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Abstract

Photonic crystals (PCs) with slow photon effect and multiple scattering for its three-dimensional ordered structure have been
applied to improve light utilization and enhance photocatalytic activity. A ternary-structured photocatalyst was prepared.
Bi,MoOg was first sensitized by graphite-carbon nitride quantum dots (g-CNQDs) by in situ coupling via a hydrothermal
method. The best performance of Bi;MoO4/g-CNQDs was 3.56 times higher than that of Bi;MoQOg. The introduction of
g-CNQDs improved both the light absorption range and charge transfer efficiency for Bi,MoOg/g-CNQDs composites.
Furthermore, because of the combination of the g-CNQDs with the Bi,MoOg nanosheets, the separation efficiency of
photogenerated carriers was improved and the recombination rate was greatly reduced. To further improve light utilization,
SiO, PCs were composited to the above Bi;MoOg/g-CNQDs by spin coating to obtain ternary-structured Bi;MoOg/g-
CNQDs/Si0, PCs. The effect of the photonic band gap (PBG) of PCs on photocatalytic activity was investigated, and the
photocatalytic activity was highest when the PBG was located near the absorption peak of g-CNQDs at 464 nm, which was
5.56 times higher than that of pure Bi;MoOg. The farther the photonic PBG is away from the absorption edge of g-CNQDs,
the lower the photocatalytic activity of the composite membranes. This work provides a way to construct multiple-structured
photocatalysts with high photocatalytic activity and confirms that PCs with precisely tuned band gap will substantially
enhance the activity of photocatalysts.
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e A ternary-structured photocatalyst Bi,MoQO¢/g-CNQDs/SiO, PCs was synthesized.

o Light harvesting is enhanced and the separation efficiency of photogenerated carriers is improved.
e The optimized Bi,MoOg/g-CNQDs/SiO, PCs exhibit excellent photodegradation efficiency.

e As-prepared composite film photocatalyst has excellent reproducibility and stability.

1 Introduction

Organic pollutants in water sources around the world are on
the rise with the increase of population and the continuous
development of industry and agriculture [I-4]. Semi-
conductor photocatalysis is a promising technology to
degrade pollutants by solar energy, which is of great interest
due to its low cost, environmental friendliness, high
degradation efficiency, and good stability [5-7]. However,
the practical application of conventional photocatalysts such
as TiO, [8], ZnO [9], and WO; [10] is still challenging
either due to the narrow light absorption range, or due to
low charge separation efficiency [11]. Therefore, it is
necessary to explore new photocatalytic materials with
desirable properties in visible light.

In recent years, Bi-based semiconductor materials such
as Bi,03 [12], Bi;WOg [13], BiOBr [14] and Bi;,MoOg [15],
have become a hot topic of research in photocatalysis.
Among them, Bi;MoOg was considered as a promising
photocatalyst for visible light degradation of pollutants,
because it possesses a suitable band gap of about 2.3~2.8eV
and a typical Orivelis structure consisting of alternating
layers of chalcogenide (A;,_B,O3121) and bismuth oxide
(Bi»0,)*". This type of structure allows Bi,MoOg to exhibit
beneficial charge separation[16, 17]. Shimodaira and col-
leagues first reported Bi;MoOg as a visible light
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photocatalyst for O, release in 2006 [18]. Then Zhou [19]
investigated the photodegradation of pollutants on Bi,MoOs.
However, the light absorption of pure Bi;MoOg is mainly
concentrated in the UV region, which accounts for a small
fraction of the solar energy. In addition, the relatively high
combination rate of photogenerated electron/hole pairs hinders
its wide application. Up to now, there have been a number of
studies on the modification of Bi,MoQOg [20, 21], among which
element doping is an effective strategy for the improvement of
photocatalytic properties, especially carbon doping [22].
Recently, doping with quantum dots to improve the photo-
catalytic performance of Bi,MoQOg has received extensive
attention due to its quantum confinement effect, high disper-
sion, large absorption coefficient, ultra-small particle size, with
examples including CQDs/Bi,MoOg [23] and CdS QDs/
Bi,MoOg [24]. In addition, the construction of heterojunctions
is an effective way not only to increase the photoresponse
range but also to inhibit the recombination of photogenerated
electron-hole pairs, such as Bi,MoOg/TiO, [25], Bi,MoOg/
BiOX (X = Cl, Br) [26, 27], Bi;M0Og/g-C5Ny [28, 29] and
Bi;MoOg/Bi,S; [30] and other composite catalysts [31, 32].
However, it remains a challenge to realize practical applica-
tions of Bi,MoQOg by improving the photocatalytic activity.
Graphitic nitrogen carbide (g-C3N4) is an emerging
semiconductor polymeric material. Due to its stable pho-
tocatalytic performance, visible light response, simple
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preparation method, relatively narrow band gap (~2.7eV),
and high stability, it is widely used in photocatalytic
hydrogen production and photocatalytic degradation of
organic pollutants [33, 34]. Compared with bulk g-C;Ny,
graphite nitrogen carbide quantum dots (g-CNQDs) not
only have good solubility, but also have superior optical
properties, strong fluorescence and upconversion behavior
due to quantum confinement and edge effects [35-38]. In
contrast to other quantum dots, g-CNQDs have good sta-
bility, low cytotoxicity, excellent biocompatibility, and the
ability to convert near-infrared light to visible light, thus
facilitating solar energy harvesting. This makes them good
candidates to replace conventional quantum dots as attrac-
tive candidates for visible light-driven photocatalysis. Chen
[39] prepared nanohybrid g-CNQDs/Bi;MoOg by in situ
coupling. The prepared nanohybrids showed nearly 3- and
6-times higher photocurrent intensity than pure g-CNQDs
and Bi,MoOg, and the photoactivity was significantly
increased. The findings suggest that the modification of
g-CNQDs can accelerate charge transfer and improve the
light trapping utilization, thus greatly improving the pho-
tocatalytic activity of the semiconductor. Nevertheless, the
light harvesting efficiency of Bi,MoO¢/g-CNQDs needs to
go one step further.

The introduction of photonic crystals (PCs) into photo-
catalytic systems has been shown to be a promising approach
to enhance the light harvesting efficiency of photocatalysts
through the slow photon effect and photonic band gap (PBG)
effect of PCs. In addition, the larger specific surface area of
PCs contributes to higher absorption capacity of pollutants on
the photocatalyst, resulting in improved photocatalytic activ-
ity [40, 41]. Based on the unique optical properties of PCs,
there have been many studies on the application of PC
structures to photocatalytic reactions. There are two main
types: one is to prepare semiconductor photocatalysts directly
into photonic crystal structures [42—44], such as (N-F) -TiO,
inverse opals [45]; the other is to prepare photonic crystal
films as carriers to support photocatalysts [46, 47], such as nc-
TiO,/Si0, opal composite photocatalytic [48] and CdS QDs/
SiO, opal thin-film photocatalyst [49]. Experimental results
show that both methods can greatly improve photocatalytic
efficiency by the synergistic effects of the PCs photonic effect
and other chemical effects.

Herein, a composite photocatalyst (Bi;MoO4/g-CNQDs)
supported by SiO, PCs was fabricated in order to study the
synergistic effect of SiO, PCs and g-CNQDs on improving
the photocatalytic activity of Bi;MoQOg. Due to the sensiti-
zation of g-CNQDs, the light absorption can be effectively
extended to visible light, and the complexation of photo-
generated carriers can be suppressed. In addition, the band
gap of SiO, PCs can be flexibly adjusted to enhance light
harvesting, which in turn substantially enhances the pho-
tocatalytic activity of the semiconductor photocatalyst.

2 Experimental section
2.1 Materials

Urea (CH4N,O), bismuth nitrate pentahydrate (Bi(NO3)s:
5H,0), sodium molybdate dihydrate (Na,MoQO,4-2H,0),
nitric acid (HNOj), ethanol (C,HsOH), ammonia
(NH;-H,0), methanol (CH30H) and sulfuric acid (H,SOj)
were purchased from Sinopharm Group Co., Ltd. All
reagents were of analytical grade and were used without
further purification. Deionized water was used throughout
all the experiments.

2.2 Synthesis of the Bi,M0oOg nanosheets

Bi,Mo0Og nanosheets were prepared by a one-step hydro-
thermal method. Firstly, 0.97 g of Bi(NO3);-5H,O and
0.194 g of Na;MoO,4-2H,0 were simultaneously added to
80 mL of distilled water, and ultrasonically stirred until
uniformly dispersed. Then, 40 mL of ethanol was added
under vigorous stirring and stirred for 30 min. Finally, the
resulting solution was transferred to a reactor lined with
polytetrafluoroethylene and reacted at 180 °C for 6 hours.
After that, the solution was cooled down to room tem-
perature and washed well with deionized water and ethanol
three times. The product was dried in a dying oven at 60 °C
for 12 h, and then, Bi,M0Og nanosheets were ground and
sealed before further use.

2.3 Synthesis of the g-CNQDs and Bi,Mo00O¢/g-CNQDs

The g-CNQDs were prepared according to a reported pro-
cedure [50]. Firstly, bulk g-C3N, was synthesized by cal-
cination of urea at 500 °C with a heating rate of 2 °C min ™!
for 3 h in a muffle furnace. Then g-CNQDs solids were
obtained by etching bulk g-C;N, with concentrated (oxi-
dizing) nitric acid under reflux to cut monolayer or multi-
layer g-C3Ny into nanoparticles by hydrothermal treatment.
Bi,;Mo0Og/g-CNQDs were prepared by in situ coupling of
g-CNQDs with Bi;M0oOg by hydrothermal method. The
required amount of g-CNQDs powder was added to 40 mL
of ethanol and stirred to obtain a uniformly dispersed sus-
pension, then transferred to a hydrothermal reactor and
reacted at 180°C for 6 h. After washing and drying,
Bi,MoOg/g-CNQDs were obtained.

2.4 Synthesis of SiO, PCs and the Bi,M004/g-CNQDs/
Si0, PCs composite films

PCs were assembled by the room-temperature floatation
method [51]. The SiO, microspheres were dispersed in an
aqueous ethanol solution with a volume ratio of 2:1 to get
a 30 wt% SiO, suspension. The slides were soaked and
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Fig. 1 Schematic diagram of synthesis process for Bi,MoO¢/g-CNQDs/SiO, PCs composite films

rinsed with concentrated Piranha solution containing
sulfuric acid and hydrogen peroxide before use, which can
replace surface sodium ions with hydrogen ions and
greatly reduce the effect of sodium ion diffusion. The
slide was then contacted with the surface of the suspen-
sion at an angle, and then slowly withdrawn and placed on
the table with the suspension-stained side facing up. With
the evaporation of the solvent, the SiO, microspheres are
gradually ordered and self-assembled on the glass sub-
strate to form an opal film. After natural drying, the glass
slides carrying the photonic crystal films were placed in a
muffle furnace for calcination at 450 °C for 120 min to
obtain PCs.

The Bi;MoO¢/g-CNQDs/SiO, PCs composite films were
prepared by spin coating. Bi,MoOg/g-CNQDs were pre-
pared according to the method in 2.3 above. The mixed
solution after reaction was transferred from the hydro-
thermal reactor to the beaker, then polyethylene glycol
(PEG 4000) equivalent to 40% of the mass of composite
catalyst was added, and a slurry was obtained by magnetic
stirring for 12 h. The prepared PCs were placed horizontally
on the stage of the spin coater, and then Bi,MoOg/g-
CNQDs slurry was spin-coated on the PCs. The spin-
coating speed was 500 rpm for 9 s in the low-speed stage
and 1500 rpm for 45 s in the high-speed stage. After natural
drying, the composite film was calcined in a muffle furnace
at 450 °C for 2 h to obtain composite photocatalyst/photonic
crystal composite films. The whole synthesis process is
shown in Fig. 1.

2.5 Characterization

The crystalline structure of the samples was analyzed using
an X-ray diffractometry (XRD, Bruker D8 ADVANCE),
with Cu-Ka (A= 1.5418 /0\) X-rays as the radiation source
and the 26 scanning range of 10°-80°. A field emission
scanning electron microscope (FESEM, Zeiss Merlin com-
pact-61-78) and a transmission electron microscope (TEM,
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JEM-ARM300F) were used to examine the micro-
morphology of samples. N, adsorption-desorption isotherm
experiments were performed on BET specific surface area
analyzers (Anton-Paar Quantachrome), and the surface area
and pore size distributions of the prepared samples were
calculated by Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods. The optical absorption
properties of the prepared sample powders were determined
by UV-Vis diffuse reflectance spectrometer (UV-Vis DRS,
UV-3600 PLUS) and BaSOy as a blank control. The scan-
ning range was 200-800 nm, and the absorbance was
converted by the Kubelka-Munk method. The photocurrent
and electrochemical impedance spectra (EIS) were mea-
sured on an electrochemical workstation (CHI-660D) in a
standard three-electrode system. Platinum wire electrode,
saturated glycerol electrode, and ITO electrode were use as
the counter electrode, references electrode and working
electrode, respectively. The electrolyte solution for the
photocurrent intensity test was a 0.1 mol L™' Na,SO4
solution, and the electrolyte solution for the EIS test was a
0.1 mol L™" mixture of potassium ferricyanide, potassium
ferricyanide and potassium chloride. Photoluminescence
(PL) measurements were conducted on the powders using a
fluorescence spectrophotometer (PL-LS55, PerkinElmer)
with excitation wavelength of 420 nm at room temperature.
The particle size of SiO, microspheres was measured by a
Malvern Mastersizer 2000 Particle Analyzer (Mastersizer
2000, Malvern). The PCs were scanned by UV-Vis spec-
trophotometer (UV-1700PC) to study PBG and other
properties.

2.6 Photocatalytic performance test

The photocatalytic activity of the synthesized catalyst was
evaluated by the photodegradation of RhB. In the typical
experiment, the sample film to be tested was placed face-up
on the holder and 20 ml of RhB solution (the concentration
of RhB was 10 mg L") was added in the jacketed reactor.
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The solution was continuously stirred in the dark for 30 min
before light irradiation and the absorbance of the super-
natant was measured every 10 minutes until constant indi-
cating the adsorption-desorption equilibrium.

Subsequently, the photocatalytic reaction was performed
under a 300 W xenon lamp (PLS-SXE300C). Every
20 min, 3 ml of solution was taken out from the irradiated
solution, and then centrifuged at 8000 rpm. Finally, the
maximum absorbance at 554 nm of the clarified liquid was
measured by UV-Vis spectroscopy (PerkinElmer Lambda
35). At low concentration, the RhB degradation process
followed the Langmuir-Hinshelwood kinetic model. The
value of the apparent reaction rate constant (k) was calcu-
lated from In(Cy/C,) versus irradiation time (7). Here, C, is
the residual concentration of RhB solution and Cj is the
initial concentration.

3 Results and discussion
3.1 Characterization of Bi,M004/g-CNQDs
3.1.1 Structure characteristics

The XRD patterns of Bi,MoQOg, g-CNQDs and Bi,MoOg/g-
CNQDs are shown in Fig. 2. For pure Bi;MoOQg, strong
characteristic diffraction peaks can be observed at 26 values
of 28.3°, 32.6°, 33.2°, 36.0°, 46.8°, 47.1°, 55.6°, 56.3° and
58.5°, which correspond to the (131), (002), (060), (151),
(202), (062), (133), (280) and (262) crystal planes of
Bi;MoOg (JCPDS 72-1524), respectively. It is proved that
the sample is a pure phase structure, and no other peaks are
found. For the g-CNQDs-doped Bi,MoOg sample, the
characteristic peak of g-CNQDs (260 = 27.5°) could not be
detected, which may be due to the low content of g-CNQDs
in the sample. The XRD patterns of Bi;M0Og/g-CNQDs

Fig. 3 SEM images of Bi;MoOg a and Bi;MoOg/g-CNQDs b

composite catalysts are not significantly different to that of
Bi;MoOg, and no other peaks were detected, indicating
Bi;MoOg maintains higher crystallinity in composites and
the sensitization by g-CNQDs did not change the lattice
structure of Bi,MoQg.

Figure 3 shows the SEM images of pure Bi,MoOg as
well as Bi;MoOg/g-CNQDs composites. The nanosheet
structure of Bi,MoOg with homogeneous size is clearly
observed in Fig. 3a. After the introduction of g-CNQDs, no
significant changes in particle size and morphology of
Bi;MoOg were observed (Fig. 3b), confirming that the
2-CNQDs material was not incorporated into the lattice of
Bi;MoQg. This result is consistent with the XRD pattern.

The microstructure and morphology of the synthesized
samples were further investigated by TEM. As shown in
Fig. 4, g-CNQDs prepared by acid etching have good dis-
persion and uniform size, and the particle size was mostly
around 3-7 nm. (Fig. 4a). In the TEM image of Bi,MoOg/g-
CNQDs (Fig. 4b, c), it can be clearly observed that

Bi,M00O4/g-CNQDs

2 & .
2 . . 5
32 2 g3 8 § Bi,MoO
- " AV 5.7 1 6
a i
S o
= 2-CNQDs

Intensity (a.u)
[

‘ 2-CNQDs-PDF#87-1526
1

‘ Bi,MoO,-PDF#72-1524
[T Il T

20 30 40 50 60 70
2 Theta (degree)

Fig. 2 XRD patterns of g-CNQDs, Bi;M00Og and Bi;MoOg/g-CNQDs
composite materials
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Fig. 4 TEM image of g-CNQDs a, Bi;M0oOg/g-CNQDs b, ¢, HRTEM image of Bi,M0Og/g-CNQDs d—f

g-CNQDs is loaded on the surface of Bi,MoOg. By mea-
suring the lattice fringes of composites in Fig. 4d—f, the
crystal plane spacing is about 0.15 nm and 0.14 nm, cor-
responding to the (131) plane of Bi;MoOg¢ and the (002)
plane of g-CNQDs, respectively. Their tight bonding indi-
cates the formation of a heterojunction between g-CNQDs
and Bi,MoOg.

The specific surface area and pore volume of as-prepared
catalysts were determined by nitrogen adsorption-
desorption isotherms measurements. From Fig. 5a, the
adsorption isotherms of both pure Bi;MoOg and Bi,MoOg¢/
2-CNQDs are type-IV with a distinct hysteresis loop in the
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relative pressure range of 0.80-1.00, indicating that the
samples are mesoporous materials. The BET specific sur-
face area was calculated as 13.7 m? g~ ' for the pure
Bi;MoOg nanosheets and 21.1 m? g~! for the Bi,MoOg/g-
CNQDs composite, showing that the loading of g-CNQDs
could increase the specific surface area of Bi;MoQg. It can
be observed in Fig. 5b that the pore size distribution was
essentially unchanged after the loading of g-CNQDs on
Bi,Mo0QOg. Based on the above analysis, the pore structure of
Bi,MoOg in the composite photocatalyst was not destroyed
and the adsorption performance should be improved by the
increase of specific surface area.
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3.1.2 Photoelectric property
301 —— Bi,M00, o~
. . . . e
The optical absorption of photocatalysts was examined by ’s —— Bi,M0O/g-CNQDs /_,

UV-Vis DRS spectroscopy, and the results were presented in
Fig. 6a. It was obvious that Bi,MoQOg could absorb visible
light below 500 nm to excite electrons. Compared with pure
Bi;MoQOg, the composite Bi,MoOg/g-CNQDs has higher
visible light absorption intensity, which means that more
photons can be absorbed. Besides, the light absorption range
of Bi;Mo0Og/g-CNQDs shifts toward higher wavelengths with
significantly enhanced intensity when g-CNQDs are intro-
duced. It indicates that more electrons and holes are generated
under visible light irradiation. The band gap energy (Eg) of
the prepared samples were calculated based on the UV-DRS
results, as shown in Fig. 6b. The estimated Eg of Bi,MoOj
and Bi;MoOg/g-CNQDs are 2.33 eV and 2.20 eV, respec-
tively [52]. Therefore, it can be concluded that the introduc-
tion of g-CNQDs can reduce the Eg of the composites and
thus improve the absorption of visible light.

In addition, the conduction band edge (Ecg) of Bi,MoOgq
and Bi,MoOg/g-CNQDs were estimated by Mott—Schottky

i
o
oo’
-0-0-0-0-0-0-0-0-" /
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_o-®
-®

021V T aov
» I <

,’I S .
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Fig. 7 The Mott—Schottky plots for estimating flat-band potentials of
the as-prepared samples

plots (Fig. 7). The positive slope of the curves for both
materials proves that the prepared Bi,MoOg and Bi;MoOg¢/
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Fig. 8 Transient photocurrent responses a and Nyquist plots b of Bi,MoOg and Bi;MoO4/g-CNQDs

g-CNQDs photocatalysts are n-type semiconductors.
Moreover, the flat-band potentials of Bi;MoOg and
Bi;MoOg/g-CNQDs were estimated to be —0.21 (vs. SCE)
and —0.19 V (vs. SCE), respectively. In general, Ecg of
n-type semiconductors is considered to be more negative
than the flat band potentials by approximately 0.2 V
[53, 54]. So, based on the above analysis, the Ecg of
Bi;MoOg and Bi,MoO4/g-CNQDs at pH =7 were calcu-
lated to be about —0.41 V (vs. SCE) and —0.39 V (vs.
SCE), respectively, which are equal to —0.17 V (vs. normal
hydrogen electrode (NHE)) and —0.15 V (vs. NHE),
respectively. Furthermore, based on the obtained Eg values,
the valence band edges (Eyg) of the samples were thus
calculated to be 2.16 and 2.05 V.

To study the charge transfer and electrical conductivity of
the prepared nanocomposites, transient photocurrent
response and electrochemical impedance spectra (EIS) were
measured. As shown in Fig. 8a, Bi,MoOg/g-CNQDs showed
the highest photocurrent density with improved photon
response and more electrons generated and transferred
compared to pure Bi;,MoQOg. It is again demonstrated that is
the introduction of g-CNQDs is very effective to the charge
transfer through the successfully constructed heterojunction
between Bi;MoOg and g-CNQDs. The Nyquist impedance
spectra (Fig. 8b) exhibit that Bi,MoOg/g-CNQDs possesses
the smallest arc radius, that is better electrical conductivity,
indicating that sensitization of g-CNQDs on Bi;MoOg can
effectively increase the separation rate and transfer rate of
photogenerated electron-hole pairs [55]. The possible infer-
ence is that the photogenerated electrons can be easily
transferred from the conduction band of g-CNQDs to that of
Bi,M0Og¢ because of the more negative conduction band
position of g-CNQDs compared to that of Bi,MoOg, and
thus effectively improve the separation efficiency of the
photogenerated electron-hole pairs.

The properties of photogenerated carriers in
Bi,MoOg/g-CNQDs electrodes was further analyzed by
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photoluminescence (PL). Generally, the light-induced
recombination of electron-hole pairs leads to PL emission,
which means that a stronger fluorescence intensity implies
faster recombination of electron-hole pairs [56]. As the
absorption edge of Bi,MnOg is 500 nm, light with a
wavelength of less than 500 nm should be used as the
excitation light in the PL measurement. In the excitation
spectra, the strongest fluorescence was emitted at an exci-
tation wavelength of about 420 nm, so the excitation
wavelength in emission spectra was set as 420 nm. The
measured fluorescence spectrum range in the experiment is
from 448 nm to 530 nm. On one hand, the emission
wavelength would be longer than the excitation wavelength
as result of the Stoke Shift. On the other hand, different
fluorescence will be emitted when the excited electrons
return from different vibrational energy levels to the ground
state. In addition, to eliminate the effect of fluorescence
absorbed by sample itself and maintain a consistent mea-
surement baseline, the amount of powder sample in the
measurement is kept constant and its absorbance at 448-530
nm is less than 0.3, ensuring that absorbance has little
influence on the fluorescence spectrum.

As shown in Fig. 9, it can be seen that the PL intensity of
Bi;Mo0Og/g-CNQDs is lower than that of pure Bi,MoOg,
suggesting a lower electron-hole recombination rate in
Bi,MoOg/g-CNQDs. This proves that the introduction of
g-CNQDs is very effective in inhibiting the recombination
of photogenerated electron-hole pairs. Combined with the
enhanced absorbance of Bi,MoO¢/g-CNQDs at 448-530
nm, which also proves that the sensitization of g-CNQDs is
successful, it can be inferred that the composite Bi,MoOg/g-
CNQDs would absorb more sunlight and thus more pho-
togenerated electron-hole pairs would be photogenerated.
The combined effect of high generation rate and low
recombination rate of photogenerated carriers should bring
about significant enhancement in the photocatalytic per-
formance of Bi,MoO¢/g-CNQDs.
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3.2 Characterization of Bi,M004/g-CNQDs/SiO, PCs
composite films

3.2.1 SiO, microspheres size

In order to investigate the effect of PCs on the photocatalytic
activity of Bi;MoOg/g-CNQDs, SiO, opal PCs with different
PBG were prepared. Three case with different relative locations
between PBG of PCs and absorption edge of the photocatalyst
were investigated: complete overlap, partial overlap and com-
plete non-overlap. To construct the above designed PBG, SiO,

—— Bi,MoOy
— Bi,MoO4/g-CNQDs

Intensity (a.u)

400 450 500 550 600
Wavelength (nm)

Fig. 9 PL spectra of the as-prepared samples
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PCs were self-assembled using SiO, microspheres with aver-
age diameters of 186, 214, 265 and 301 nm, respectively, as
shown in Fig. 10(a-d). The polydispersity index, PdI, is less
than 0.06 in all cases, indicating that their monodispersity is
very good, and SiO, opal PCs with high quality can be
obtained by assembling these SiO, microspheres.

3.2.2 Optical property

The transmission spectra of all SiO, opal PCs are shown in Fig.
11a. It is clear that when the wavelength of light lies in the
PBG range, a sharp decrease in the transmittance is evident.
That is, the light in the PBG wavelength region is reflected
back to and then reaborbed by the upper layer of photo-
catalysts, which is beneficial to improving the light utilization.
The PBGs of SiO, PCs prepared from microspheres with
diameters of 186, 214, 265 and 301 nm were observed at the
centers of 365, 464, 531 and 612 nm, respectively, named as
Si0, PCs-365, SiO, PCs-464, SiO, PCs-531, and SiO, PCs-
612, respectively. The PBGs of the SiO, opal PCs were close
to the values calculated from the modified Bragg’s law [48]:

A:z\@D\/ngiOZf+n§jr(1 —f) — sin? 6, (1)

where 4 is the wavelength of the PBG, D is the diameter of
the SiO, microsphere, ngio, (1.45)and ny (1.0) are the
refractive index of SiO, and air respectively, fis the volume
fraction of the SiO, phase and its theoretical value is 0.74
for opal materials, and @ is the angle between the incident
light vector and the normal of the SiO, PCs plane. In the

b Diam. (nm) % Number Width (nm)
Z-Average (d.nm): 214.3 Peak 1: 2036 100.0 4562
Pdi: 0.041 Peak 2: 0.000 0.0 0.000
Intercept: 0.981 Peak 3: 0.000 0.0 0.000

Result quality : Good
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Result quality : Good
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Fig. 10 Dynamic light scattering (DLS) measurements of SiO2 microspheres with different diameters. a 186 nm, b 214 nm, ¢ 265 nm, and d 301 nm
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Fig. 12 SEM of SiO, PCs self-assembled by 214 nm SiO, microspheres a and the Bi;M0O¢/g-CNQDs/SiO, PCs-464 composite films: b Cross-

sectional view; ¢ Top view

Table 1 The calculated and measured value of PBGs of SiO, Opal

Diameter of SiO, microspheres/nm PBG of SiO, Opal/nm

Calculated Measured
186 409 365
214 470 464
265 583 531
301 662 612

experiment, the incident light is perpendicular to the
photonic crystal plane, where 6 = 0.

The PBGs positions of the PCs assembled by SiO,
microspheres of different particle size were calculated and
measured via UV- Vis spectroscopy, as shown in Table 1.
The measured PBGs value do not differ much from the
calculated one with the refractive index of pure silica,
indicating the high quality of the assembled SiO, opal PCs
and the adjustable PBGs of PCs.

To elucidate the effects of SiO, PCs on the light
absorption properties of Bi,MoQOg/g-CNQDs thin films, the
transmittance of Bi;MoOg/g-CNQDs/SiO, PCs composite

@ Springer

films were investigated (Fig. 11b). By further compositing
with PCs, the transmittance is significantly reduced in the
range of 440-500 nm because the light near the PBG of 464
nm was reflected back and this part of light was reabsorbed
by the Bi,MoO¢/g-CNQDs layer.

3.2.3 Morphology

The morphology and stereo structure of the SiO, PCs self-
assembled using 214 nm microspheres were observed by
SEM, as shown in Fig. 12a. It is observed that the prepared
Si0, microspheres have a uniform particle size distribution
and are tightly bound to each other in a highly ordered face-
centered cubic structure. Figure 12c shows the SEM top
view of Bi,MoOg/g-CNQDs/SiO, PCs-464 composite.
Comparing with the SiO, PCs (Fig. 12a), it can be seen that
Bi;MoOg/g-CNQDs is uniformly distributed and form a
dense and flat layer on the surface of the SiO, PCs.
Meanwhile, the cross-section of the composite film in Fig.
12b shows that the upper layer of Bi,MoQO¢/g-CNQDs is flat
and the thickness is about 0.9 um, the lower layer is densely
filled with about 20 layers of SiO, microspheres with a
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Fig. 13 Photocatalytic degradation of RhB on Bi;MoOg, Bi;M00¢/g-CNQDs and Bi;MoO¢/g-CNQDs/SiO, PCs composite films a Curves of
degradation efficiency; b First order dynamics simulation curves

Table 2 Kinetic constants of
photocatalytic degradation of
RhB on different samples

Catalyst

Kinetic constants (min’l) Linear dependence (Rz) Enhancement

Bi;MoOg

Bi;Mo0Og/g-CNQDs
Bi;MoOg/g-CNQDs /SiO, PCs -365
Bi;MoOg/g-CNQDs /SiO, PCs -464
Bi;MoOg/g-CNQDs /SiO, PCs -531
Bi;MoOg/g-CNQDs /SiO, PCs -612

0.00628 0.99854 1

0.02241 0.9998 3.56
0.02725 0.99985 4.34
0.03634 0.99875 5.59
0.03181 0.99903 5.07
0.02596 0.99875 4.13

Bold entries highlight the sample with the best photocatalytic effect of the above film

thickness of about 4.6 um. It can also be seen that Bi,MoQOg/
g-CNQDs spin-coated on the surface of SiO, PCs does not
penetrate into the interstices of SiO, PCs and has no effect
on the structure and integrity of the PCs.

3.3 Photocatalytic performance

Based on the above analysis, the ternary Bi;MoOg/g-
CNQDs/SiO, PCs photocatalyst can improve the separation
and transfer of photogenerated carriers, inhibit the recom-
bination of photogenerated electron—hole pairs and increase
light absorbance, which can effectively improve the pho-
tocatalytic activity. Figure 13a presents the photocatalytic
performance of the Bi;MoOg/g-CNQDs/SiO, PCs compo-
site films. Firstly, the photocatalytic activity of g-CNQDs
sensitized Bi,MoQOg nanosheets was significantly enhanced.
Then the photocatalytic activity of Bi,MoOg/g-CNQDs
composited with PCs having different PBGs were further
investigated.

Combined with the transmittance spectra of Bi,MoOg/g-
CNQDs composite catalysts in Fig. 11b, it can be seen that
g-CNQDs significantly improve the light harvesting ability
of Bi,Mo0Og for light in the range of 340-500 nm. SiO,
PCs-464 reflects the light near 464 nm back to Bi;MoOg/g-
CNQDs, and this reflected light can be effectively absorbed

by Bi;MoOg/g-CNQDs, increasing the photocatalytic
degradation rate up to 99%. While SiO, PCs-531 can reflect
the light located near 531 nm, some of this light is partially
absorbed by Bi,MoQO¢/g-CNQDs, and the increase of pho-
tocatalytic activity is also relatively obvious. In addition,
Si0, PCs-365 and SiO, PCs -612 also have a relatively
smaller effect on enhancing the photocatalytic activity. For
Si0, PCs -365, Bi,MoOg/g-CNQDs itself can absorb most
of the light at 365 nm, so the reflected light near 365 nm is
very limited. For SiO, PCs-612, the reflected light at 612
nm is not in the light response range of Bi,MoQOg4/g-CNQDs
(<500 nm). Therefore, the photocatalytic degradation rate of
the photocatalysts follows the order: Bi,MoO¢/g-CNQDs/
SiO, PCs-464 > Bi,MoO¢/g-CNQDs/SiO, PCs-531 >
Bi;MoOg/g-CNQDs/SiO; PCs-365 > Bi,MoOg/g-CNQDs/
SiO, PCs-612 > BiMoOg/g-CNQDs > Bi;MoOsg.

Figure 13b exhibits the dynamic curves of RhB degra-
dation for the prepared composites, and the corresponding
kinetic constants of each sample are listed in Table 2. The
photocatalytic activity of Bi;MoOg/g-CNQDs is 3.56 times
higher than that of pure Bi,MoQOg. After coupled with SiO,
PCs, the kinetic constants further increase and that of
Bi,Mo00Og/g-CNQDs/Si0, PCs-464 were the largest as the
bold font in Table 2, 5.59 times higher than that of pure
Bi;MoQg. It indicates that g-CNQDs and PCs can
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synergistically enhance the photocatalytic activity of
Bi;MoQOg, and the great enhancement can get when the PBG
of PCs is at right location.

The effect of initial pH on the photocatalytic degradation
of RhB is investigated in Fig. 14. As the pH of the RhB
solution increased, there was a significant decrease in the
degradation efficiency. The maximum of RhB adsorption in
the dark by the catalyst was also found when the pH was
3.0. When the pH is less than 4.0, RhB in solution is present
in the form of cations and monomers [57], which can easily
enter the pores of the composite. In contrast for pH greater
than 4.0, RhB in solution exists as a zwitterion. It is easy to
generate RhB dimers due to the electrostatic attraction
between the carboxyl group and xanthene group on the RhB
molecule. Consequently, the molecule turns larger and is
unable to enter the pores of catalysts, thus reducing the
adsorption capacity of the catalyst for RhB. In addition,

o | —=— pH=3.00
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Fig. 14 Effect of initial pH of RhB solution on adsorption and pho-
tocatalytic performance of Bi;Mo0Og/g-CNQDs/SiO, PCs-464
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with the increase of pH, the aromatic carboxylic acid group
on RhB will dissociate and the nitrogen-containing group
will deprotonate, which will cause electrostatic repulsion
between RhB and the catalyst, resulting in a further
decrease of adsorption capacity [58].

For the photocatalytic efficiency, it can be seen that the
photodegradation rate under acidic conditions is the fastest
after reaching the adsorption-desorption equilibrium. The
photodegradation efficiency was: pH =3.00 > pH =5.02 >
pH=7.08 > pH=9.13 > pH=11.04. This can be attrib-
uted to the mutual repulsion between the negatively charged
photocatalyst and the electronegative RhB molecule under
alkaline conditions, which inhibits the photocatalytic reac-
tion [59]. Consequently, acidic conditions are more favor-
able for the photocatalytic degradation of RhB on Bi;,MoOg/
2-CNQDs/Si0, PCs-464.

Moreover, photocatalysts need not only excellent pho-
tocatalytic performance but also sufficient stability, which
plays a crucial role in their practical applications. The cycle
reproducibility of Bi;MoOg/g-CNQDs/SiO, PCs-464
degradation of RhB is also investigated in Fig. 15a. The
photodegradation efficiency of Bi,MoQOg/g-CNQDs/SiO,
PCs-464 composite film after four cycles slightly decreased,
indicating that the sample has good photostability under
simulated sunlight irradiation. This may be due to the
decrease in carbon content in the g-CNQDs, which is oxi-
dized to carbon dioxide after several light cycles. The
decrease of carbon content in the photocatalyst makes the
sensitization of g-CNQDs less effective, and therefore the
photocatalytic effect decreases after four cycles [60, 61].
Meanwhile, as shown in Fig. 15b, by observing the XRD
patterns of the Bi,MoO¢/g-CNQDs composite after four
cycles, it can be seen that the diffraction peaks of Bi,MoO¢/
g-CNQDs did not change significantly before and after the
cycles, indicating that the crystal structure remained basi-

cally unchanged during the photocatalytic reaction.

b — fresh
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20 30 40 50 60 70

2 Theta (degree)

Fig. 15 a Test of catalytic cycle stability of Bi;MoO¢/g-CNQDs/SiO, PCs-464 composite film; b XRD diagram of Bi;MoO4/g-CNQDs composite

before and after cycling
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Therefore, the as-prepared Bi;MoO¢/g-CNQDs/SiO, PCs-
464 composite film photocatalyst has excellent reproduci-
bility and stability.

3.4 Mechanism of the photocatalytic activity
enhancement

3.4.1 Active reactive species in photocatalysis

To further investigate the photodegradation mechanism,
radical capture experiments were performed to investi-
gate the reactive groups of Bi,MoOg/g-CNQDs that play
a major role in the photocatalytic degradation of RhB.
During the photocatalytic activity test, 0.1 mmol/L of p-
benzoquinone (BQ), EDTA-2Na and tert-butanol (TBA)
were added as trapping agents for superoxide radicals
("0*7), photogenerated holes (h™) and hydroxyl radicals
("OH), respectively. As shown in Fig. 16, the photo-
catalytic degradation rates of RhB were all reduced after
the addition of the trapping agents. The inhibition effect
of the three trapping agents is shown as: EDTA-2Na >
BQ > TBA. The addition of TBA had a very slight
inhibition effect, indicating the role of-OH in photo-
degradation is negligible. EDTA-2Na had the most
obvious inhibition effect, followed by BQ, indicating
0> and h' had a contribution in the photocatalytic
degradation of RhB, while h™ is the most dominant
reactive radical.

3.4.2 Possible synergetic photocatalytic mechanism

For the present enhancement analysis, we propose a
mechanism that may be applicable to the photocatalytic
degradation of RhB by ternary-structured Bi,MoOg/g-
CNQDs/SiO, PCs, as shown in Fig. 17.

During the photocatalytic process, on one hand,
Bi;MoOg can be directly excited by light to produce pho-
togenerated electron-hole pairs. Photogenerated holes on
the valence band (VB) of Bi;MoQOg can directly degrade
RhB. The Eyg and Ecg of as-synthesized Bi,MoQOg are
calculated to be 2.16 eV versus NHE and —0.17 eV versus
NHE, respectively. The electrons were transferred to gen-
erate ‘O*~ due to the more negative CB potential value of
BiMoOg than the redox potential of O,/ 0% (—0.046 V)
[62]. In the presence of g-CNQDs, electrons in the CB of
photogenerated Bi;,MoQOg can be transferred to g-CNQDs
due to their excellent electron conductivity, which then
further reduces O, to '02*, with the latter being a powerful
oxidative species for RhB degradation. On the other hand,
when coupled with PCs and the PBG of SiO, PCs matches
the absorption band of Bi,MoO¢/g-CNQDs, the SiO, PCs
can act as Bragg mirrors to reflect the unabsorbed light back
to the catalysts to perform secondary light absorption, thus
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Fig. 16 The trapping experiments in RhB photodegradation over
Bi;MoOg¢/g-CNQDs
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Fig. 17 The proposed schematic diagram for the photocatalytic
degradation of RhB by Bi;MoO¢/g-CNQDs/SiO, PCs composites
under simulated sunlight irradiation

enhancing light harvesting. In the end, the synergistic effect
of g-CNQDs and SiO, PCs can effectively improve the
photocatalytic performance of Bi,MoOg.

4 Conclusions

Ternary composite photocatalysts of Bi,MoOg/g-CNQDs/
SiO,-PCs with promising applications for enhanced light
harvesting were successfully prepared. The sensitization with
g-CNQDs enhances the photocatalytic activity of Bi,MoOg
by a factor of 3.56 The sensitization of g-CNQDs broaden the
light response up to 500 nm. At the same time, the
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construction of heterojunctions between Bi,MoOg and
g-CNQDs improves the separation efficiency of photo-
generated electron-hole pairs and retain h™ and e~ with suf-
ficient potential to participate in the degradation of organic
species.

After compositing with SiO, PCs, the photocatalytic
activity was further enhanced. The PBG reflection effect
and scattering effect contributes to the enhancement. The
enhancement of photocatalytic activity was highest and 5.59
times that of pure Bi,MoOg when the PBG of PCs was
matched to the absorption range of the Bi;MoO¢/g-CNQDs
at 464 nm. This work provides a simple and effective
method for the synthesis of thin-film photocatalysts and
demonstrates that matching of the electronic band gap of the
semiconductor with PBG of the PCs is the key to improve
photocatalytic performance.
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