zero-dimension carbon material, have
attracted extensive interest in photocatalysis [18]. Furthermore,
as illustrated by many previously reported kinds of literature, the
optical property and quantum yield of CQDs could be further
improved by doping modification [18, 19].

In this work, the CQDs modified Bi2WO6 heterostructures were
synthesised by a two-step hydrothermal method. The photocatalytic
performance of prepared CQDs/Bi2WO6 composites was evaluated
by the photodegradation of CIP. The reasonable mechanism of
enhanced photoactivity was presented according to the experimen-
tal properties and DFT calculation results.

2. Experimental: Firstly, the N, P co-doped CQDs solution was
synthesised using sodium citrate and ammonium dihydrogen phos-
phate through a hydrothermal process [18]. The N, P co-doped
CQDs were simplified to be CQDs in the present work. Then, the
CQDs/Bi2WO6 composites were prepared through a hydrothermal
method. Typically, 20 ml 0.05 M Na2WO4 CQDs-water solution
(X ml CQDs solution and (20−X ) ml water) was prepared. 0.98 g
Bi(NO3)3·5H2O was dissolved in 30 ml 0.4 M HNO3 aqueous
solution. Then, the Na2WO4 solution was slowly poured into the
Bi(NO3)3·5H2O solution. Subsequently, the mixed suspension
was transferred into a 100 ml Teflon-line autoclave at 160°C for
20 h. After cooling to room temperature, the product was centri-
fuged and washed three times with deionised water to obtain the
faint yellow powder. The prepared CQDs/Bi2WO6 composites
were labelled as CQDs/Bi2WO6-1, 2, 3, 4 based on the addition
of CQDs solution (0.3, 1, 3, and 5 ml), respectively. Similarly,
pure Bi2WO6 was obtained by the same method without the
addition of CQDs. The preparation process of the CQDs/Bi2WO6

composites is displayed in Fig. 1.

2.1. Characterisation: The crystalline phases were recorded on the
D8 ADVANCE X-ray diffractometer (XRD, Bruker, Germany).
The morphologies were analysed by FESEM (Zeiss Merlin
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compact-61-78) and TEM (JEM-ARM300F) images. The XPS
spectra were conducted on Escalab 250XI. The optical properties
were investigated by UV–vis DRS (U-3900), photocurrent meas-
urement (CHI 660e) and PL spectra (F-4700), respectively.
2.2. Photocatalytic activity evaluation: The activity of prepared cat-
alysts was evaluated by the photodegradation of CIP under a 300 W
Xe lamp. Typically, 40 mg photocatalysts and 200 ml CIP solution
Fig. 2 XRD patterns of the as-prepared samples

Fig. 1 Schematic illustration of the synthesis process of CQDs/Bi2WO6

composites

Fig. 3 FESEM images of
a, b Pure Bi2WO6

c, d CQDs/Bi2WO6-2 composite

Fig. 4 TEM and HRTEM images of the CQDs/Bi2WO6-2 composite
a TEM image
b, c HRTEM images
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(10 mg l−1, the pH of the solution was 6.86) were added into a
350 ml quartz reactor. The reactor was placed right below the Xe
lamp, and the distance between the Xe lamp and CIP solution is
about 15 cm. Prior to light up, the mixture was stirred for 30 min
in the dark to establish an adsorption–desorption equilibrium. At
selected intervals, about 3 ml reaction mixture was collected and
filtered to remove particles. The concentration of CIP was recorded
on a Perkin Elmer Lambda 35 UV–vis spectrophotometer. For
evaluating the visible-light photoactivity, 0.1 g tested sample was
added into 100 ml 10 mg/l CIP solution, and a 300 W Xe lamp
coupled with a 420 nm filter served as the light source.

3. Results and discussion: Firstly, the crystal structure of prepared
samples was characterised by XRD (Fig. 2). The distinct diffraction
peaks at 2θ= 28.3°, 32.9°, 47.1°, 56.0°, 58.5° and 76.1° could
be indexed to (131), (002), (202), (133), (262) and (2102) planes
of orthorhombic Bi2WO6 (JCPDS Card No. 39-0256), res-
pectively. However, no characteristic diffraction peaks of CQDs
can be observed, which may be due to the low CQDs content in
the composite. The similar results were also reported in previous
systems [18].

Fig. 3 displays the FESEM images of the prepared pure Bi2WO6

and CQDs/Bi2WO6-2 composite. All the samples show a flower-
like structure and the diameters are about 4–5 μm. Furthermore,
the high-resolution FESEM images clearly show that the Bi2WO6

microflower is constructed from a great number of nanosheets,
which may promote the utilisation of light and provide more reac-
tion substrates [20]. The CQDs/Bi2WO6-2 composite was further
characterised by the TEM and HRTEM. As shown in Fig. 4, two
different lattice fringes with d-spacings of 0.273 and 0.32 nm
correspond to the (200) and (002) crystal planes of Bi2WO6 and
graphite CQDs, respectively [2, 21].

The BET surface area, BJH pore size distribution and pore
volume of pure Bi2WO6 and CQDs/Bi2WO6-2 composite are
supplemented. The N2 adsorption–desorption isotherms are
shown in Fig. 5a, all tested samples show the typical IV isotherms
with H3 type hysteresis. It indicates that tested catalysts hold a
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Fig. 5 N2 adsorption–desorption isotherms and pore structure distribution of Bi2WO6 and CQDs/Bi2WO6-2 samples
a N2 adsorption–desorption isotherms
b Corresponding pore size distributions of Bi2WO6 and CQDs/Bi2WO6-2

Table 1 BET surface areas and pore properties of pure Bi2WO6 and
CQDs/Bi2WO6-2 composite

Sample BET surface
area, m2g−1

Average pore
size, nm

Pore volume,
m3g−1

Bi2WO6 15.03 17.358 0.141
CQDs/Bi2WO6-2 11.81 9.632 0.062
mesoporous structure [22]. The pore size distribution shown in
Fig. 5b further confirms this assumption. The textural properties
of tested samples are summarised in Table 1. It can be found that
the BET surface area and total pore volume of CQDs/Bi2WO6-2
composite exhibit a decrease compared to pure Bi2WO6, which
was mostly because the CQDs blocked the pore path of Bi2WO6

[23]. However, the pore size distribution did not show much differ-
ence after the decoration of CQDs, indicating that the 3D Bi2WO6

structure is not damaged when CQDs were combined, which was
confirmed by the FESEM and TEM images.
The survey XPS spectrum (Fig. 6a) shows the composition of the

C, N, Bi, W components, indicating the formation of CQDs and
Bi2WO6 hybrid materials. The Bi 4f XPS spectrum (Fig. 6b)
shows two symmetric peaks (159.2 eV, 164.5 eV), corresponding
to Bi 4f7/2 and Bi 4f5/2 signals from the Bi3+ species [18].
The binding energies of W 4f7/2 (35.4 eV) and W 4f5/2 (37.6 eV)
can be attributed to the surface W6+ species. The O 1 s XPS
signal (Fig. 6d ) could be fitted into two peaks. The former
peak at binding energy = 530.04 eV is assigned to the lattice
oxygen species of Bi2WO6. While the later one at binding
energy = 531.36 eV corresponds to the surface adsorbed oxygen
Fig. 6 XPS spectra of CQDs/Bi2WO6-2 sample
a Survey spectrum
b Bi 4f spectrum
c W 4f spectrum
d O 1s spectrum

Micro & Nano Letters, 2020, Vol. 15, Iss. 5, pp. 317–322
doi: 10.1049/mnl.2019.0702
species [24]. To confirm the presence of C, N and P elements in pre-
pared CQDs/Bi2WO6-2 sample, the corresponding XPS spectrum
and EDS image were performed as shown in Fig. 7. The C 1s
XPS spectrum (Fig. 7a) could be fitted into three peaks at 284.6,
285.8 and 288.4 eV, corresponding to the C–C, C–O and C=O
bonds, respectively [25]. In addition, the binding energy located
at 406.6 eV (Fig. 7b) could be ascribed to the N 1s peak of nitrogen
from the CQDs [26]. The EDS analysis results (Figs. 7c and d )
also confirmed the coexistence of Bi, W, O, N, P elements in the
CQDs/Bi2WO6-2 composite. It should be noted that inaccurate
carbon content can be ascribed to the carbon membrane [21].
Moreover, it can also be seen that the phosphorus exists at a low
level (0.37% atomic fraction). Therefore, no obvious P signal was
detected in the P 2p XPS spectrum.

The photoactivity of CQDs/Bi2WO6 composites was evaluated
by photodegradation of CIP. As shown in Fig. 8a, the CQDs/
Bi2WO6-2 exhibited the highest photocatalytic performance.
Obviously, the photodegradation rate of CIP for CQDs/Bi2WO6-2
was estimated to be 94% after 90 min of irradiation, which
was much higher than that of pure Bi2WO6 (58%). Subsequently,
the CIP photodegradation test over CQDs/Bi2WO6-2 was per-
formed under visible light irradiation to further confirm its photo-
catalytic performance (Fig. 8b). It can be seen that 0.1 g CQDs/
Bi2WO6-2 sample could degrade 96% CIP (100 ml, 10 mg/l)
within 80 min.

To illustrate the novelty of this work, Table 2 lists the degradation
rate of CIP over prepared CQDs/Bi2WO6-2 sample in this Letter
and some similar reports in recent years [27–31]. It can be
concluded that the prepared Bi2WO6/CQDs composite shows a
competitive activity for CIP photodegradation with or without
filter, which indicates the novelty of this Letter.
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Fig. 7 XPS spectra of CQDs/Bi2WO6-2 sample
a C 1s spectrum
b N 1s spectrum
c, d EDS image of CQDs/Bi2WO6-2 sample

Fig. 8 Photocatalytic performances and Scavenger experiments of prepared samples
a Photocatalytic activity
b Visible light photoactivity over CQDs/Bi2WO6-2 sample
c Photocatalytic cyclability
d Scavenger experiments of prepared samples

Table 2 Comparisons of CIP photodegradation efficiency of
photocatalysts in this work and similar research

Catalyst Catalyst
dosage

Light source Removal
rate

Ref.

Bi2WO6/RG 1 g/l 500 W Xe lamp 65%, 180 min [27]
BiOCl@Bi2WO6 1 g/l 300 W Xe lamp,

420 nm filter
65%, 300 min [28]

Bi2WO6/C3N4 1 g/l 300 W Xe lamp 20%, 120 min [29]
Bi2WO6/CQDs 0.4 g/l 300 W Xe lamp,

420 nm filter
80%, 120 min [30]

Bi2WO6/
BC-QDs

0.5 g/l 350 W Xe lamp,
420 nm filter

80%, 120 min [23]

Bi2WO6/CQDs 0.2 g/l 300 W Xe lamp 94%, 90 min this
work

Bi2WO6/CQDs 1 g/l 300 W Xe lamp,
420 nm filter

96%, 80 min this
work
Moreover, the stability of photocatalyst is also a determinant for
practical applications. Four cyclic experiments were conducted
under the same conditions in the evaluation of photocatalytic
performance. As shown in Fig. 8c. The CQDs/Bi2WO6 sample,
with only a 6% decrease compared with the first run, exhibited
an 87.7% CIP degradation rate for the fourth cycle. To better
explore the role of active radicals in the photocatalytic reaction,
the trapping experiments with different scavengers were performed
[31]. As shown in Fig. 8d, CQDs/Bi2WO6 did not show obvious
loss of activity when IPA was applied to trap ·OH. Nevertheless,
the photoactivity was obviously limited after the addition of
EDTA-2Na or BQ. The photodegradation rate of CIP decrease
from 93.4 to 33% (EDTA-2Na), 18.3% (BQ), respectively. Thus,
320
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it can be deduced that h+, ·O2
− are the main active radicals for the

photodegradation process.
The UV–vis DRS was employed to investigate the light-response

ability of samples. It is obvious that the intrinsic absorption
edges showed a redshift after the introduction of CQDs, which
is beneficial to improve the utilisation of the sunlight spectrum.
The absorption edge of CQDs/Bi2WO6-2 was determined to be
451.4 nm (inset of Fig. 9a), and the variety of red-shift was
4.9 nm compared with that of pure Bi2WO6 (446.5 nm). The photo-
current (Fig. 9b) and PL spectra (Fig. 9c) were conducted to inves-
tigate the separation and transfer efficiency of charge carriers.
Obviously, the CQDs/Bi2WO6 show a much higher photocurrent
density than that of pure Bi2WO6, which suggests that the intro-
duction of CQDs could suppress the recombination of photo-
generated electron–hole pairs. Moreover, the PL spectrum was
employed to further investigate the charge separation efficiency.
As shown in Fig. 9c, the PL intensity decreases apparently after
the CQDs have adhered to the surface of Bi2WO6, consistent
with the photocurrent response conclusions.

In order to explore the charge transfer approach at the interface,
the DFT was implemented via the CASTEP code. Firstly, the
work functions of Bi2WO6 and CQDs were estimated to be
5.704 and 4.9 eV, respectively (here, the work function Φ=
EVacuum level−EFermi level). Thus, the photogenerated electrons
would transfer from CQDs to Bi2WO6 due to the work function
difference [32]. Moreover, the differential charge difference is cal-
culated and shown in Fig. 10c. The electron depletion and accumu-
lation are, respectively, labelled in red and green as shown in the
right legend. Clearly, some electrons from CQDs were delocalised
and flowed into Bi2WO6, consisting of the results of the work
function.

A reasonable mechanism of the enhanced photodegradation rate
of CIP is presented. The work function of Bi2WO6 is bigger than
Micro & Nano Letters, 2020, Vol. 15, Iss. 5, pp. 317–322
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Fig. 9 Photoelectric property characterizations of prepared samples
a UV–vis DRS, inset: adsorption edge
b Photocurrent density
c PL spectra of samples

Fig. 10 Calculated work functions
a Bi2WO6 (001) plane
b CQDs (002) plane
c Charge density difference image of CQDs/Bi2WO6
that of CQDs. When CQDs are coated on the surface of Bi2WO6,
the photogenerated electrons will transfer from CQDs to the
Bi2WO6, promoting the separation and migration efficiency of
charge carriers [33]. Moreover, the adsorption edge of the compo-
sites shows a red-shift due to the up-conversion property of CQDs.
Benefiting from the synergistic effect of Bi2WO6 and CQDs, the
enhanced photoactivity was obtained.

4. Conclusion: The CQDs/Bi2WO6 nanoflowers have been pre-
pared and exhibited much higher photoactivity than the pure
Bi2WO6. The introduction of CQDs can increase the visible-light
absorbance, suppress the recombination of the carriers. The DFT
calculations demonstrated that the electrons would flow into
Bi2WO6 due to the differential work function. According to the
quenching experiments, the ·O2

− and h+ are the dominant active
species in the photodegradation process. Benefiting from these
advantages, the CQDs/Bi2WO6 composites show an enhanced
photocatalytic performance for the degradation of CIP.
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