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bon quantum dots and Au
nanoparticles with Bi2MoO6 for activity enhanced
photocatalytic oxidative degradation of phenol†

Qiang Zhao,‡a Zhuangzhuang Zhang,‡a Ting Yan,a Li Guo,a Chunming Yang, a

Ge Gao,a Yu Wang,a Feng Fu,*a Bin Xu *ab and Danjun Wang *ab

Localized surface plasmon resonance (LSPR) offers an opportunity to enhance the efficiency of

photocatalysis. However, the photocatalysts's plasmonic enhancement is still limited, as most metals/

semiconductors depend on LSPR contribution of isolated metal nanoparticles. In the present work,

carbon quantum dots (CQDs) and Au nanoparticles (NPs) were simultaneously assembled on the surface

of a three-dimensional (3D) spherical Bi2MoO6 (BMO) nanostructure with surface oxygen vacancies

(SOVs). The collective excitation of CQDs and Au NPs demonstrated an effective strategy to improve the

utilization of up-conversion emission and plasmonic energy. The contribution of CQDs and Au NPs

assembled on the surface of BMO (7 wt% CQDs/Au/BMO) realized a photocatalytic phenol degradation

enhancement (apparent rate constants, kapp/min�1) of 56.5, 9.5 and 3.9, and 2.2-fold increase compared

to BMO, BMO-SOVs, Au/BMO and CQDs/BMO, respectively. The as-fabricated 7 wt% CQDs/Au/BMO

exhibited the highest mineralization rate for phenol degradation with 72.4% TOC removal rate in

120 min. The excellent photocatalytic performance of CQDs/Au/BMO was attributed to the synergistic

effect of CQDs, Au NPs and SOVs. The CQD up-conversion emission synergetically boosts Au NPs' LSPR

significantly promoting the separation and migration of photogenerated electron (e�)/hole (h+) pairs,

which could improve the oxygen molecule activation process and thereby their ability to generate

reactive oxygen species (ROS). The present work is a step forward to understand and construct similar

photocatalysts using an entirely reasonable hypothesis of activity enhancement mechanism according to

the active species capture experiments and band structure analysis.
1 Introduction

The presence of phenolic compounds in industrial wastewater
has dramatically increased in the past few decades leading to
serious aqueous environmental pollution and human health
hazards.1–3 Many methods have been adopted to remove these
phenolic compounds from the aquatic environment, such as
adsorption,3,4 biodegradation,5 and photocatalysis.6–9 In
comparison to traditional technology, semiconductor photo-
catalysis has the merits of cheapness, non-toxicity, high-
stability, strong oxidation ability and eco-friendliness with the
future promise of practical purication technology.10–15
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The efficient photocatalysis requires effective generation and
separation of photogenerated charges and their rapidmigration
to specic sites for further reaction. Nevertheless, single-
component semiconductor-based photocatalytic efficiency is
limited by their poor electron–hole separation and migra-
tion.11,13,16–18 To date, tremendous efforts have devoted to
addressing these issues.12,13 Various strategies have been
developed to improve the efficiency of separating and trans-
ferring photogenerated charge carriers, including doping,
surface modication, defect engineering, and constructing
heterostructures.19–24 So far, many photocatalysts have been
successfully constructed based on various strategies, and
several photocatalytic mechanisms, i.e., Z-scheme or hetero-
junctions.10–24 The bismuth-based composite oxide, Bi2MoO6

has shown excellent photoelectric properties with partially
responsive to visible light spectrum.25–27 However, the photo-
catalytic efficiency is limited due to its infective utilization of
visible light and high recombination of photogenerated
electron/hole (e�/h+). Several reports are available for Bi2MoO6-
based photocatalytic materials with different morphologies and
size produced via different synthesis and modication strate-
gies. The practical application of Bi2MoO6-based material is still
© 2021 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
insufficient based on its high e�/h+ recombination rate, slow
carriers migration and narrow visible light response range.15–29

The modication on Bi2MoO6 in the literature is primarily
focused on improving its photocatalytic performance using
a single strategy, which is insufficient to overcome the short-
comings of Bi2MoO6.27–29 Accordingly, using multiple
approaches to coordinate and control Bi2MoO6-based catalytic
materials performance could be a meaningful strategy to
improve the separation efficiency of photogenerated e�/h+ and
widen the absorption range to promote the catalytic perfor-
mance of Bi2MoO6-based catalysts.

Carbon quantum dots (CQDs) has attracted extensive atten-
tion, due to its non-toxicity, good biocompatibility, easy
synthesis and chemical inertness, strong up-conversion ability
and good electron transfer performance.30–33 Therefore, CQDs
are widely used for modifying semiconductors to promote their
photocatalytic activity, such as CQDs/Cu2O,34 CQDs/CdS,35

CQDs/Bi2MoO6,36 CQDs/BiPO4,37 CQDs/g-C3N4,38 CQDs/TiO2,39

and CQDs/Bi2WO6,40 etc. The noble metal nanoparticles (Au, Ag,
Pt, etc.) have strong local surface plasmon resonance (LSPR),
and thus anchoring these metal nanoparticles onto the surface
of the semiconductor could broaden the light response
region.20,21,41,42 Besides, noble metal nanoparticles with low
Fermi level (Ef) have strong electron trapping ability, allowing
easy suppressing of photogenerated carrier recombination.42

On the other hand, the regulation of surface oxygen vacancy on
a semiconductor can be used to limit photogenerated electron/
hole recombination and improve the catalytic efficiency of the
photocatalysts.43–45

In the present work, the CQDs and Au nanoparticles (NPs)
are simultaneously assembled on the surface of hierarchical
Bi2MoO6 with SOVs using a step-by-step assembly strategy. The
proposed strategies enable the hierarchical Bi2MoO6 to act as
a substrate for assembling CQDs and Au nanoparticles, thereby
facilitating close contact and minimum aggregation. The
anchoring of Au NPs or CQDs could signicantly enhance the
visible-light absorption between 500 to 600 nm based on the
synergism of the CQDs up-conversion boosted LSPR effect.
Furthermore, the CQDs and Au NPs act as the electron-transfer
mediator to synergistically promote carriers generation and
separation, thereby improve the oxygen activation process and
generation of reactive oxygen species (ROS) which could effi-
ciently decompose phenol molecules.
2 Experimental
2.1 Sample preparation

2.1.1 Preparation of CQDs. The CQDs were synthesised by
using the hydrothermal method.37 Firstly, 3 g citric acid and 1 g
urea were ultrasonically dissolved in 10 mL deionised water.
They were then transferred into a Teon-lined stainless steel
autoclave and heated at a temperature of 180 �C for 5 h. The
reactor was naturally cooled to room temperature, and the
brown aqueous solution was centrifuged at 10 000 rapp$min�1

for 30 min to remove large particles. Subsequently, the
remaining solution was transferred to vacuum and dried at
© 2021 The Author(s). Published by the Royal Society of Chemistry
80 �C for 3 h to obtain a brownish-black carbon quantum dots,
which were donated as CQDs.

2.1.2 Preparation of Bi2MoO6 (BMO) microspheres. The
pristine Bi2MoO6 microspheres were prepared according to our
previous report.44 Firstly, 0.6303 g Bi(NO3)3$5H2O and 0.1573 g
Na2MoO4$2H2O were added to 13 mL ethylene glycol followed
by stirring and addition of 32.5 mL anhydrous ethanol. Aer
vigorous magnetic stirring for 1 h, the mixed solution was
transferred into a Teon-lined stainless steel autoclave and
heated to 160 �C for 12 h. Aer completing the solvothermal
reaction, the precipitates were naturally cooled to room
temperature. The obtained residues were centrifugally sepa-
rated, washed with water and alcohol three times, dried in
vacuum at 60 �C overnight, and grounded to obtain pure
Bi2MoO6 (abbreviated as BMO).

2.1.3 Preparation of Au/Bi2MoO6. The Au/Bi2MoO6 were
synthesised by a chemical reduction method.46 A 0.5 g of
Bi2MoO6 (BMO) powder was ultrasonically dispersed in 10 mL
of deionised water, then 10.6 mL of HAuCl4 aqueous solution
(0.01 mol L�1) and 6.0 mL of lysine with a concentration of
0.01 mol L�1 were added respectively. The pH of the suspension
is adjusted to 5 with 0.1 mol L�1 NaOH solution, then 10.6 mL
of NaBH4 solution (the molar number of NaBH4 was 5–10 times
that of Au) with a concentration of 0.1 mol L�1 was added
during the rst 20 s of the ultrasonic treatment of 1 min. The
color of the suspension turns black directly indicating the
deposition of formed gold on the surface of BMO. The precip-
itates were centrifuged, washed with water for 5 times and dried
in vacuum at 60 �C overnight. The quantity fraction of gold was
set to 4% in the resulting sample now denoted as Au/BMO.

2.1.4 Preparation of CQDs/Au/Bi2MoO6 with surface
oxygen vacancies (CQDs/Au/BMO). The prepared Au/Bi2MoO6

and a certain amount of CQDs were dispersed in 20 mL ethanol.
The solutions were mixed uniformly by ultrasound and subse-
quently stirred and evaporated in a fume hood followed by
calcination in a muffle furnace at 250 �C for 2 h. Aer the
reaction, the product was cooled to room temperature to collect
the dried powder. The samples with x wt% in CQDs/Au/BMO (x
¼ 3, 5, 7, 10) were prepared. For comparison, Bi2MoO6, Au/
Bi2MoO6, and 7 wt% CQDs/Bi2MoO6 denoted as BMO-SOVs, Au/
BMO and 7% CQDs/BMO respectively with SOVs were also
prepared using the above-mentioned procedure.
2.3 Characterization of the as-prepared samples

X-ray powder diffractometer (Shimadzu XRD-7000) was used to
analyse the crystallographic properties of the catalyst. X-ray
photoelectron spectroscopy (XPS) was obtained using PHI-
5400 (America PE) 250 xi system. The morphology of the
sample was analysed by scanning electron microscope (SEM,
JSM-6700F) and transmission electron microscope (JEM-2100)
(Japan electronics). Energy disperse X-ray (EDX) was per-
formed using a eld emission scanning electron microscope
(JSM-7610F) to analyse the samples elemental features. The
photoluminescence (PL) spectra were measured with an FLS 980
Series of Fluorescence Spectrometers (UK). The UV-Vis diffuse
reectance spectra (UV-Vis-DRS) was measured on UV-2550 UV-
RSC Adv., 2021, 11, 28674–28684 | 28675
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Scheme 1 Schematic diagram illustrating the preparation process of
the CQDs/Au/BMO composite.

Fig. 1 The XRD patterns recorded for pure BMO, BMO-SOVs, Au/
BMO, CQDs/BMO and CQDs/Au/BMO composites.
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View Article Online
Vis Spectrophotometer. The electron spin resonance (ESR)
spectra were examined on a Bruker model ESR JES-FA200
spectrometer.
Fig. 2 XPS spectrum of BMO and CQDS/Au/BMO (a) survey spectrum;

28676 | RSC Adv., 2021, 11, 28674–28684
2.4 Photocatalytic activity measurement

A 400 W halogen lamp equipped with a 420 nm lter was used
as the experimental visible-light source. The colourless phenol
was used as a simulated pollutant to evaluate the photocatalytic
activity of the photocatalyst. In the typical experiment, 200 mg
of catalyst and 200 mL of phenol solution with a concentration
of 10 mg L�1 were added to the photocatalytic reactor. Aer
magnetic stirring for 30 min under dark conditions to reach
adsorption–desorption equilibrium, the sample was irradiated
with light. The supernatant was sampled at regular intervals to
measure the supernatant's absorbance using 4-amino-
antipyrine assisted colourimetric method. The total organic
carbon (TOC) were measured via a TOC analyser (Quiti NC
2000s TOC, Jena, Germany).
3 Results and discussion
3.1 The formation of CQDs/Au/Bi2MoO6 with surface oxygen
vacancies

The rational design and construction of CQDs/Au/Bi2MoO6

(CQDs/Au/BMO) by assembling carbon quantum dots (CQDs)
and plasma Au nanoparticles (NPs) onto the hierarchical
Bi2MoO6 with SOVs could synergistically promote the photo-
catalytic degradation of phenol. The overall synthetic route of
CQDs/Au/BMO is schematically illustrated in Scheme 1. The
CQDs were synthesised through a modied hydrothermal
method.37 The pristine hierarchical Bi2MoO6 microspheres with
SOVs and Au/Bi2MoO6 were prepared according to our previous
report.44,46 The Au/Bi2MoO6 and CQDs were dispersed in
ethanol and mixed uniformly using ultrasonic treatment fol-
lowed by drying and calcination at 250 �C for 2 h to produce
CQDs/Au/Bi2MoO6 with surface oxygen vacancies (CQDs/Au/
BMO).

Powder X-ray diffraction (PXRD), energy-dispersive X-ray
(EDX) and X-ray photoelectron spectroscopy (XPS) were
(b) C 1s; (c) Bi 4f; (d) Mo 3d; (e) O 1s and (f) Au 4f.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FE-SEM images of (a and b) hollow BMOmicrosphere and (c and d) CQDs/Au/BMO; (e) EDX spectrum of sample CQDs/Au/BMO showing
the presence of Bi, Mo, O, Au and C elements.
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employed to conrm the formation of CQDs/Au/BMO compos-
ites. Fig. 1 reveals the composite formation with orthorhombic
BMO (JCPDS No. 76-2388),44 conrming Au NPs and CQDs
assembly have no obvious inuence on the crystal structure of
BMO. The XRD pattern conrms the presence of two weaker
diffraction peaks in Au/BMO and CQDs/Au/BMO located at
38.2� and 44.3� attributed to the (111) and (200) planes of Au
Fig. 4 TEM and HR-TEM image of BMO microsphere (a and b) and (c a

© 2021 The Author(s). Published by the Royal Society of Chemistry
NPs (JCPDSNo. 80-0019).47 The characteristic diffraction peak of
Au NPs could be observed in the series of CQDs/Au/BMO, and
the characteristic diffraction peak of carbon could be seen with
the increase in CQDs mass loading (Fig. S1†). These two peaks
conrm the formation of CQDs/Au/BMO heterostructure.
TheXPS proling is shown in Fig. 2. The CQDs/Au/BMO
contains Bi, Mo, O, Au and C elements (Fig. 2a), and BMO
nd d) CQDs/Au/BMO.

RSC Adv., 2021, 11, 28674–28684 | 28677
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Fig. 5 EPR spectra of oxygen vacancies in BMO and CQDs/Au/BMO.

Fig. 7 The TOC removal rate of phenol over BMO, BMO-SOVs, Au/
BMOm CQDs/BMO and 7 wt% CQDs/Au/BMO composites under
visible light illumination.
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View Article Online
contains Bi, Mo, O and C as main elements. Fig. 2b shows the
characteristic peak of standard C 1s in the sample of BMO sit-
uated 284.8 eV, whereas the CQDs/Au/BMO can be divided into
three peaks, 284.77, 286.2 and 288.37 eV, respectively. The three
peaks are attributed to sp2 hybrid carbon (C]C), C–O and C]O
of CQDs, respectively.36

Fig. 2c reveals two characteristic peaks of BMO with binding
energies of 159 and 164.4 eV corresponding to Bi 4f7/2 and
Bi4f5/2 of Bi3+.44,45,48 The binding energies of Mo 3d5/2 and Mo
3d3/2 in BMO (Fig. 2d) corresponded to the Mo6+ state at 232.5
and 235.6 eV.44,45 The O element of BMO could be deconvoluted
to three asymmetric O1s peaks at 529.8, 530.6 and 531.9 eV
(Fig. 2e) related to Bi–O, Mo–O and H–O bonds and adsorbed
Fig. 6 (a) The photocatalytic degradation efficiency of phenol using diff
with irradiation time, (c) the photodegradation rate constants, and (d) the
BMO, BMO-SOVs, and CQDs/Au/BMO as catalysts, respectively.

28678 | RSC Adv., 2021, 11, 28674–28684
oxygen, respectively. The binding energies of Bi, Mo and O of
CQDs/Au/BMO heterostructure in comparison to BMO have
slightly positive shied binding energies conrming the inter-
action among BMO, Au and CQDs. The binding energies of
peaks located at 84.6 and 88.2 eV correspond to Au 4f7/2 and Au
4f5/2,47 indicating that Au exists in a free state in CQDs/Au/BMO
heterostructures (Fig. 2f).

As shown in Fig. 3a and b, BMO possesses a hierarchical
microsphere with an average diameter of about 1–2 mm,
composed of many assembled nanosheets. The morphology of
erent photocatalysts, (b) corresponding kinetic plot of ln(C0/C) versus
absorption spectra's of phenol under visible-light irradiation by using

© 2021 The Author(s). Published by the Royal Society of Chemistry
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BMO-SOVs (Fig. S2a and b†), Au/BMO (Fig. S2c and d†), CQDs/
BMO (Fig. S2e and f†) and CQDs/Au/BMO (Fig. 3c and d) are
similar to that of BMO. In addition, EDX-mapping indicates
that all the elements are uniformly distributed (Fig. 3e). To
further testify the formation of CQDs/Au/BMO, TEM/HR-TEM
and EPR analysis was carried out, as shown in Fig. 4 and
Fig. 5. The TEM images show that the BMO has a spherical
structure composed of many nanosheets (Fig. 4a). The lattice
spacing of 0.315 nm corresponds to the (131) crystal plane of
BMO (Fig. 4b). Fig. 4c and d shows the TEM and HR-TEM
images of CQDs/Au/BMO, respectively. Aer deconvolution,
the crystal lattice stripes of 0.315 nm, 0.238 nm and 0.32 nm
could be ascribed to (131) crystal plane of BMO,44 (111) crystal
Fig. 8 (a) Transient photocurrent response under visible-light irrad
measurements of BMO, BMO-SOVs, Au/BMO, CQDs/BMO and 7 wt% CQ
BMO and (e and f) CQDs/Au/BMO.

© 2021 The Author(s). Published by the Royal Society of Chemistry
plane of Au (red-dotted circle) and (002) crystal plane of CQDs
(blue-dotted circle), respectively.49,50 The observation is consis-
tent with the XRD results conrming the composite formation
between BMO, Au and CQDs.

The existence of oxygen defects leaves unpaired electrons in
the lattice. Thus, the surface oxygen vacancies (SOVs) state of
BMO and CQD/Au/BMO were investigated by the EPR spec-
troscopy, as shown in Fig. 5. The EPR spectrum of BMO shows
a weak signal at g ¼ 2.002, ascribed to the oxygen vacancy
generated during the solvothermal process.46 During the
reduction of HAuCl4, excessive NaBH4 acts as an oxygen scav-
enger for producing the active hydrogen. The strong reduction
capability of active hydrogen could remove the oxygen atoms
iation, and (b) the electrochemical impedance spectroscopy (EIS)
Ds/Au/BMO composites; DMPO spin-trapping ESR spectra of (c and d)

RSC Adv., 2021, 11, 28674–28684 | 28679
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Fig. 9 Up-converted photoluminescence spectra of CQDs.
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from the surface of BMO, thus forming SOVs.51 For CQDs/Au/
BMO composite, a strong peak with Lorentzian line-shape
emerges at g ¼ 2.002, originating from unpaired electrons.
The EPR signal in case of the composite is superior to BMO,
which indicates that NaBH4 reduction and calcination could
further increase the concentration of SOVs.46,51 The EPR results
conrm the formation of SOVs in the CQDs/Au/BMO composite.

3.2 Photocatalytic performance

Fig. 6a and Fig. S3a† show the phenol degradation activities
using the prepared photocatalysts. The degradation efficiency of
BMO is about 7% when exposed to visible light for 120 min,
whereas the Au/BMO, CQDs/BMO and CQDs/Au/BMO demon-
strate improved efficiencies with 7% CQDs/Au/BMO exhibiting
the best photocatalytic efficiency, with the 94% phenol degra-
dation rate. Fig. 6b shows that the photocatalytic degradation of
phenol follows a pseudo-rst-order kinetic model.45 The ln(C0/
C) ¼ kapp$t, where C0, C represent the concentration of phenol
in solution at initial and aer t minutes of irradiation and kapp/
min�1 is the apparent rate constant (Fig. 6b). The apparent rate
constants (kapp/min�1) of BMO, BMO-SOVs, Au/BMO, CQDs/
BMO and CQDs/Au/BMO were 4.0 � 10�4, 24.1 � 10�4, 59.2 �
10�4, 106 � 10�4 and 228.21 � 10�4 min�1, respectively. The
kapp of 7% CQDs/Au/BMO for phenol degradation was about 57
and 9.5 fold higher than BMO BMO-SOVs, respectively (Fig. 6c).
As illustrated in Fig. 6d, the absorption peak of CQDs/Au/BMO
at 507 nm decreases quickly under visible-light irradiation. At
the same time, a gradual decline is observed for BMO and BMO-
SOVs. The phenol degradation efficiency was optimised against
the CQDs content, where improved efficiency was observed with
a gradual increase of CQDs. Among all, the 7% CQDs/Au/BMO
showed the best photocatalytic activity (Fig. S3c†) with supe-
rior mineralisation rate for phenol degradation compared to
BMO, realizing 72.4% TOC removal rate within 120 min. Also,
the TOC removal rate of phenol on 7 wt% CQDs/Au/BMO is
much better than that of BMO-SOVs (24%), Au/BMO (45%),
CQDs/BMO (51%), respectively (Fig. 7). The measured perfor-
mance was found analytically superior compared to some
previously reported Bi2MoO6-based catalysts (Table S1†).

3.3 Photocatalytic mechanism

The photoluminescence spectroscopy (PL), photocurrent and
electrochemical impedance spectroscopy (EIS) were employed
to study the separation and transfer efficiency of photo-
generated e�/h+ pairs. The photoluminescence intensity could
reect the number of electrons recombined with holes.52,53 As
seen, the assembly of Au NPs and CQDs assembling signi-
cantly attenuate the PL intensities. Thus, combining Au NPs
and CQDs with BMO could signicantly promote the separation
of electron/hole (e�/h+) pairs as further conrmed via transient
photocurrent and EIS measurements. The transient photocur-
rent response of different photocatalysts under visible light
indicates that 7 wt% CQDs/Au/BMO has the strongest photo-
current response (Fig. 8a), proving that the interaction of CQDs
and Au NPs on the surface of BMO signicantly promotes the
separation and transmission of photogenerated carriers.54
28680 | RSC Adv., 2021, 11, 28674–28684
Fig. 8b shows the impedance spectra and corresponding
equivalent circuit model (inset gure) for pure BMO, BMO-
SOVs, Au/BMO, CQDs/BMO and CQDs/Au/BMO. The ohmic
resistance (R1), charge transfer resistance (R2 and R3), the
Warburg impedance (W) and capacitance for the double layer
between photocatalyst and electrolyte (CPE) have also been
tabulated as Table S2.† The BMO, BMO-SOVs, Au/BMO, CQDs/
BMO and CQDs/Au/BMO electrodes exhibit the similar ohmic
resistance (R1), whereas the Au/BMO, CQDs/BMO and CQDs/Au/
BMO exhibit lower charge transfer resistance (R2, R3) than that
of BMO. The charge transfer resistance (17 606 U) of CQDs/Au/
BMO is much lower than that of pure BMO (35 995 U), which
implies composites efficient carriers transfer ability at the
photocatalyst/solution interface.55 The EIS result indicates that
CQDs/Au/BMO has the strongest ability to separate and transfer
photogenerated e�/h+, and thus facilitating the activity of
photocatalyst.

It is widely accepted that organic contaminant could be
directly or indirectly oxidised via reactive oxygen species (ROS),
such as hydroxyl radical (cOH) and superoxide radical (cO2

�). To
further reveal the possible mechanism of oxygen molecule (O2)
activation and the formation of cO2

� and cOH, an in situ ESR
spin trapping technique was used to identify the main ROS
under visible light irradiation (Fig. 8). As seen, the CQDs/Au/
BMO exhibit a strong ESR signal for cOH and cO2

� compared
to pure BMO, justifying Au NPs and CQDs co-modication in
photogenerated charge carrier separation. Thus, promoting the
ROS concentration and thereby photocatalytic activity of BMO.
Meanwhile, the ROS capture experiments were also carried out
by employing ethylenediaminetetraacetic acid disodium salt
(EDTA-2Na), isopropyl alcohol (IPA) and benzoquinone (BQ) as
scavengers for h+, cOH and cO2-, respectively.56 The results
indicate that EDTA-2Na and BQ could inhibit the photocatalytic
degradation of phenol. However, IPA's effect on photocatalytic
activity was negligible (Fig. S5†), inferring that the h+ and cO2

�

were the main active species in the photodegradation of phenol
as supported by ESR measurement.

To further reveal the process of carrier separation, transfer
and the formation mechanism of ROS, the energy band struc-
ture and carriers separation efficiency of BMO and CQDs/Au/
© 2021 The Author(s). Published by the Royal Society of Chemistry
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BMO were investigated. The uorescence spectrum reveals the
superior up-converted photoluminescence properties of the
CQDs (Fig. 9). CQDs up-converted emissions range from 400 to
650 nm and could be excited by long-wavelength light from
500 nm to 900 nm. Fig. 10 illustrates that the absorption band
edge of BMO is about 470 nm, which broadens post composite
formation wit Au and CQDs.

The Au/BMO exhibits an obvious absorption characteristic
peak near 550 nm, ascribed to the strong local surface plasmon
resonance (LSPR) of Au nanoparticles.57 Furthermore, CQDs
signicantly enhance LSPR absorption of Au NPs, due to its up-
converted photoluminescence properties (Fig. 9, 10a and S6†).
According to Kubelka–Munk function,48 the bandgap values
(Eg) of BMO and BMO-SOVs were estimated to be 2.44 and
2.34 eV, respectively (Fig. 10b). The valence band positions (Ev)
of BMO and BMO-SOVs can be obtained by the VB-XPS spectra,
which were 1.95 and 1.85 eV respectively, as shown in Fig. 10c
and d. The Mott–Schottky curves of BMO and BMO-SOVs
further indicate positive slopes, conrming these semi-
conductors n-type behaviour (Fig. S7†). Moreover, the hori-
zontal charged potential of BMO and BMO-SOVs, obtained from
the intercept of the slope were�0.36 and�0.35 eV, respectively.
It is generally believed that the level charge potential in
a semiconductor is equal to the Fermi level (Ef). Thus the
interpreted charge potential could represent the Ef of BMO and
BMO-SOVs. As the formation of surface oxygen defects (SOVs)
Fig. 10 (a) UV-Vis diffuse reflectance spectra of as-prepared samples an
SOVs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
has a negligible effect on the Ef level of BMO, the conduction
band positions (Ec) of both BMO and BMO-SOVs could be
deduced as �0.49 eV (Fig. S8†).

Based on the results mentioned above, a schematic diagram
of charge separation and phenol degradation using BMO and
CQDs/Au/BMO has been proposed in Scheme 2. It is widely
accepted that the SOVs are shallow defects, which may be near
the minimum conduction band (CBM) or above the maximum
valence band (VBM).58,59 As an n-type semiconductor, SOVs are
considered above the VBM of BMO.60 Here, the visible-light
illumination allows valence band electrons to get excited to
the conduction band (CB), leaving behind the holes on valence
band (VB). Since the CBM (�0.53 V vs. NHE) of BMO-SOVs has
a lower redox potential compared to O2/cO2

� (�0.33 V vs. NHE),
the photogenerated electrons are expected to be captured by the
absorbed oxygen (O2) to form superoxide radicals (cO2

�), and
then hydroxyl radical (cOH), which are responsible for the
degradation of phenol. Simultaneously, the photogenerated
holes le on VB of BMO-SOVs could also participate in photo-
degradation of phenol. Therefore, for CQDs/Au/BMO catalyst,
the synergism of surface plasmon Au, CQDs and SOVs accel-
erate the catalytic performance allowing rapid phenol degra-
dation under visible light irradiation. Thus, the enhanced
photocatalytic activity of CQDs/Au/BMO can be described as
follow: the presence of Au NPs, CQDs, and SOVs promotes the
light-responsive ability of BMO. Hence, CQDs/Au/BMO could
d (b) band gaps and valence band XPS spectra of (c) BMO and (d) BMO-

RSC Adv., 2021, 11, 28674–28684 | 28681
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Scheme 2 Schematic illustration of hole/electron separation and transfer process for the CQDs/Au/BMO photocatalytic under visible-light
irradiation.
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easily excite, generating more photogenerated e�/h+ pairs than
pristine BMO. Secondly, the work function energy of Au (5.1 eV)
is higher than that of CQDs (4.7 eV), the photogenerated elec-
trons on the CB of BMO tend to transfer to CQDs and Au NPs for
storage. These photogenerated electrons on CB of BMO could
be transferred directly to Au NPs for storage owing to low Ef level
of BMO-SOVs (�0.35 eV vs. NHE61) than Au (0.45 eV vs. NHE).62

Thirdly, the Schottky barriers are formed at the metal–semi-
conductor nano-junction (Au/BMO) subsequent to the Fermi
equilibrium between BMO and Au.63 This unique Au/BMO
interface only allows one-sided electron migration from BMO
to Au NPs, thus preventing the recombination of e�/h+ pairs.

Moreover, the CQDs could harvest long-wavelength light (l >
500) and convert it to shorter wavelength light (l < 500) through
the up-conversion process, which in turn boosts the LSPR of Au
NPs and excites BMO to formmore e�/h+ pairs. Li et al. reported
that CQDs/TiO2 composite exhibited the high-efficiency photo-
catalytic activity for MB degradation due to its attractive up-
conversion properties.64 Most importantly, CQDs and Au NPs
collective excitation could enhance the utilisation of up-
conversion and plasmonic energy (Fig. 10a). Recently, Liu
et al. reported utilising the photochemical properties of Au/CQD
composite for selective photocatalytic oxidation of cyclohexane
to cyclohexanone.65 Thus, the collective excitation of CQDs and
Au NPs can eagerly facilitate the generation and migration of
the photogenerated electrons from BMO. Here, the CQDs play
a key role to support the electron transport channels and
enhanced charge separation efficiency. The photogenerated
electrons can thus be shuttled freely along the conducting paths
of the CQDs, promoting e�/h+ pairs separation at the same time
limiting their recombination by accumulating holes on the
BMO surface (Scheme 2). The as-fabricated CQDs/Au/BMO
composite exhibited a superior catalytic activity, compared to
previously reported catalysts for the degradation of phenolic
28682 | RSC Adv., 2021, 11, 28674–28684
compounds, such as CQDs/Bi2MoO6,36 Au/Bi2MoO6@TiO2

NTAs,43 Au/Bi2MoO6,46 Ag/Bi2MoO6-SOVs,56 Pd-rGO-Bi2MoO6,66

F–Bi2MoO6,67 and Bi2MoO6�x@Bi2MoO6,68 Bi2MoO6/CNTs/g-
C3N4,69 CdS/Bi/Bi2MoO6,70 and so on (Table S2†). The analytical
superiority of CQDs/Au/BMO conrms the composites practical
work ability for removing phenol from wastewater under visible
light irradiation. Furthermore, the ve-cycled photocatalytic
degradation experiments of 7 wt% CQDs/Bi2MoO6 were carried
out and the XRD patterns before and aer usage were investi-
gated (Fig. S9†). No signicant decrease on photocatalytic
performance are observed aer ve recycles, revealing a very
high stability of the 7 wt% CQDs/Bi2MoO6, which enable it as
a promising candidate to further utilize in industrial applica-
tions for the photodegradation of organic pollutants.
4 Conclusions

In this paper, CQDs, Au NPs and SOVs modied BMO photo-
catalysts were successfully prepared using a simple chemical
reduction deposition and calcination process. Improved pho-
togenerated carriers separation efficiency was obtained with
widen visible light response range and oxygen molecules acti-
vation efficiency (O2). The as-prepared CQDs/Au/BMO photo-
catalysts demonstrated excellent photocatalytic phenol
degradation performance where the 7% CQDs/Au/BMO
composite material exhibited 56.5 fold higher photocatalytic
efficiency compared to the pristine BMO under visible light
irradiation. The excellent photocatalytic performance of CQDs/
Au/BMO was mainly attributed to the collective excitation of
CQDs and Au NPs, which not only promoted the separation and
migration of e�/h+ pairs but also inhibited their recombination
besides broadening the visible light response range. The
bandgap positions of CQDs/Au/BMO were determined by band
structure characterisation. Moreover, the enhancement
© 2021 The Author(s). Published by the Royal Society of Chemistry
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mechanism of CQDs, Au NPs and SOVs on the photocatalytic
activity of BMO was also deduced. The present work serves as
a foundation step to the understanding and constructing of
efficient heterojunctions using activity enhancement mecha-
nism driven by active species capture and band structure
analysis.
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