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Enhancing the separation of hole-electron pairs is one of the valid pathway to enhance the photocatalytic
degradation performance of semiconductors. In this work, cucurbit[8]uril/zinc oxide (CB[8]/ZnO) composites

were prepared. The structure, morphology, surface elements and optical properties of the composite are char-
acterized by powder X-ray diffraction, scanning electron microscopy, Fourier transform infrared spectroscopy, X-
ray photoemission spectroscopy, thermogravimetric analysis, and specific surface area measurements. In the
photocatalytic degradation of 500 mg/L reactive brilliant red X-3B and 400 mg/L reactive yellow X-RG solutions,
the rate constant of the CB[8]/ZnO composite is six times that of pure ZnO. A possible photocatalytic degradation
mechanism is proposed. Zn?* ions chelate with the carbonyl group of CB[8] on the surface of CB[8]/ZnO. Under
ultraviolet-visible light irradiation, the generated holes of ZnO are transferred to and trapped on the CB[8] units
to facilitate the separation of electron-hole pairs, improving the photocatalytic performance of this system.

1. Introduction

Dyes are commonly used in the textile, food, pharmaceutical, leather,
cosmetics, and paper industry. It is very necessary to remove dyes from
effluent before its release into the natural environment, due to their low
biodegradability and because they prejudicial to photosynthetic activ-
ities and toxic to aquatic organisms [1]. Various methodologies have
been applied to remove dyes from industrial wastewater, including
flocculation, flotation, biological processes, oxidation procedures, elec-
trocoagulation, Fenton catalysis, membrane separation, and adsorption
[2, 3,4, 5, 6]. Among them, photocatalysis has attracted great interest as
the most promising way to solve the environmental problems, especially
by eliminating residual dye pollutants from the wastewater stream [7].
Several types of promising photocatalysts, including titanium dioxide
(TiO9) [8, 91, zinc oxide (ZnO) [10, 11, 12, 13], cuprous oxide (Cuz0)
[14, 15], and bismuth oxyhalides (BiOX) [16], have been actively applied
in dye effluent remediation. A suitable band gap, ease of fabrication, low
cost, and nontoxicity enable ZnO to be used extensively in photocatalysis
[10, 11, 12, 13]. The fast recombination of holes and electrons, however,
and low efficiency in the visible region due to its wide band gap limits its
application. To improve the photocatalytic efficiency of ZnO in the
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visible region, ZnO based binary or ternary composites were developed
by doping with graphene oxide (GO) [16], multi-walled carbon nano-
tubes (MWCNTSs) [17], g-C3N4 [18], where g stands for graphitic, and
metals [19]. Furthermore, biopolymers [20], cellulose [21], and oli-
goaniline [22] were coupled with ZnO to enhance the adsorption ca-
pacity of ZnO, and the synergistic effects of adsorption and photocatalysis
towards the removal of dyes were investigated.

Cucurbit[n]urils (CB[n]s) with rigid structure and a hydrophobic
interior can efficiently adsorb organic dyes [23], especially CB[8], which
presents super-high capacity towards the removal of reactive and acidic
dyes due to the suitable size of its cavity [24, 25, 26]. Cucurbit[n]urils
(CB[n]) have also been used as trapping agents for holes or electrons to
facilitate hole-electron separation [27, 28, 29, 30]. For example, in
polyoxometalate-cucurbituril molecular solids, metal ions chelate with
carbonyl groups of the cucurbiturils; the charge transfer between poly-
oxometalate and cucurbituril enhances the separation of hole-electron
pairs to improve photocatalytic efficiency [27, 28, 29]. In the CdS/CBI[5]
composites, the generated holes of CdS were attracted by the
electron-rich carbonyl groups of CB[5], and the separation of
electron-hole paitd significantly enhanced the photocatalytic efficiency
of this system [30].
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In this work, cucurbit [8]uril (CB[8]) was selected as a hole or elec-
tron trapping agent to couple with ZnO. The prepared composites were
characterized, and the photocatalytic activity was tested on the degra-
dation of reactive dyes under ultraviolet (UV)-visible light. The photo-
catalytic degradation mechanism was explored.

2. Experimental
2.1. Materials

CB[8] was synthesized and purified according to references [31, 32].
Zinc nitrate hexahydrate (Zn(NOs3)206H20), Sodium hydroxide (NaOH),
1, 2-propylene glycol, and ethanol were purchased from Sinopharm
Chemical Reagent Co., Ltd (China) and were of analytical pure grade.
Reactive yellow X-RG (with a dye content of 99%) and reactive brilliant
red X-3B were commercial grade and were purchased from Shanghai
Jiayin Chemical Engineering Co., Ltd (China). All reagents were used
without any additional purification.

2.2. Preparation of CB[8]/ZnO composite

A schematic illustration of the synthetic procedure for CB[8]/ZnO
composite was presented in Scheme 1. 0.159 g CB[8] (0.12 mmol) was
dispersed in a mixed solution composed of 9.5 mL H;0 and 30 mL 1,2-
propanediol under magnetic stirring, then 0.25 mL of 2.4 mol/L
Zn(NOs)3 solution was added, and finally, 0.25 mL of 9.6 mol/L NaOH
solution was added to the above solution dropwise, and the reaction was
continued for 2 h. A mass of white precipitate was produced. After
centrifugation, the obtained solid was washed repeatedly with deionized
water and ethanol, and dried at 120 °C.

2.3. Materials characterization

The crystal structure of the CB[8]/ZnO composite was determined by
powder X-ray diffraction (PXRD). XRD patterns were recorded on an
Ultima IV diffractometer (Rigaku, Japan) (CuKa radiation, 4 = 1.54182
A). XRD data were collected in the 20 range from 10° to 80° using step
scan mode with step width of 0.02°. The FESEM images, EDX spectra and
element mapping images were provided by a SU8010 scanning electron
microscope (Hitachi, Japan) equipped with a energy dispersive spec-
troscopy. The Fourier transform infrared (FT-IR) spectra were recorded
on a TENSOR-27 FT-IR spectrometer (Bruker, Germany) using the KBr
wafer technique with a resolution of 4 cm™! in the range of 400-2000
em™!. X-ray photoelectron spectra (XPS) were collected on an ESCALAB
250Xi X-ray photoelectron spectrometer (Thermo Fisher, USA). Ther-
mogravimetric analysis (TGA) was performed on an 1100SF thermog-
ravimetric analyzer (Mettler, Switzerland), on which a 10 mg sample
were heated in an alumina pan with a 10 °C/min heating rate from 50 °C
to 1000 °C under flowing Ny (50 mL/min). The nitrogen adsorption-
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desorption analysis was conducted using a Micromeritics TriStar II
3020 analyzer (Micromeritics, USA) at 77.4K. Each sample was degassed
at 110 °C for 120 min prior to analysis. The specific surface areas were
calculated by the Brunauer-Emmett-Teller (BET) method. Photocurrent
measurements and electrochemical impedance spectroscopy (EIS) were
carried using a CHI660E electrochemical workstation. The photo-
luminescence (PL) spectrum of CB[8]/ZnO composite was collected be-
tween the wavelengths of 220 nm and 700 nm under excitation by a
Xenon lamp laser with a 321 nm line using an F-2500 fluorescence
spectrophotometer (Hitachi, Japan) at room temperature.

2.4. Photocatalytic activity test

The photocatalytic activity of CB[8]/ZnO composite was evaluated by
measuring the photocatalytic degradation of X-3B and X-RG dyes under
UV-visible (vis) light irradiation. The amount of catalyst was 50 mg, the
volume of treated solution was 50 mL, and the initial concentrations of
the X-3B and X-RG reactive dyes were 100-500 mg/L and 200-1000 mg/
L, respectively. Before irradiation with UV-visible light, the system was
left in the dark for 120 min to reach adsorption-desorption equilibrium of
the dye on the surface of the photocatalyst. 2 mL of the suspension was
collected at every 5 min interval, the supernatant liquid was obtained by
centrifugal separation, and the residual dye was examined. The degra-
dation rate (D) was calculated with the following formula:

C)—C,

D=T€>< 100% (€D)

where D is the degradation rate, and Cp and C. are the initial concen-
tration and residual concentration of dye, respectively.

3. Results and discussion
3.1. Photocatalyst characterization

3.1.1. XRD analysis

Powder XRD analysis was carried out to investigate the crystal
structure of CB[8]/ZnO composite (Fig. 1). In the XRD pattern of the as-
prepared pure ZnO, the sharp and narrow diffraction peaks with 26
values of 31.74°, 34.37°, 36.34°, 47.66°, 56.52°, 63.09°, 66.53°, 68.01°,
and 69.15° were indexed as reflections of the (100), (002), (101), (102),
(110), (103), (200), (112), and (201) hlk crystal planes. These peaks
confirm the formation of a cubic phase structure of ZnO nanoparticles
(NPs). These peaks are in agreement with JCPDS card No. 36-1451. There
is no obvious diffraction peak for CB[8] except for some rambling peaks
between 10° and 35°. The XRD pattern of CB[8]/ZnO composite presents
all the peaks of ZnO and CB[8]. The peak hkl indices, such as (100),
(002), (101), (102), (110), (103), (200), (112), and (201), indicate cubic
ZnO phase, and the rambling peaks arise from the CB[8]. It was observed

@

Scheme 1. Schematic illustration of the synthesis procedure for CB[8]/ZnO composite.
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Fig. 1. XRD patterns of ZnO, CB[8], and CB[8]/ZnO nanocomposite.

that there were no extra diffraction peaks for other phases. The peak
positions of ZnO were not shifted, suggesting that the CB[8] does not
change the crystal type of ZnO.

3.1.2. SEM analysis

The micromorphology of the CB[8], ZnO, and CB[8]/ZnO composite
was observed by scanning electron microscopy (SEM) and were pre-
sented in Fig. 2. The EDX elemental mapping analysis and EDX element
composition analysis of CB[8]/ZnO composite were presented in Fig. 2
and Table 1, respectively. The morphology of ZnO can be observed in
Fig. 2a. Pure ZnO is in the form of small globular aggregates, and the
average size is about 20-40 nm. The overall morphology of CB[8] can be
seen from Fig. 2b, where CB[8] exhibits irregular granular shapes with a
size of 2-8 pm. The SEM micrograph of CB[8]/ZnO composite is

CB[8]/ZnO

o Vo
m x10.0k SE(U 29 5.00um

Table 1
The EDX element composition analysis for CB[8]/ZnO composite.
Elements Apparent concentration K ratio wt% wt% Sigma
C 40.41 0.4041 56.04 0.50
N 15.54 0.0277 29.75 0.58
(6] 3.84 0.0129 13.22 0.28
Zn 0.79 0.0079 1.00 0.07
Total 100.00

presented in Fig. 2c. It is clear that ZnO nanoparticles were deposited on
the surface of CB[8]. As shown in Fig. 2d, EDX mapping images confirm
the good distribution of the four elements of C, O, N and Zn, which
demonstrates that both the ZnO and CB[8] contribute to the formation of

Fig. 2. SEM images of ZnO (a), CB[8] (b) and CB[8]/ZnO composite (c) and the elemental mapping analysis of CB[8]/ZnO composite(d).
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the photocatalyst composites.

3.1.3. FT-IR spectral analysis

The FT-IR spectra of ZnO, CB[8], and CB[8]/ZnO composite are
presented in Fig. 3. The main absorption bands were assigned according
to references [24, 25, 26, 33] and presented in Table 2. On inspection of
the IR spectrum of ZnO, it can be found that the band at 1633 cm ™! arises
from the O-H bending vibration of water on the ZnO crystal surface, and
the bands at 543 and 433 cm™! arise from the Zn-O stretching vibration
[33]. In the FT-IR spectrum of CB[8], the C=O0 stretching vibration of the
carbonyl group appears at 1728 cm ™!, the bending and in-plane wagging
vibration of methylene appears at 1474 and 1423 cm ™, and the skeletal
vibration of the glycoluril ring appears at 1375 cm™!. The asymmetric
stretching of N-C-N on the glycoluril ring appears at 1320 and 1230
cm~!. The C-N stretching vibration can be observed at 970 cm™?, the
out-of-plane deformation vibration of the glycoluril ring can be observed
at 807, 755, 674, and 631 cm ™, and the tilting of cucurbituril ring ap-
pears at 445 cm ™! [24, 25, 26].

Comparing the IR spectrum of CB[8]/Zn0O composite with those of CB
[8] and ZnO, it is clear that CB[8]/ZnO composite possesses all the
observable absorption bands of CB[8] and ZnO. The deposition of ZnO on
the surface of CB[8] does not change the IR spectrum of CB[8], with the
exception of 1(C=0), the bending and wagging vibration of methylene,
and the skeletal vibration of the glycoluril ring. The 1¥(C=0) is shifted
from 1728 cm™! to 1722 cm™'; the skeletal vibration of the glycoluril
ring is shifted from 1375 cm™! to 1382 cm™'; and the bending and
wagging vibrations of methylene are shifted from 1474 and 1423 cm ™! to
1476 and 1426 cm’l, respectively; and the v(Zn-O) is shifted from 553
em ™! to 559 cm™L.

To explain these IR shifts and explore the interaction of ZnO and CB
[8], a 1:1 C[8]/ZnO simplified model was developed. On inspection of
the single crystal structures of the polyoxometalate-cucurbituril molec-
ular solid [27, 28, 29] and that of the supramolecular compound
composing of cucurbit [8]uril and cobalt(Ill) complex [34], the metal
cations were found to be chelated with the carbonyl groups of CB[n] to
form a complex. Therefore, in the 1:1 CB[8]/ZnO model, the Zn?** was
designed to chelate with the carbonyl groups on the port of CB[8]. The
ground state geometry was optimized by the density functional theory
(DFT) method employing the B3LYP hybrid functional. The 6-31G(d)
basis set was adopted for C, H, O, and N atoms and the LanL2DZ
pseudo-potential basis set was applied for Zn atoms. A vibrational
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Table 2
The observed adsorption bands (em™Y) of CB[8], ZnO, and CB[8]/ZnO com-
posite, and the calculated IR bands of 1:1 CB[8]/ZnO complex.

Assignment” Observed frequency (cm™') Calculated”
CB ZnO CB[8]/ 1:1 CB[8]/
[8] ZnO ZnO

v(C=0) 1728 1722 1727.7

o(O-H) 1633 1634 1641.3

o(CHz) 1474 1476 1483.0

®(CHy) 1423 1426 1424.4

skeletal vibration of glycoluril 1375 1382 1408.2
ring

Va5(N-C-N) of glycoluril ring 1320 1319 1323.7

0,5(N-C-N) of glycoluril ring 1230 1232 1242.3

v(C-N-C) 1187 1191 1187.3

v(C-N) 970 971 971.3

Out-of-plane def of glycoluril 807 807 810.2
ring

Out-of-plane def of glycoluril 755 753 765.0
ring

Out-of-plane def of glycoluril 674 673 662.3
ring

Out-of-plane def of glycoluril 631 631 630.1
ring

Tilting of glycoluril ring 445 445 429.0

v(Zn-0) 553 559 558.7

0(Zn-0) 433

@ v: stretching; o: scissoring; o: wagging; as: asymmetric; def: deformation.

Y The calculated wavenumber of v(C=0) mode were calibrated with scaling
factor 0.93; the calculated wavenumber of v,4(N-C-N), v(C-N-C) and v(C-N) mode
were calibrated with scaling factor 0.98.

frequency calculation was carried out at the same level on the optimized
geometry. All calculations were performed on the Gaussian09 revision
D1 program suite [35]. The spectrum was simulated by the GaussSum 3.0
program [36] with a Lorentzian line shape, and the full width of half
maximum (FWHM) of each peak was 15 cm™!. The lack of any imaginary
frequency reveals that the optimized geometry is on the local lowest
point of the potential energy surface. The ground state geometry is pre-
sented in Fig. 4a. The calculated vibrational wavenumbers were
compared with the experimental ones and are presented in Table 2. The
simulated spectrum is presented in Fig. 4b. The DFT calculations could
well reproduce the peak positions, and the deviations are within 20
cm ™. The consistency between the simulated and experimental spectra

Wavenumber/cm'1

2000 1800 1600 1400

1200

1000 800 600 400

—7Zn0O

163

& g
o~ -
—

on
[ae]
-

807

Fig. 3. The FT-IR spectra of CB[8], ZnO, and CB[8]/ZnO composite.
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Fig. 4. The optimized ground state geometry of 1:1 CB[8]/ZnO on the B3LYP/
Lanl2dz/6-31G(d) level of theory (a), and a comparison of the experimental and
simulated IR spectra (b).

suggests that CB[8]/ZnO may exist in the form presented in Fig. 4a,
where the Zn?" is bonded with the hydroxy group and the carbonyl group
of CB[8] to form a complex.

3.1.4. TG analysis

Thermogravimetric (TG) analysis was conducted on CB[8], CB[8]/
ZnO composite, and ZnO, as shown in Fig. 5. CB[8] loses its coordinating
water at 50-98 °C with a 13.0% weight loss. The decomposition of CB[8]
starts at 394 °C and reaches a peak at 463 °C, and the weight loss ratio is
52.4%. Its charring takes place at 464-1000 °C with 19.9% mass loss
[37]. Up to 1000 °C, zinc oxide only has a water loss process and is not
broken down. CB[8]/ZnO composite loses its coordinating water at
95-100 °C with 5% weight loss. The first decomposition starts at 376 °C

100

Zn0
80 "

60 1

40 <—CB[8]/Zn0

Weight lost ratio (%)

1 1 1 1
0 200 400 _ , 600 800 1000
T(O)

Fig. 5. TG curves of CB[8], ZnO, and CB[8]/ZnO composite.
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and reach a peak at 486 °C, and the weight loss ratio is 45.0%. This
section corresponds to the decomposition stage of CB[8]. The second
decomposition stage starts at 716 °C and reaches a peak at 791 °C, and
the weight loss ratio is 19.2%. This section corresponds to the decom-
position of the inclusion complex of CB[8] and Zn(N03)4]2' or
[Zn(OH)4]2'. The initiating decomposition temperature of the first stage
was reduced from 394 °C to 376 °C, but the peak value was raised from
463 °C to 486 °C. The reduction of the decomposition temperature may
have arisen from the loss of water encapsulated in the cavities of CB[8],
and the elevation of the decomposition temperature may arise from the
chelating of Zn?* with the carbonyl groups on the port of CB[8] [34].

3.1.5. XPS analysis

To further confirm the elemental compositions of the obtained sam-
ples, X-ray photoelectron spectra (XPS) of the prepared samples were
obtained, as shown in Fig. 6. The full spectrum of XPS indicates that the
composite is composed of Zn, O, C and N, and no other impurities are
introduced into the composite process. XPS spectra of Zn 2p, C 1s, O 1s
and N 1s were shown in Fig. 6b-e. The peaks located at 1021.58 eV and
1044.68 eV could be attributed to the characteristic binding energy of Zn
2p3/2 and Zn 2p1/2 [38]. There are three distinctive peaks of the C 1s
core level of CB[8] at 284.82 eV, 287.20 eV, and 288.80 eV (Fig. 6¢),
which correspond to the C-C bonds, C-N bonds, and C=0O bonds,
respectively. The N 1s peaks at 399.91 eV corresponds to the amino
groups of CB[8]. Fig. 6d presents the O 1s peak of the CB[8]/ZnO com-
posite, and the peak at 531.78 eV corresponds to the lattice oxygen in the
normal metal oxide crystal structure. Inspection of the XPS of Zn 2p in
ZnO and CB[8]/ZnO composite, a significant shift toward higher energy
section can be observed, which revealing the electrons are transferred
from ZnO to CB[8].

3.1.6. BET analysis

N, adsorption and desorption experiments were carried out on the CB
[81/ZnO composite. The adsorption-desorption isotherms at 77.4 K are
presented in Fig. 7, and the textural parameters are summarized in
Table 3. A type H3-type hysteresis loop was observed in the adsorption-
desorption isotherms of CB[8], ZnO and CB[8]/ZnO composite, sug-
gesting the occurrence of capillary condensation and the existence of
mesopores. As shown in Table 3, the pore volumes of CB[8] and ZnO are
0.020 cm®/g and 0.079 cm®/g, and the average pore diameters are 6.2
nm and 5.6 nm, respectively, indicating that all materials are mesoporous
materials. The BET surface areas of CB[8] and ZnO were found to be 8.6
m?/g and 55.4 m2/g, respectively. SEM reveals that the ZnO nano-
particles were deposited on the surface of CB[8] in CB[8]/ZnO com-
posite, and therefore, the textural parameters of CB[8]/ZnO composite
were influenced by the addition of ZnO. In detail, the BET surface area,
pore volume, and average pore diameter of CB[8]/ZnO are 13.0 m?/g,
0.014 cm®/g, and 4.7 nm, respectively.

3.1.7. Photoluminescence spectra

The photoluminescence (PL) spectrum provides useful information
for the investigation of the charge carrier transfer at interfaces and the
photogenerated electron-hole recombination process in the CB[8]/ZnO
composite system. The PL spectra of ZnO and CB[8]/ZnO catalyst are
presented in Fig. 8. In general, a reduced PL intensity indicates a low
recombination rate of the photoinduced electrons and holes under light
irradiation [14]. It can be found that the addition of CB[8] significantly
reduces the fluorescence intensity of ZnO. This means that CB[8] can
reduce the recombination rate of photoexcited electron-hole pairs from
ZnO and facilitate the separation of the photoinduced electrons and
holes.

3.1.8. Analysis of photoelectric properties of ZnO and CB[8]/ZnO composite

Such efficient charge separation of CB[8]/ZnO composite was
experimentally supported by the transient photocurrent responses and
electrochemical impedance spectra (EIS). Apparently, the photocurrent



Fig. 6. The XPS spectra for ZnO, CB[8] and CB[8]/ZnO composite: (b) the Zn 2p, (c) C 1s, (d) Ols and (e) N 1s.
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density of pure ZnO is about six times that of CB[8]/ZnO composite as
shown in Fig. 9a. However, according to EDX element composition
analysis of CB[8]/ZnO composite (Table 1), the actual mass percent of
ZnO is only 1.4%. For the same mass, the photocurrent density of ZnO in
the composite is about twelve times that of pure ZnO. The EIS Nyquist
plots (Fig. 9b) shows that CB[8]/ZnO composite has a smaller arc radius
than pure ZnO. The smaller radius of the semicircular arc revealed a
faster transfer of charge carriers in CB[8]/ZnO composite.
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Textural characteristics of CB[8], ZnO, and CB[8]/ZnO composite.

Adsorbents ~ BET surface area Pore volume Average pore diameter
(m?/g) (cm®/g) (nm)
CBI[8] 8.6 0.020 6.2
CB[8]/ 13.0 0.014 4.7
ZnO
ZnO 55.4 0.079 5.6
50004 — CBJ8]/Zn0O(1:5)
4500 iz
4000
3 35004
&
£ 3000
@
=
g 2500
2000
1500
1000+
T T T T T T T
400 425 450 475 500 525 550 575 600
Wavelength (nm)

Fig. 8. Photoluminescence spectra of ZnO and CB[8]/ZnO composite.
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Fig. 9. The transient photocurrent responses (a) and Electrochemical imped-
ance spectrum (b) of ZnO and CB[8]/ZnO composite.

3.2. Photocatalytic activity

3.2.1. Photocatalytic degradation of reactive brilliant red X-3B dye

The photocatalytic activity of the as-obtained CB[8]/ZnO composite
was evaluated by testing the degradation of X-3B solution at a concen-
tration of 500 mg/L. Prior to irradiation, the photocatalytic reaction
system was magnetically stirred in the dark for 120 min to reach the
adsorption/desorption equilibrium of dye molecules on the surface of the
photocatalyst. The photocatalytic performances of CB[8]/ZnO composite
and pure ZnO nanoparticles are shown in Fig. 10. The photocatalytic
degradation (PCD) results were fitted to pseudo-first-order kinetics, and
the apparent rate constant k was calculated from In(c/co) = kt, where k
represents the rate constant (min’l), cp and c are the initial concentration
of the dye and the residual concentration of the dye at time ¢,
respectively.

The PCD efficiency for ZnO is 42.4%, with a rate constant of 0.0099
min~}, after 40 min of UV-visible light irradiation. The PCD efficiency of
CB[8]/Zn0O composite is 95.9%, and the rate constant is 0.0610 min~},
after 40 min of illumination. The corresponding UV-vis absorption
spectrum of X-3B at different time intervals along with the color changes
of the solution (inset) is presented in Fig. 10b. The 500 mg/L X-3B dye
solution can be decolorized completely after 40 min irradiation. The PCD
efficiency and rate constant of CB[8]/ZnO photocatalyst are twice and six
times those of pure ZnO photocatalyst, respectively. CB[8] has super-
high adsorption capacity towards the adsorption of X-3B dye. Adsorp-
tion not only significantly improves the dye removal ratio in the dark
reaction, but also significantly enhances the photocatalytic degradation
rate in the light reaction. The SEM micrograph in Fig. 2c shows that the

Heliyon 5 (2019) e01714

1.0 .- S
0.8
& 0.6
Q
0.4
Ly —— photocatalyst
—e— CB[8]/ZnO
0.0 ——7Zn0O
120 0 5 10 15 20 25 30 35 40
Irridiation time (min)
(a)
1.0
CB[8)/ZnO
- ¢,=500mg/L
0.8+ 0 min
':3 S min
%0. 64 ? 10 mfn
= 15 min
S 20 min
S | 25 min
% et 30 min
35 min
40 min
0.2
0.0 fF—r—m—m—

300 400 500 600 700
Wavelength (nm)

(b)

Fig. 10. Photocatalytic degradation of X-3B over pure ZnO and CB[8]/ZnO
photocatalyst under UV-vis irradiation (co(X-3B):500 mg/L) (a) and the UV-vis
absorption spectrum of X-3B under UV-vis irradiation after different time in-
tervals using CB[8]/ZnO photocatalyst (b), with the inset showing a photograph
of vials of the irradiated X-3B solution at the corresponding stages.

ZnO nanoparticles are distributed sporadically on the surface of CB[8], a
great deal of unoccupied CB[8] surface ensures the adsorption of X-3B
dye. XPS analysis has confirmed that there is electron transfer from ZnO
to CB[8]. The charge transfer inhibits the recombination of photoelec-
trons and holes, and enhances the photocatalytic degradation efficiency
[27, 28, 29]. Zhang reported 400 mg/L X-3B degradation under
UV-vis/microwave irradiation and obtained a 100% removal ratio after
180 min of irradiation [38]. In comparison, CB[8]/ZnO photocatalyst
yields a comparable PCD efficiency for a higher concentration (500
mg/L) within a shorter irradiation time (40 min).

3.2.2. Photocatalytic degradation of reactive yellow X-RG dye

In order to verify further the PCD efficiency of CB[8]/ZnO photo-
catalyst towards the removal of reactive dyes, an additional photo-
catalytic experiment was carried out on reactive yellow X-RG dye
solution, and the results were presented in Fig. 11. The photocatalytic
degradation rates were fitted with pseudo-first-order kinetics. It is clear
that CB[8]/ZnO photocatalyst presents a very high performance towards
the removal of X-RG dye. The PCD efficiency is 90.6%, and the rate
constant k is 0.0603 min~?, after 28 min of UV-vis light irradiation. The
photocatalytic degradation rate decreased from 99% to 62.9% as the
concentration of X-RG increased from 100 mg/L to 1000 mg/L. The high
efficiency of CB[8]/ZnO towards the removal of reactive dyes in aqueous
solution proves the existence of a synergetic effect between CB[8] and
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Fig. 11. Photocatalytic degradation of X-RG dye over CB[8]/ZnO composite
(co(X-RG):400 mg/L) (a) and the degradation rate (D%) of X-RG dye solution for
different concentrations (b) under UV-vis light irradiation.

the inorganic photocatalyst.

3.2.3. Recyclability of CB[8]/ZnO photocatalyst

With the purpose of evaluating the stability of CB[8]/ZnO photo-
catalyst, recycling experiments under UV-vis light irradiation were per-
formed for five cycles with the same dye. The experimental conditions
and the photocatalytic degradation rate (D%) are listed in Fig. 12. For CB

D%

CB[8]/ZnO Zn0

Fig. 12. Recycling efficiency of CB[8]/ZnO photocatalyst.
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[81/ZnO photocatalyst, the degradation rate was 99% in the first two
recycles, but the degradation rate decreased significantly to 58% in the
third recycle. The degradation rates of pure ZnO are all lower than those
of CB[8]/ZnO at every recycle, revealing that the stability of CB[8]/ZnO
is better than that of pure ZnO.

3.2.4. Mechanism of photocatalytic activity

Based on the above-mentioned results, we propose a possible mech-
anism to explain the charge transfer process and the degradation of
organic dyes by CB[8]/ZnO composite under UV-visible light irradiation.
The model is comprehensively illustrated in Scheme 2. On the interface
of CB[8] and ZnO, Zn?* ions chelate with the carbonyl groups of CB[8].
CB[8] has super-high adsorption capacity towards the adsorption of X-3B
dye. In the dark reaction, the dye molecules were adsorbed on the surface
of CB[8] or enter into the hydrophobic cavities of CB[8] to form an in-
clusion complex. Under UV-visible light irradiation, the photoexcitation
of electrons (e”) on the surface of ZnO takes place. Electrons from the
valence band (VB) are transferred to the conduction band (CB) of ZnO,
leaving holes (h") in the CB. The generated holes are attracted by the
electron-rich carbonyl groups of CB[8], and are transferred to and trap-
ped on the CB[8] units by means of Zn-O coordination bonds. The
recombination of photoelectrons and holes is inhibited [30]. The holes
trapped on CB[8] can oxidize those dye molecules that are on the surface
or in the cavity of CB[8]. The electrons transferred to the CB can reduce
O, dissolved in the solution to produce'O3, and the dye molecules in
solution are oxidized by the ‘O3. CB[8]/ZnO composite could be acti-
vated effective by UV-vis light and exhibited an enhanced ability of
photocatalysis towards the degradation of organic dyes. The probable
reactions taking place during dye decolorization are summarized in Egs.

(1), (2), (3), (4), (5), and (6).

CB[8] + dye — CB[8]@dye (@D)]
ZnO + hu— ZnO (¢~ + h™) )
CB[8]@dye + h" — CB[8]@dye-(h™) 3)
CB[8]@dye (h") — oxidation of dye + CB[8] 4)
Oy +e =0 ()
‘03 + dye —» CO, + H,0 or degradation product (6)

To gain insight into the main roles of the distinct reactive species in
UV-vis photocatalytic degradation, the X-3B solution was further reacted
in the presence of different scavengers. In this work, triethanolamine
(TEA), t-BuOH, benzoquinone (BQ), and CCl; were used as hole (h"),
hydroxyl free radical (- OH), superoxide radical (-03), and electron (e™)
scavengers [39]. An individual scavenger was added into the X-3B so-
lution along with the CB[8]/ZnO photocatalyst prior to the UV-vis light
illumination, and the degradation was monitored, as presented in Fig. 13.
It can be found that the benzoquinone (BQ) and triethanolamine (TEA)
immensely inhibit the degradation of X-3B dye, and the PCD efficiency
was decreased from 89.4% to 3.7% and 16.1%, respectively. This in-
dicates that -O3 and h' are primarily responsible for the photo-
degradation process under UV-vis light irradiation. To verify further the
dominant role of -O3 in PCD degradation, Ny was bubbled into X-3B
solution for 30 min to drive away the O, dissolved in water, and the PCD
efficiency was monitored. It is clear that Ny bubbling has a strong
inhibiting effect, and the PCD efficiency was decreased to 25.1%. t-BuOH
and CCl, also inhibited the X-3B degradation to some extent, and the PCD
efficiencies were decreased to 63.7% and 57.9%. This indicates that - OH
and e~ play a secondary role in the degradation of X-3B. Overall, the
scavenger test results are in accordance with the proposed mechanism
above. It is found that superoxide radicals and holes are the principle
oxidative species that participate in photocatalytic reaction in the pres-
ence of CB[8]/Zn0 photocatalyst.
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Scheme 2. Schematic illustration of the proposed photocatalytic mechanism of CB[8]/ZnO composite under UV-visible light irradiation.
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Fig. 13. The photocatalytic degradation of X-3B over CB[8]/ZnO photocatalyst
in the presence of various scavengers.

4. Conclusion

Enhancing the separation of hole-electron pairs is one of the valid
pathways to enhance the photocatalytic degradation performance of a
semiconductor. In this work, cucurbit [8]uril/zinc oxide (CB[8]/Zn0O)
composite was synthesized, and the photocatalytic performance was
estimated by the degradation of X-3B and X-RG dyes under UV-visible
light irradiation. The photocatalytic degradation rate of CB[8]/ZnO
composite was found to be six times that of pure ZnO. Zn>' ions
chelate with the carbonyl groups of CB[8] on the surface of CB[8]/
ZnO. Under UV-visible light irradiation, the generated holes of ZnO
are transferred to and trapped on the CB[8] units to facilitate the
separation of electron-hole pairs, improving the photocatalytic per-
formance of this system. The main reactive species that participate in
the photocatalytic process are holes and superoxide radicals (‘03). The
high PCD efficiency allows the use of CB[8]/ZnO composite as a
potential photocatalyst for dealing with high concentrations of dye
effluent.
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