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Increasing the charge separation and the utilization efficiency of sunlight are essential factors in a
photocatalytic process. In this study, we prepared crystalline N-CQDs@W18O49 heterostructures, through
the in situ growth of W18O49 nanocrystals on nitrogen-doped carbon quantum dots (N-CQDs).
N-CQDs@W18O49 nanocomposites showed high activity in the photodegradation of ciprofloxacin (CIP)
andmethyl orange (MO). The photodegradation activity of the optimized N-CQDs@W18O49-5 samplewas
four times higher than that of W18O49 under ultraviolet-visible (UV–vis) light irradiation. The
photodegradation activity of N-CQDs@W18O49-5 samplewas two times higher than that ofW18O49 under
near-infrared (NIR) light irradiation. The enhanced photosensitivity of the nanocomposites was
attributed to the promotion of charge separation by N-CQDs and the local surface plasmon resonance
(LSPR) effect of W18O49 under NIR light irradiation. This work provides a promising approach for
designing and manufacturing photocatalysts with full-spectral responsiveness and improved charge
separation.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Utilizing solar energy to solve environmental and energy-
related problems is of increasing attention [1,2]. Photocatalysis has
been recognized as a potential solar energy utilization technology
that converts it into chemical energy, thus solving problems
related to environmental pollution and energy shortage [3]. Most
semiconductor photocatalysts, which have been developed in
recent years such as TiO2, ZnS, CdS, and g-C3N4, can only be excited
efficiently by ultraviolet (UV) and visible (vis) light [4–6]. However,
solar light consists of [40_TD$DIFF]�3% UV light and �44% visible light, while
infrared light, accounting for [41_TD$DIFF]�53% of its spectrum, cannot be
utilized efficiently by most photocatalysts [7–9]. Therefore, it is of
utmost importance to designphotocatalysts that can utilize the full
solar spectrum.

Recently, tungsten oxide has been regarded as one of the most
promising semiconductor materials in the field of photocatalysis
due to its suitable band gap and environmental friendliness [10,11].
W18O49, a member of the tungsten oxide family, has a unique
localized surface plasmon (LSPR) effect due to the presence of
oxygen vacancies (OV), and has considerable absorption in the
g).
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near-infrared (NIR) region [12–14]. The LSPR effect is based on the
collective oscillation of oxygen vacancies on the surface of W18O49

that occur after irradiation with visible or NIR light, which can
result in the enhancement of photocatalytic activity [15–17].
However, the photocatalytic activity of W18O49 is limited by the
rapid recombination of photoinduced charge carriers. One
possibility to overcome this issue is to construct a heterostructure
with another suitable material to obtain high photocatalytic
performance.

Carbon materials have the potential of improving the photo-
catalytic activity by (i) narrowing the bandgap; (ii) decreasing the
recombination rate of photogenerated charge carriers; (iii)
providing more active sites and higher surface area; (iv) acting
as a photosensitizer; (v) prolonging the lifespan of charge carriers.”
(with appropriate citations to back this up) [18–20]. Carbon
quantum dots (CQDs) are suitable for such purposes that have
unique optical and electrical characteristics and a diameter of less
than 10 nm. Due to the tunable electronic properties caused by the
quantum confinement effect, CQDs can act as active sites and
adjust the properties of electrochemical interfaces [21,22]. The
recent research work showed that the presence of N in nitrogen-
doped CQDs (N-CQDs) could more effectively induce the charge
delocalization, reduce work function, and improve photocatalytic
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig.1. (a) XRD patterns ofW18O49 andN-CQDs@W18O49-5 samples. (b) EDS analysis
of N-CQDs@W18O49-5.
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performance [23,24]. Meanwhile, thework of Ji [42_TD$DIFF]et al. demonstrated
that the addition of N-CQDs could adjust the concentration of
reactive oxygen species [25]. Considering the positive effects of
N-CQDs and OV of W18O49, a cooperation of them should be
suitable for higher striking photocatalytic performance. Moreover,
they have outstanding chemical durability, high dispersity, and
excellent compatibility to fabricate hybrid systems.

Based on this, in the present paper N-CQDs were used as seeds
to grow W18O49 nanocrystals on its surface (N-CQDs@W18O49),
thus forming a heterojunction photocatalyst with core-shell
structure. The "seed-mediated" effect of N-CQDs increased the
separation rate of charge carriers in W18O49 and promoted the
growth of the crystals. Methyl orange (MO) and ciprofloxacin (CIP)
were selected as model pollutants to evaluate the photocatalytic
activity of the samples under UV–vis and NIR light irradiation.

In a typical experiment, 1 g of citric acid and 3 g of urea were
dissolved in 30mL of water. The above solution was then
transferred to a 50mL Teflon-lined autoclave reactor and heated
at 180 �C for 6 h. After filtered and dialyzed for 24 h to remove
impurities, and then N-CQDs was freeze-dried to obtain.
N-CQDs@W18O49 was synthesized through the following steps.
First, 0.1 g N-CQDs were dissolved in 100mL ethanol and stir to
obtain a dark yellow solution. Then, 0.8 g WCl6 was dissolved in
40mL ethanol to form a light yellow transparent solution.
Subsequently, the N-CQDs solution was added into the WCl6
solution in different volumes, calculate the weight ratio of CQDs to
WCl6, and control the weight ratio at [43_TD$DIFF]1%, 3%, 5% and 7%,
respectively. Ultimately, the precursor solution was transferred
to a 100mL Teflon-lined high-pressure steam and heated at 240 �C
for 20 h. The final products were collected by centrifugation,
washed three times with ethanol, and dried in air at 60 �C for 6 h.
Composites with variable weight ratios of N-CQDs to W18O49 (i.e., [44_TD$DIFF]
1%, 3%, 5% and 7%) were denoted as N-CQDs@W18O49-1,
N-CQDs@W18O49-3, N-CQDs@W18O49-5, and N-CQDs@W18O49-7,
respectively. PureW18O49 was obtained through the samemethod,
but without N-CQDs. The synthesis process of N-CQDs@W18O49

composites is shown in Scheme 1. The sections of N-CQDs@W18O49

characterization and photocatalytic activity measurements can be
found in [45_TD$DIFF]Supporting information.

The crystal structures of W18O49 and N-CQDs@W18O49-5 were
analyzed by X-ray diffraction (XRD). As shown in Fig. 1a, the
diffraction peaks of 23.48� and 48.02� correspond to (010) and
(020) plane of monoclinic W18O49. In particular, the (010)
diffraction peak from monoclinic W18O49 was incredibly strong,
which was due to the deviation of W18O49 in the [010] direction
during the growth process, which was consistent with previous
reports [26,27]. In the XRD pattern of N-CQDs@W18O49-5
composite, the broadening of (010) plane might be caused by
the overlapping of N-CQDs and carbon peak positions. There was a
slight change from 47.96� to 45.68� on the plane (020), which
might be due to the binding of metal ions in W18O49 with N-CQDs.
The energy dispersive spectrometer (EDS) elemental mapping
results of the CQDs@W18O49-5 photocatalyst are shown in Fig. 1b,
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Scheme 1. The prepared route of N-CQDs@W18O49 with a facile self-assembly strategy.
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revealing that N-CQDs@W18O49-5 contained the elements C, N, O
and W. The EDS spectrum further confirmed the presence of
elements of N-CQDs@W18O49 composite.

The morphologies of the prepared samples were character-
ized by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). As shown in Fig. S1 (Supporting
information), the SEM images of W18O49 and N-CQDs@W18O49

are used to determine the nanostructure, fromwhich we can see
that the prepared N-CQDs@W18O49 show different shapes as the
quality of N-CQDs changed continuously. As for W18O49, a
rod-like structure can be observed. As shown in Fig. S1, the rod-
shaped structure of W18O49 became more uniform and thinner
with the continuous addition of N-CQDs, which can be
attributed to the “seed mediated” effect from N-CQDs. with
the solvothermal treatment proceeding, N-CQDs act as nucle-
ation sites, lowering the nuclear energy barrier of W18O49

crystal, which accelerates the continuous assembly of W18O49

unit cells and presents a typical heterogeneous nucleation
process. However, excessive accumulation of N-CQDs leads to
aggregation, which further leads to the aggregation of the rod-
shaped structure of W18O49 (Fig. S1e). In the N-CQDs@W18O49-5
composite, W18O49 on the surface of N-CQDs shows a more
uniform and orderly structure with a thin bar. Fig. S1f is a
high-resolution TEM (HRTEM) image of the prepared
N-CQDs@W18O49-5 composite, and the interplanar spacing of
W18O49 on N-CQDs is 0.38 nm, which is consistent with the
lattice spacing of the monoclinous crystal plane of W18O49 (010)
[28].

The atomic structure of the prepared W18O49 nanomaterials
was further studied by Fourier transform infrared (FT-IR)
spectroscopy. In Fig. S3a (Supporting information), there are three
peaks on the spectrum of N-CQDs, which respectively come from
the stretching vibration of C��C (1200 cm�1), the asymmetric and
symmetric stretching bands of COO (1540 cm�1), and the stretch-
ing mode of ��OH (1550 cm�1). The characteristic stretching
vibration bands of W¼O and O��W��O (500–1000 cm�1) were
observed on the spectrum of W18O49 (Fig. S3b in Supporting
information). After introducing N-CQDs into W18O49, the resulting
heterostructure of N-CQDs@W18O49-5 shows the composite FT-IR
signal assigned by W18O49 and N-CQDs.

Elemental composition and chemical state of N-CQDs@W18O49-
5 were investigated by X-ray photoelectron spectroscopy (XPS).
The survey XPS spectrum in Fig. S4 (Supporting information)
means that the prepared N-CQDs@W18O49-5 mainly composed of
C, O, and W elements. Fig. S5 (Supporting information) shows the
high-resolution spectra of C 1s, [46_TD$DIFF]N 1s, O 1s and W 4f. As shown in
Fig. S5a, the high-resolution spectrum of C 1s can be divided into
four peaks located at 284.5, 285.1, 286.3 and 289 eV, respectively.
Among them, the peak at 284.5 eV is attributed to C��C/C¼C. Peaks
of 285.1 eV are C��N/C��O, while peaks of 286.3 eV and 289 eV are
C¼O and COOH, respectively. Fig. S5b shows the N 1s high-
resolution spectrum,which can be divided into three characteristic
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Fig. 2. (a) UV–vis-NIR diffuse reflectance spectra of the prepared W18O49 and N-
CQDs@W18O49 composites. (b) Photoluminescence spectra and (c) photocurrent
response.
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peaks located at 398.1, 399.5 and 401.6 eV. Three peaks were
attributed to pyridine nitrogen, pyrrole nitrogen, and graphite
nitrogen, respectively. The nitrogen elements contained in
N-CQDs@W18O49-5 samples are mainly nitrogen-containing func-
tional groups on the surface of N-CQDs, which also shows the same
conclusion as the N 1s high-resolution spectrum of N-CQDs in
Fig. S6. As shown in Fig. S5c, the high-resolution O [47_TD$DIFF]1s spectrum of
W18O49 has two peaks at 529.89 eV and 531.24 eV, corresponding
to W��O and OVs. The high-resolution O [47_TD$DIFF]1s spectrum of
N-CQDs@W18O49-5 has three peaks at 529.89, 530.55 and
531.24 eV, corresponding toW��O, C��O/C¼O and oxygen vacancy,
respectively. C��O/C¼O is mainly attributed to the addition of N-
CQDs. The peak observed at 529.89 eV corresponds to the lattice
oxygen O2� bonded to W [29]. The binding energy of 531.24 eV is
attributed to O‒ or reduced WX+-state connected
O2� species [30]. As shown in Fig. S5d, the high-resolution
spectrum ofW 4f can be divided into three pairs, namelyW6+, W5+

and W4+. The W 4f7/2 (35.6 eV) and W 4f5/2 (37.8 eV) peaks belong
to W6+.The peaks of binding energy at 35.21 eV and 37.1 eV are W
4f7/2 and W 4f5/2 of W5+, respectively [31]. In addition, the other
two small peaks of 34.20 eV (W 4f7/2) and 36.19 eV (W 4f5/2) are
attributed to w4+. The existence of a low oxidation state (W4+)
further confirmed the formation of oxygen vacancies inW18O49. As
shown in Figs. S5c and d, the peak values of W 4f and O 1s in
N-CQDs@W18O49-5 move to higher band energies than the
corresponding values ofW18O49. It is worth noting that an increase
in binding energy indicates a decrease in electron concentration.
Therefore, the change of the characteristic peak binding energy
indicates that the electron transfer process will occur on the
N-CQDs@W18O49-5 heterogeneous interface, and the photogen-
erated electrons have a tendency to move fromW18O49 to N-CQDs.

Based on all the experimental results and the above analysis, we
propose the growth mechanism shown in Fig. S6 (Supporting
information). When the solvent heat treatment started, WCl6
began to growon the surface of N-CQDs to formW18O49 under high
temperature conditions using N-CQDs as seeds. It can be seen from
Fig. S7 (Supporting information) that the character of N-CQDs
contains a large amount of C��O/C¼O, while it can be seen from
Fig. S5c that the prepared N-CQDs@W18O49-5 appears C��O/C¼O.
The O atoms of the C��O/C¼O unit combine with W4+ and W5+,
which makes N-CQDs the preferred nucleation site, lowering the
nuclear energy barrier of W18O49 crystal, and presenting a
typical heterogeneous nucleation process, which shows the
same result as XRD. It is described as “seed-mediated” effect.
With the solvothermal treatment proceeding, the W18O49 nucleus
on N-CQDs and the low energy there accelerate the continuous
assembly of W18O49 crystal cells. Herein, N-CQDs induce the
heterogeneous nucleation of W18O49 lattices and construct a full
crystalline hetero-junction photocatalyst.

UV-vis-NIR absorbance spectra were used to characterize the
optical response characteristics of different photocatalysts. The
quantum effect of N-CQDs and the LSPR effect of W18O49, the
prepared N-CQDs@W18O49 still have obvious light absorption in
the UV–vis and NIR regions (Fig. [48_TD$DIFF] 2a and Fig. S8 in Supporting
information). The UV–vis spectrum of N-CQDs shows two
absorption bands at 280 and 390 nm (Fig. S8) which correspond
to p → p* transition of the C¼C unsaturation and n → p* type
transition of the C¼O respectively. As the De Broglie wavelength,
coherence wavelength and baryon Bohr radius of N-CQDs and
electrons are comparable, electrons are confined in nano space,
electron transport is restricted, electron very short mean free path,
and the locality and coherence of electrons are enhanced. These
will cause quantum effects. For N-CQDs, when the particle size is
equal to or smaller than the Bohr radius of Wannier baryon, they
will be in the strong confinement region, which is easy to form
baryon and produce baryon absorption band.With the particle size
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decreases, quantum effect is triggered, and the lowest energy of
the baryon moves toward the high-energy direction, which
is a blue shift. In comparison with the pure W18O49, the
N-CQDs@W18O49 shows a blue shift, verifying quantum effect of
the N-CQDs sample. Among them, N-CQDs@W18O49-5 exhibits
strong light absorption under both visible light and NIR light. The
UV–vis-NIR absorbance spectra show that N-CQDs@W18O49-5 has
high sunlight absorption and has potential advantages for
enhancing sunlight utilization. Based on the absorption curves,
the band gaps of W18O49 and N-CQDs@W18O49-5 are calculated
[32]. According to the results shown in Fig. S9 (Supporting
information), the optical band gaps of W18O49 and N-
CQDs@W18O49-5 are 2.81 eV and 2.59 eV, respectively. Compared
with W18O49, although the bandgap of N-CQDs@W18O49-5 is
narrowed due to the introduction of N-CQDs, the absorption range
of light is enhanced.

PL spectroscopy is an important characterization method for
testing charge separation efficiency. Since the luminescence is
caused by the rapid recombination between photo-induced e�[49_TD$DIFF]–h+

pairs, high photoluminescence intensity indicates a high recombi-
nation rate and low photocatalytic activity. As shown in Fig. 2b,
the PL spectra of W18O49 and N-CQDs have a strong peak at
440 nm. Due to the addition of N-CQDs, the PL spectrum of
N-CQDs@W18O49-5 significantly decreases. N-CQDs@W18O49-5
has the lowest photocatalytic intensity, indicating the best
photocatalytic performance. The photocurrent test results also
give a similar conclusion. As shown in Fig. 2c, pure W18O49 has the
lowest photocurrent response, indicating that W18O49 has the
lowest defect concentration and the highest charge combination
efficiency. It is worth noting that the photocurrent density of N-
CQDs@W18O49-5 is significantly enhanced compared with the
original W18O49. Improvements in photocurrent indicate that
photo-excited carrier separation in a heterojunction is more
effective than using W18O49 alone. The above results indicate that
N-CQDs injected with W18O49 can improve the separation
efficiency of photo-induced e�[49_TD$DIFF]–h+ pairs, extend the life of
photo-excited carriers and provide a promising photocatalyst for
the degradation of pollutants.

In order to investigate the photocatalytic performance of the
prepared photocatalytic materials, the dye MO and antibiotic CIP
were subjected to photocatalytic degradation under UV–vis and



[(Fig._3)TD$FIG]

Fig. 3. Trapping experiments for the photocatalytic degradation of CIP under UV–vis
(a) and NIR (b) light irradiation. Proposedmechanism forMO and CIP degradation on
N-CQDs@W18O49-5 under full-spectrum light irradiation (c).
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NIR light. Before the photocatalytic degradation, the adsorption
experiment was carried out under dark conditions in order to
achieve the adsorption-desorption equilibrium. CIP, as an antibi-
otic pollutant in the environment, has also been selected as a target
pollutant. As shown in Fig. S10a (Supporting information), with the
existence of W18O49, only [50_TD$DIFF]47.3% of CIP can be degraded under
UV–vis light irradiation for 180min. N-CQDs@W18O49-5 showed
good photocatalytic performance in photodegradation of CIP, and
the removal efficiency reached [51_TD$DIFF]93.5% after 180min of UV–vis
irradiation. Due to LSPR effect, the photocatalytic activity of
W18O49 was enhanced under NIR light. We found that the
photocatalytic activity of N-CQDs@W18O49-5 was still higher
than that of the W18O49, and the degradation efficiency of
N-CQDs@W18O49-5 on CIP was [52_TD$DIFF]70.6% under NIR irradiation for
180min. Fig. S10c [53_TD$DIFF](Supporting information) shows the result of the
degradation of MO by the prepared different photocatalyst under
UV–vis irradiation for 120min. The prepared N-CQDs@W18O49-5
has the highest photocatalytic activity, and [54_TD$DIFF]97.1% of MO molecules
were degraded within 120min. We found that the photocatalytic
activity of N-CQDs@W18O49-5 was still higher than that of the
W18O49, and the degradation efficiency of N-CQDs@W18O49-5 on
CIP was [55_TD$DIFF]72.6% under NIR irradiation for 120min. At the same time,
in the dark reaction process, N-CQDs@W18O49-5 also showed a
good adsorption effect due to their large specific surface area. It
should be noted that excessive or insufficient N-CQDs in the
preparation process will cause the ultimate photocatalytic activity
to decrease. In addition, the investigation of the photocatalytic
degradation kinetics under UV–vis light and NIR light showed that
the changes in the concentration ofMO and CIP the reaction time in
the degradation process of N-CQDs@W18O49 are in line with the
pseudo-first-order kinetics (Fig. S11 in Supporting information).
Table S1 (Supporting information) can be seen that the degradation
rate of CQDs@W18O49-5 is 4 times [56_TD$DIFF]higher than that of W18O49

under UV–vis light. Table S2 (Supporting information) can be seen
that the degradation rate of N-CQDs@W18O49-5 is 2 times [56_TD$DIFF]higher
than that of W18O49 under NIR light. The results show that the N-
CQDs@W18O49 composite has great potential in the treatment of
medical wastewater.

In order to research the mineralization ability of W18O49, a total
organic carbon (TOC) removal experiment was carried out. As
shown in Fig. S12 (Supporting information), under UV–vis light
irradiation for 120min, the TOC removal rate of W18O49 is only [57_TD$DIFF]

23.61%. It is worth noting that under the same conditions, the TOC
removal rate of N-CQDs@W18O49-5 can reach [58_TD$DIFF]45.32%. It can be seen
from the above results that the preparedN-CQDs@W18O49material
can not only photodegrade CIP molecules but also decompose CIP
molecules into CO2 and H2O. In practical applications, the
reusability and stability of the photocatalyst are very important.
Therefore, CIP to evaluate the stability of the prepared
N-CQDs@W18O49-5 composite in UV–vis and NIR light irradiation.
After 5 cycles of experiments, the photocatalytic activity of
N-CQDs@W18O49-5 did not decrease significantly under UV–vis
light and NIR light irradiation (Fig. S13 in Supporting information),
indicating that the prepared N-CQDs@W18O49 composite has high
stability.

According to reports, hydroxyl radicals (
�
[59_TD$DIFF]OH), superoxide

radicals (O2
��
[60_TD$DIFF]) and active hole (h+) contributed to pollutant

oxidation. In order to elucidate the electron transfer and reaction
mechanisms in the photocatalytic, radical trapping control experi-
ments were performed on the catalytic degradation of CIP on
N-CQDs@W18O49 composites. The results of the catalytic perfor-
mance after radical trapping are presented in Fig. 3a. The addition
of 1,4-benzoquinone and EDTA-2Na during the reaction signifi-
cantly decreased the degradation rate of CIP, indicating that
O2

��
[60_TD$DIFF] and h+ played an important role in the degradation of CIP

under UV–vis light irradiation. In addition, to further explore the
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reaction mechanism of the N-CQDs@W18O49 composite under NIR
light irradiation, capture experiments were carried out under NIR
light irradiation (l> 710 nm). As shown in Fig. 3b, the photo-
catalytic degradation of CIP on N-CQDs@W18O49-5 was greatly
inhibited in the presence of 1,4-benzoquinone and EDTA-2Na,
which indicated that O2

��
[61_TD$DIFF] and h+ play a major role in the

photocatalytic degradation of CIP under NIR light irradiation.
Therefore, based on the above characterization analysis results

and photocatalysis experiments, the reaction mechanism of the
prepared N-CQDs@W18O49-5 composites is proposed and illus-
trated in Fig. 3c. The bandgap of N-CQDs@W18O49-5 is smaller than
that of W18O49 and it has the highest photocatalytic activity.
Therefore, based on the above experimental results, it could be
attributed to the photo-generated electrons tend to move to the
surface of the N-CQDs, leaving holes in the VB of W18O49 under
UV–vis. The electrons would be consumed by the adsorbed O2 and
produce O2

��,[60_TD$DIFF] which acts as the main reactive species to degrade
CIP. At the same time, the holes left in the VB of W18O49 would
directly oxidize CIP as well. Meanwhile, the LSPR effect of W18O49

in the NIR region will produce hot electron injection into N-CQDs,
increase the electron density on the N-CQDs, and promote the
charge separation inside W18O49, which promotes the final
photocatalytic performance.

In summary, we used a simple solvothermal method and used
“seed-mediated” effect to construct a N-CQDs@W18O49 core-shell
structure, the highly efficient photocatalytic degradation ofMO and
CIP under UV–vis light and NIR light. N-CQDs are used as seeds to
induce precipitation ofW18O49 crystals. The structure andmorpho-
logical characteristics indicate that the addition of N-CQDs makes
W18O49 crystals better form.At the same time, the combinationwith
N-CQDs enhances the separation of photoinduced electron-hole
pairs and improves the photocatalytic degradation efficiency of MO
and CIP under UV–vis light and NIR light. The radical trap
experiments showed that the degradation of CIP was driven mainly
by the participation of h+ and O2

��
[61_TD$DIFF] radicals. Furthermore, the well

crystalline of N-CQDs@W18O49 ensure long-term durability and
suggest a promising prospect in an application.
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