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Improving the efficiency/cost ratio is the key to the practical application of photocatalysts. Using cheap minerals
as carriers is an effective means to improve the efficiency/cost ratio of photocatalysts. Here, kaolinite was used to
co-load TiO; nanoparticles and Bi containing core-shell spheres forming the composites with excellent photo-
catalytic performance. The rate constant per unit mass of TiOz in the optimal sample reached 18 times that of
TiO». Kaolinite plays important roles in promoting photocatalytic activity by improving the dispersion of TiOy
and the adsorption of O3 molecules and MO anions, besides the type-II energy band alignment of TiO3 and BixOy.

1. Introduction

With the advancement of industrialization, the human society’s de-
mand for resources is increasing, and environmental and energy prob-
lems are becoming more and more serious [1]. As a renewable energy,
solar energy is increasingly becoming an important primary energy
source. In recent years, it has been widely used in the fields of organic
matter degradation, reduction of toxic hexavalent species, and hydrogen
production from water splitting, carbon dioxide reduction, and nitrogen
reduction to ammonia production. In these applications, the key is to
develop efficient semiconductor photocatalysts. The most common
semiconductor catalysts include TiO2 [2,3], ZnO [4,5], CdS [6,7] and so
on.

TiO4 is widely used in photocatalysis because of its efficient photo-
induced charge separation, good stability, low cost and non-toxicity.
Unfortunately, TiO» has a wide bandgap of about 3.2 eV [8,9], so the
photocatalytic reaction on TiO2 can only be excited by ultraviolet light,
which only accounts for a small proportion of solar energy, about 5%
[10]. Moreover, TiO, nano-powders are easy to agglomerate, leading to
the decrease of their specific surface area, which limits its practical
application in photocatalysis.

Precious metal deposition is an effective means to improve the
photocatalytic activity of TiOo, and the most studied precious metals
includes Au, Ag and Cu with significant plasmon resonance (PR) effect
[11,12]. Bismuth, as a non-precious, main group element, has recently
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been found to have a similar PR effect but with a lower cost. Bi particles
have been successfully used to modify TiO4 [13], CaWO4 [14], Bi,WOg
[15] and ZnO [16], which exhibited excellent photocatalytic perfor-
mance. In addition, Bi oxides (such as a-Bi;O3) are also important
semiconductor oxides with the bandgaps in the range of 2-3.9 eV [17].
However, the photocatalytic efficiency of bismuth oxide is low, mainly
due to the faster recombination of photogenerated charge carriers
[18,19]. Using other semiconductors to couple with bismuth oxide can
construct heterojunction and effectively improve the photocatalytic
performance of bismuth oxide. At present, some heterojunction photo-
catalysts such as LDH/Bi»03 [20,21], C3N4/BisO3 [22,23], BiVO4/BisO3
[24] and h-BN/BiyO3 [25] have been successfully synthesized.

Loading TiO; on the support surface is an efficient means to reduce
the agglomeration of TiO,. Typical supports include activated carbon
[26], carbon fiber [27], glass fabric [28], FTO conductive glass [29] and
molecular sieves [30]. Most of these supports can achieve good TiO;
recovery from the reaction medium. However, these supports belong to
synthetic materials with comparative high-cost, limiting their practical
use. Natural silicate minerals such as kaolinite, montmorillonite and
palygorskite are abundant, inexpensive and environmentally friendly
materials [31-35]. Among them, kaolinite with a chemical formula of
Al,Si,05(0OH)4 is widely used in paper, ceramic, coating and refractory
fields due to its unique flake shape, good whiteness, excellent chemical
stability, satisfying fire resistance and low price [36]. With the devel-
opment of new technologies, kaolinite’s application scope is constantly
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expanding, for example, it can be used as polymer composite filler
[37,38], defect regulator [39,40], adsorbent [41], nanofluidic mem-
branes [42,43] and photocatalyst carrier [44,45]. In terms of photo-
catalysis, for example, Zyoud et al. [46] prepared ZnO/kaolinite
composite by directly growing ZnO nanoparticles on kaolinite surface,
the results showed that the composite exhibited higher photocatalytic
efficiency in the degradation of 2-chlorophenol. Ko¢i et al. [47] pre-
pared kaolinite/titania composites by using thermal hydrolysis of
kaolinite and titanyl sulphate (TiOSO4) suspension, which gave a higher
yield of methane and methanol as CO5 photocatalytic reduction prod-
ucts than commercial P25 TiO,. Xu et al. [48] prepared the kaolinite/
TiOy composites by using sol-gel method and subsequent calcination,
and compared the effect of the intercalation-exfoliation and the acid-
treatment on degrading the methylene blue and phenol in water.
Cheng et al. [49,50] used a simple hydrothermal approach to prepare
the kaolinite/BiOI composite which showed excellent photocatalytic
activity for RhB degradation under visible light irradiation; by the
similar strategy, they prepared a kaolinite/MnFe;04 composite to acti-
vate peroxodisulfate, leading to the efficient degradation of chlortetra-
cycline hydrochloride.

Sun et al. [51-53] synthesized a novel TiOy/kaolinite composite with
oxygen vacancies and surface defects by a mild sol-gel method
combining with nitrogen promotion, which showed an enhanced pho-
tocatalytic activity in the degradation of ciprofloxacin. Using the sol-gel
approach associated with chemical stripping and self-assembly, a g-
C3Ny4/TiOy/kaolinite composite was also fabricated exhibiting an
enhanced visible light activity. The same group prepared the CuFe;04/
kaolinite composite catalyst through the citrate combustion method,
displaying the good efficiency to activate peroxymonosulfate for the
destruction of bisphenol A. Yang et al. [40,54] successfully synthesized a
kaolinite-induced defective graphitic carbon nitride catalyst via inter-
calation and in-situ calcination, and the obtained catalyst showed the
excellent degradation performance for Orange II dye under visible light
irradiation due to its special structure and the appearance of synergistic
effects; they also used a rod-like kaolinite to support ZnO nanoparticles
through a thermal treatment, and the obtained Pd-ZnO/kaolinite
showed good photocatalytic activity for the degradation of methylene
blue. For a comprehensive description of the research progress in the
field of kaolinite-based photocatalysis, there are several good reviews
for further investigations [55-62]. However, no composite photo-
catalyst with TiO, and metal Bi or bismuth oxide supported on the
surface of kaolinite has been reported so far.

In this work, a novel kaolinite/TiOy/Bi containing core-shell sphere
composite (KTB) with good photocatalytic activity has been successfully
prepared by a simply hydrothermal-solvothermal method, and the effect
of different kaolinite-TiO, (KT) additions on the morphology and
structure of KTB composites have been systematically studied. In addi-
tion, the photocatalytic performance of KTB samples for methyl orange
degradation in water has been studied in detail, observing a unique
contribution of kaolinite substrate to the photocatalytic enhancement
effect and the band energy matching of each component of KTB.

2. Experimental
2.1. Materials

Kaolinite (K) with high purity was purchased from Maoming in
Guangdong Province of China , isopropanol (IPA), titanium tetraiso-
propanolate (TTIP), Bi(NO3)3-5H>0, nitric acid, ethanol, methyl orange
(MO), ammonium oxalate (AO), ethylene glycol (EG), methanol and
NaySO4 were purchased from Sinopharm (Shanghai, China), 1,4-benzo-
quinone (BQ) and polyvinyl pyrrolidone (PVP) were from Aladdin
(Shanghai, China). All reagents are chemically pure and used without
further purification.
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2.2. Preparation

2.2.1. Synthesis of KT

Firstly, 1 mL TTIP, 5 mL 2 M nitric acid and 15 mL IPA were mixed
and stirred for 1 h at room temperature until the solution becomes
transparent. Next, 1 g kaolinite and deionized water were added into
solution to a total volume of 250 mL, and stirred for 2 h. Finally, the
solution was heated to 65 °C for another 24 h. After the reaction, the
white precipitate was separated by centrifugation (5000 rpm, 3 min),
washed for three times with deionized water and ethanol alternately,
and then dried at 80 °C overnight. The prepared kaolinite-TiOy com-
posite was denoted as KT.

2.2.2. Synthesis of KTB

Firstly, 0.36 g of Bi(NO3)3 5HyO was dissolved in 10 mL of 1 M
HNO3. Next, 55 mL EG and 0.6 g of PVP were added into solution and
stirred for 1 h. Then, 0.15, 0.3, 0.6, 1.2 g KT were added into solution
respectively and stirred for 1 h. Finally, the mixed solution was trans-
ferred into the autoclave and heated at 160 °C for 15 h. After the reac-
tion, the dark gray precipitate was separated by centrifugation (5000
rpm, 3 min), washed for three times alternately with deionized water
and absolute ethanol, and then dried at 60 °C for 12 h. A series of
kaolinite-TiO»-Bi composites with different KT contents, denoted as
0.15KTB, 0.3KTB, 0.6KTB, 1.2KTB (corresponding to 0.15, 0.3, 0.6, 1.2
g KT, separately) was obtained (Fig. 1).

2.2.3. Synthesis of reference samples

To compare the photocatalytic mechanism of KTB composites, TiO2/
Bi composites (TB) and Bi spheres (B) samples were also prepared
separately. The steps for preparing the TB were similar to those of KTB,
the only difference was that the KT added in the solution was replaced
with 0.16 g TiO,. When preparing B, no KT or TiO, was added to the
solution, and the other steps were exactly the same.

2.3. Characterization

The phases of the obtained samples were characterized by X-ray
diffraction (XRD, D8 Advance, Bruker) with Cu Ka radiation at 40 kV
and 30 mA and a scanning speed of 5°/min. The morphology was
examined by field emission scanning electron microscopy (FESEM, UHR
SU8220, Hitachi) and high resolution transmission electron microscopy
(HRTEM, Tecnai G2 F20, FEI). Nitrogen adsorption-desorption iso-
therms were measured with the ASAP 2020 plus HD 88 system
(Micromeritics). The Brunauer-Emmett-Teller (BET) method was used
to calculate the specific surface area (SSA) and the Barrett-Joyner-
Halenda (BJH) method was used to calculate the pore size distribution
(PSD) curve. The bonding states of elements and the valence band
spectra were analyzed by X-ray photoelectron spectroscopy (XPS,
Escalab 250Xi, Thermo Scientific) and the Cls 284.8 eV peak was used
as reference. The content of TiOy in KBT was analyzed by inductively
coupled plasma optical emission spectrometer(ICP-OES, Agilent 5110).
The diffuse reflectance absorption spectrum (DRS) was measured by
using a fiber optic spectrometer (HR3000-Pro, Jingyi Electronic Science
& Technology Co., Ltd., Guangzhou, China) equipped with an external
integrating sphere and a BaSO4 standard whiteboard. A fluorescence
spectrophotometer (FS5, Edinburgh, UK) was used to record photo-
luminescence (PL) spectra at excitation wavelength of 315 nm. Photo-
catalytic tests were carried out using a PL-03 multi-station
photochemical reactor (Prince, Beijing) with a distance of 9 cm between
the central water-cooled light source and the surrounding quartz reac-
tion tubes (Fig. S1). Electrochemical properties were tested by using a
electrochemical workstation (RST5200F) from Shiruisi (Suzhou, China).

2.4. Photocatalytic tests

The photocatalytic activity of the samples was evaluated by
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Fig. 1. Scheme of preparation route of KTB composites.

degrading MO dye under low-intensity xenon lamp source (Shanghai
Jiguang Special Lighting, 200 W). The radiation spectrum is shown in
Fig. S2 and the actual irradiation intensity was measured to be 0.4 kW/
m? at the position of reaction tube using a TM-207 solar power meter
produced by TENMARS. 40 mg of the sample was dispersed in 40 mL of
MO solution with a concentration of 20 mg/L, and the suspension was
pre-stirred in the dark for 1 h to achieve the adsorption-desorption
equilibrium of the catalyst for MO molecules. The photodegradation
reaction was carried out under the irradiation of 200 W xenon lamp, the
total irradiation time was 3 h. In the reaction, 4 mL of suspension was
taken out every 30 min, then the supernatant was separated by centri-
fugation (10,000 rpm for 3 min), and tested at the wavelength of 464 nm
to obtain the absorbance of MO in the supernatant. In addition, the total
organic carbon (TOC) of the MO solution was determined by a TOC
analyzer (Multi N/C 3100, Jena).

To gain information on the photocatalytic mechanism, a series of
active species trapping experiments were performed. IPA was used to
trap hydroxyl radicals (-OH), AO to quench holes (h™), and BQ to cap-
ture superoxide ion (-Oz ). The concentration of each trapping agent is as
follows: 10 mmol/L for IPA, 6 mmol/L for AO, and 0.1 mmol/L for BQ
[63].

2.5. Electrochemical measurements

The electrochemical workstation was used to obtain photocurrent
response plots (0.6 V bias potential and 30 s interval between light on
and off), electrical impedance spectroscopy (1 MHz ~ 0.01 Hz, 10 mV
amplitude) and Mott-Schottky plots (1000 Hz, 10 mV amplitude). A
three electrode system was used in this experiment. The platinum plate
was used as the counter electrode, the Ag/AgCl electrode was used as the
reference electrode, and the electrolyte was 0.1 M NaySO4 solution. The
working electrode was made as follows: 0.5 mL of water/isopropanol
mixed solution (water: isopropanol = 3:1), 10 pL of Nafion solution and
5 mg of catalyst were mixed and sonicated for 0.5 h. Then 20 pl mixed
solution was evenly spread onto the 2 x 2 cm? ITO conductive glass and
dried at 60 °C for use.

3. Results
3.1. XRD analysis

The XRD spectra of each sample are shown in Fig. 2a. For sample B,
the diffraction peaks at 22.47, 27.16, 37.95, 39.62, 44.55, 45.87, 46.02
and 48.69° correspond respectively to the (003), (012), (104), (110),
(015), (006), (113) and (202) lattice spacing of metal bismuth
(PDF#44-1246). These peaks are quite sharp, indicating the good
crystallinity of metal Bi phase in sample B. After B coupled with TiO5
(TB), an obvious peak at 25.3° can be seen, corresponding to anatase
TiO5 (101) plane, besides metallic Bi characteristic peaks. Sample K only
has characteristic diffraction peaks of kaolinite phase, and no other
impurity peaks can be clearly found, showing the high purity of sample
K. The main peaks at 12.40, 19.88, 20.35, 21.35, 23.15, 23.84, 24.95,
26.43, 35.07, 35.54, 36.07, 38.56, 39.38, 41.37, 45.67, 55.32 and
62.50° correspond to the (001), (020), (—110), (—1-11), (0—21), (021),
(002), (111), (—201), (—1-31), (200), (—202), (131), (—220), (—203),
(—151) and (—331) planes, respectively (PDF# 75-1593). The pure TiO,
sample shows the typical characteristic of anatase phase
(PDF#21-1272) with broadened diffraction peaks (Fig. S3) led by the
small size of TiO, nanoparticles (Fig. S4). The XRD pattern of kaolinite-
TiO9 composite (KT) is similar to that of kaolinite (Fig. 2b). However,
after normalizing the intensity of kaolinite (002) peaks in K and KT, and
further enlarging the local range of 24-30°, it can be clearly seen that the
intensity of the 25.3° peak of KT increases relative to that of K, and this
peak is even clearer for sample TB, corresponding to the diffraction peak
of anatase TiO, (101) plane, which confirms the successful loading of
TiO5 on kaolinite and successful combination between TiO5 and B. The
results are consistent with that in literature [64]. The co-loading of B
and TiO; on kaolinite was performed by the loading of Bi on the KT
sample (KTB), observing a metal Bi (012) peak (Fig. 2c), suggesting the
successful load of B component on KT. After normalization of K (002)
peak, the (012) peak intensity of metal Bi gradually increases in the
order of 1.2KTB < 0.6KTB < 0.3KTB < 0.15KTB. In addition, noted that
the background in the range of 22-35° is significantly enhanced after the
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Fig. 2. (a) XRD patterns of the samples; (b) local comparison at the range of 24-30° for K, KT and TB; (c) local comparison at the range of 24-30° for of KT and KTB.

addition of Bi, clearly indicating that some amorphous Bi compounds
might also be formed in sample B, which can be further determined by
the HRTEM and XPS tests. At the same time, the characteristic peaks of
kaolinite and TiO2 did not shift significantly after further loading B,
which suggests that the addition of Bi should not affect the structure of
KT complex significantly in the loading process adopted in this work.

3.2. SEM and mapping analysis

The SEM images of samples are shown in Fig. 3. The original
kaolinite particles are typical hexagonal flakes with a size of about 200
nm - 2 pm and a relatively smooth surface (Fig. 3a). After loading TiO»,
the shape of kaolinite flakes did not change significantly, but the surface
roughness increased significantly, and many fine nanoparticles were
formed (Fig. 3b). According to the XRD results, it can be concluded that
these nanoparticles are TiO; which were successfully loaded on
kaolinite. Sample B exhibits a microsphere-like morphology with a size
of 50-200 nm (Fig. 3c), which is significantly smaller than that of the
kaolinite flakes, thus facilitating its formation on the kaolinite surface.
In TB composite, the round B microspheres were loaded in fine TiO,
nanoparticle clusters (Fig. 3d). Further element mapping test results
show that the nanoparticle aggregates correspond to the distribution of
Ti and O elements, while the spherical region presents obvious con-
centration of Bi elements (Fig. S5). Therefore, it can be proved that the
bigger spherical particles are B spheres and the nanoparticle aggregates
are TiO4 aggregates in sample TB. After the KT composite was further
loaded with B (KTB), in addition to fine TiO, nanoparticles, B spheres
also appeared on the surface of kaolinite (Fig. 3e-h); and the B spheres
gradually decreased with the increase of KT/Bi ratio. The results clearly
demonstrate the successful formation of KTB composites. It is also noted
that when Bi addition is high, B spheres tended to aggregate together
(Fig. 3e and f). This may reduce the number of active sites on the surface
of the B spheres and increase the recombination of photogenerated
carriers in B, which is not conducive to the full improvement of the
photocatalytic performance for KTB composite.

Fig. 4 shows the element distribution mapping of sample 1.2KTB.
There is an obvious circular sphere distributed on the flake particles in
this part. In the individual scanning diagram of each element, O, Si and
Al have the same distribution as the flake particles, corresponding to the
kaolinite grains. The distribution of Ti element is relatively diffuse,
which on the one hand suggests that Ti is uniformly distributed, and on
the other hand reflecting its low content which can be further confirmed
from the small EDS peak in Fig. 4i. The distribution of Bi element is

mainly in the spherical region, further indicating that B spheres were
successfully compounded with KT.

3.3. TEM analysis

Fig. 5a gives the TEM image of kaolinite, which shows the pseudo-
hexagonal flakes consistent with the SEM results, with a relatively
smooth surface. When TiO;, was loaded, many fine particles were added
to the surface of kaolinite (Fig. 5b). Combined with the XRD results, it
showed that the TiO, was successfully loaded on kaolinite. The HRTEM
image of pure TiO; shows the aggregation of nanocrystals of about 5 nm
(Fig. S4a). The fringe of 0.35 nm is consistent with the (101) plane of
anatase TiO, and the diffraction rings for the agglomeration also
correspond to (101), (004), (200), (211) and (204) planes of anatase
TiOy, respectively (Fig. S4b), further proving that the nanoparticles on K
is anatase TiO,. After further loading of B, larger-sized Bi spheres also
appeared on the surface of kaolinite (Fig. 5c). HRTEM of the marked red
rectangular area in Fig. 5¢c shows the lattice fringes of 0.395 and 0.33 nm
in the microspheres, corresponding to the (003) and (012) spacing of
metal Bi [65], proving the existence of metallic Bi. Noted that a thin
shell layer with a thickness of 1-3 nm appeared on the periphery of the
sphere, and no obvious lattice fringe appeared in this area, probably
caused by a small amount of amorphous bismuth oxide (BixOy) layer
formed by the oxidation of the surface of Bi sphere during the synthesis
process. A similar phenomenon has also been observed in an earlier
study on the synthesis of Bi spheres [65]. The results indicate that the
synthesized spheres have a core-shell structure with the surface layer of
amorphous Bi,O, and the inner core of metallic Bi. In order to avoid
confusion with these two substances, the microsphere sample is referred
to as B for short. In addition, lattice fringe of 0.35 nm was also found in
an adjacent microdomain outside the microsphere, corresponding to the
(101) lattice spacing of anatase TiOz [66]. The TEM results clearly
indicate the successful preparation of KTB composite.

3.4. N3 adsorption-desorption analysis

The nitrogen adsorption—desorption isotherms of three representa-
tive samples (K, KT and 1.25KTB) are shown in Fig. 6. The adsorption
isotherm of three samples show typical Type II characteristic according
to the IUPAC classification indicating the nonporous nature. The hys-
teresis loop of desorption isotherm in the high relative pressure range is
minor corresponding to the capillary condensation between particles
which is the typical future of clay-based materials (Fig. 6a). The PSD
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Fig. 3. SEM images of the samples. (a) K; (b) KT; (c) B; (d) TB; (e) 0.15KTB; (f) 0.3KTB; (g) 0.6KTB; (h) 1.2KTB.

curves of three samples calculated by the Barrett-Joyner-Halenda (BJH)
method (Fig. 6b) show a main peak centered at 4 nm which is caused by
tensile strength effect (TSE) [67]. No other obvious pores are found. The
isotherm of KT shifts upward compared to that of K, indicating the in-
crease of nitrogen adsorption capacity which can be led by the load of
nano TiO,. After further loading B spheres, the isotherm of obtained
1.2KTB shifts downward slightly compared to that of KT, suggesting the
reducing nitrogen adsorption capacity caused by large B spheres. The
PSDs in the range below 20 nm with the same trend further prove the

isotherm results, as well as the changing of the SSA values (18.03, 63.19
and 22.16 mz/g) for K, KT and 1.2KTB.

3.5. XPS analysis

The XPS survey spectrum and the narrow spectrum of each element
of sample 1.2KTB are shown in Fig. S6 and Fig. 7, respectively. Both of Al
and Si in kaolinite are connected with oxygen atoms through octahedral
coordination and hexahedral coordination, respectively, showing sharp
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Fig. 4. (a-h) Element distribution mapping of sample 1.2KTB; (f) the corre-
sponding EDS analysis.

XPS peaks (Fig. 7a and b). The appearance of C element in XPS is mainly
due to adventitious carbon. The peak at 284.8 eV corresponds to C—C
bond, the peak at 286.05 eV corresponds to C—O bond, and the 288.31
eV peak corresponds to C=0 bond [68-70] (Fig. 7c). When decom-
posing the XPS peak of oxygen (Fig. 7d), in addition to the bonding state
with Al, Si, and C elements, the bonds to Ti and Bi elements were also
considered as shown in Fig. 7e and f. In the XPS peak of titanium
element, Ti 2pj,» peak has obvious broadening and enhancement,
mainly caused by the interference of the 4d3 peak of Bi element. The
458.63 and 464.63 eV peaks correspond to the 2p; » and 2ps,» peaks of
Ti in TiOy, while the 461.46 and 467.46 eV peaks correspond to the 2p;,
2 and 2ps/, peaks of Ti>*, mainly caused by surface unsaturated titanium
atoms or internal titanium atoms linked oxygen vacancies [71], leading
to the generation of defect energy levels. The peaks at 463.49 and
465.92 eV correspond to the interference peaks caused by Bi 4d> of
metallic Bi in core and oxidized Bi in shell, respectively [72]. This can be
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more clearly seen by comparing the narrow scan results of Bi-containing
samples (B, TB and KTB) and Bi-free samples (K and KT) in the range of
448-475 eV (Fig. S7).

The narrow scanning of Bi element presents two distinct valence
states (Fig. 7f), where 157.26 and 162.48 eV correspond to the 4f;,, and
4fs5 /5 peaks of metallic Bi, respectively [73]; while 159.29 and 164.58 eV
correspond to the 4f;/, and 4fs,, peaks of Bi in Bi,O,, respectively [74].
In the XPS results of O element, 531.6 and 532.7 eV correspond to O—Al
bond and O—Si bond in kaolinite [75], while 531.9 and 533.94 eV
correspond to O—C bond and O—C bond caused by contaminating
carbon [68-70]. The 530.01 eV peak corresponds to the O—Bi bond
[74]1, and the 530.13 eV peak belongs to the O—Ti bond [71]. The XPS
results clearly show that some Bi atoms in KTB are in metallic state and
some are in oxidized state, which is consistent with the XRD and TEM
results; in addition, there are obviously some titanium atoms in the low-
coordination defect state, which may reduce the width of the bandgap of
TiOs, thereby improving light absorption.

In order to obtain the energy band matching relationship among K, T
and B and further determine the mechanism of photogenerated carrier
transfer of KTB composite, the valence band spectra of K, T and B were
also measured, respectively. The results are shown in Fig. 8a-c. It can be
seen that energy difference (AEgy) from the valence band maximum
(VBM) of kaolinite to Fermi level (Efermi) is 4.16 eV (AEry = Efermj -
Eygm) [76], while the AE¢.y of TiO; and B samples are 2.69 and 1.52 eV,
respectively. As we all know, the measurement depth of XPS technique is
only a few nanometers from the surface. From the TEM image, the range
of a few nanometers on the surface of sample B is mainly amorphous
bismuth oxide, so the valence band spectrum of sample B will mainly
reflect the energy band properties of this oxide shell. Overall, based on
the above AE;.y results and the bandgap energy measurement results, it
is possible to further determine the energy band matching relationship
of K, T and Bi, O, components that actually function in KTB.

As a typical insulator, kaolinite has a wide bandgap which may
exceed the lowest measurement limit of common UV-Vis spectropho-
tometers [77]. Therefore, DRS measurements cannot give the reliable
bandgap energy of kaolinite. However, the bandgap energy can be ob-
tained by using the difference between the energy of core-level peak and
the onset of inelastic loss for Ols in kaolinite [78]. The obtained
bandgap energy of kaolinite is 8.32 eV (Fig. 8d), close to 8.2 eV calcu-
lated by the GOWO method using first-order perturbation theory [77].
According to the calculation of AEg.y, the Fermi level of kaolinite can be
determined to be in the middle of the bandgap. This result demonstrates
the nature of intrinsic insulator for kaolinite. Because sample B is a
mixture and some TiO5 contains a part of the defect state, their bandgaps
determined by the XPS method have a large error, so their bandgaps are
still obtained by the DRS optical method.

3.6. Optical absorption analysis

The DRS plots of samples are shown in Fig. 9a. Kaolinite has weak
absorption in the whole spectral range with no obvious absorption edge.
After loading TiO,, the absorption in the ultraviolet part was enhanced,
which corresponds to the UV absorption region of pure TiO,. Sample B
has strong absorption in the whole spectrum, especially in the ultraviolet
region. Combined with the reported results [65], the strong absorption
in the ultraviolet range can be mainly attributed to bismuth oxide, and
the flat absorption in the visible to near-infrared range can be mainly
attributed to metallic Bi, while a distinct absorption edge between these
two range corresponds to the bandgap energy of sample B with the
unique core-shell structure. By plotting (ahv)/" against hv according the
Tauc-plot method, the bandgap energy E; can be determined from the
intercept of the straight portion of the curve, where « is the absorbance
coefficient presented in the equivalent absorption Kubelka-Munk units,
v is the frequency of absorbed light, h is Planck’s constant, n = 0.5
related to the direct transition, and n = 2 related to the indirect transi-
tion. Anatase TiOy is an indirect semiconductor, and amorphous
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bismuth oxide is also considered to be dominated by indirect transitions bandgap value of TiO, is lower than the common 3.2 eV [8,9], which

[171, so their n value are both 2. The optical bandgaps of TiO, and B may be caused by the impurity energy level caused by defect state. While
were calculated to be 2.87 and 2.22 eV, respectively (Fig. 9b). The the Eg of the B sample lies in the range of 1.55-2.48 eV [171], mainly



C. Lietal

Catalysis Communications 175 (2023) 106609

Intensity (a.u.)

b ) Si2p
A

Intensity (a.u.)

Binding Energy (eV)

T T T T T T
94 96 98 100 102 104 106 108 110 112

Binding Energy (eV)

ClsinC-C Cls

d Ols
(1 ‘-"
Q

2 g O 1sin O-C
& < O 1s in 0-Al of kaol
2 2
a 2
2 2
=] &
D
T T T T T T T T T T T T T T T T T
278 280 282 284 286 288 290 292 294 524 526 528 530 532 534 536 538 540
Binding Energy (eV) Binding Energy (eV)
Ti 2p,, in TiO, Ti2p f Bi 4f,,, in Bi,0, Bidf
9, e
Ti 2p,, in TiO, Bi4f,; in Bi,0,
e Z
& g
4 a
3] i) X . é
5 =1 Bi 4f,, in pure Bi
Bi4d3 in Bi,0,
Bi 4d3 in pure Bi
Ti2p,, in TiO, Bi4f;, in pure Bi

T T T T T T T T T T T
454 456 458 460 462 464 466 468 470 472 474
Binding Energy (eV)

T T T T T T T T
152 154 156 158 160 162 164 166 168 170
Binding Energy (eV)

Fig. 7. High-resolution XPS peaks and the best deconvolution to individual components of each element in 1.2KTB sample.

resulting from the contribution of amorphous BiyOy. For the KTB sam-
ples, the light absorption significantly increases compared with these
samples without B, and the intensity of spectrum increases with B con-
tent, reflecting that the addition of B is the main reason for the enhanced
light absorption of composites.

3.7. Photocatalytic tests

The photocatalytic performance of the materials was evaluated by
degrading MO under irradiation with a low intensity xenon lamp. The
photocatalytic results are shown in Fig. 8. In the blank solution, the MO
concentration hardly decreased with time (Fig. 8a). Kaolinite showed
weak photocatalytic activity, mainly led by trace natural impurities.

After TiO, was loaded on kaolinite, the formed KT composite showed the
improved photocatalytic performance. The photocatalytic effect of KT
within 3 h was about one third of that of pure TiO; reference. However,
KT contains only 11% TiO; (according to ICP-OES results in Table S2),
suggesting more active TiO, in KT than pure TiO,, so kaolinite substrate
should play an important role in enhancing the photocatalytic effect of
TiO,. Sample B had some photocatalytic activity, mainly because the
surface BiyO, shell could generate photogenerated carriers with
reducing and oxidizing ability when being exposed to simulated sun-
light. This result is consistent with an earlier study by Liu et al. [65].
When sample B was compounded with TiO, (TB), the photocatalytic
effect was improved to a certain extent compared to B, mainly due to the
band matching of BiOy and TiO», and this will be discussed further
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later. When TiO, and B samples were simultaneously loaded on the
surface of kaolinite (KTB), the photocatalytic degradation rate of MO
was greatly improved, which was significantly better than TiO,, B, KT
and TB samples, and with the increase of KT addition, the performance
of the samples gradually improved. When the amount of KT added is 0.6
g (0.6KTB), the performance of the sample tends to be stable and when
KT added is 1.2 g (1.2KTB), the performance of the sample reaches the
highest activity in the current ratio range of KT to B. Among KTB sam-
ples, the performance of 0.15KTB sample is relatively low, which may be
because more B reduces the number of T active sites on the surface of
kaolinite. With the decrease of B, the shielding effect also decreases, so
the performance of the complex increase gradually. When B is reduced
to a certain extent, the number of heterostructure between T and B can
be reduced too much, which will cancel out the improving effect brought
by the increase of T active sites, so the performance will no longer in-
crease significantly.

It is noted that before light on, the dark reaction was carried out for 1
h and the results show that the MO adsorption-desorption balance was
achieved for all samples in 1 h (Fig. S8). The MO adsorption capacity of
samples was weak, and the difference among equilibrium concentra-
tions for samples was not too much after dark adsorption. When
normalizing MO concentration after dark adsorption, the order of
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photocatalytic efficiency (Fig. S9b) is similar to that when normalizing
MO concentration before dark adsorption (Fig. S9a). Thus, the pre-
adsorption does not affect the order of the photocatalytic efficiency of
the samples significantly.

The total organic carbon (TOC) results of four representative samples
(1.2KTB, KT, T and K) have been supplemented to further confirm the
occurrence of photocatalytic reaction. The TOC value of initial MO so-
lution is 21.18 pg/kg. For 1.2KTB, the TOC values of MO solution after
dark adsorption and after photocatalysis are 20.22 and 12.44 pg/kg,
respectively. Such obvious decrease of the TOC value confirms the
photodegradation removal of MO, at least to a certain extent. 1.2KTB
produced a TOC reduction of 38.5%, while KT, T and K led to TOC re-
ductions of 7.72%, 20.95% and 2.75%, respectively (Table S1).

The degradation kinetic curves were fitted with zero-order equation
and pseudo-first-order equation, respectively, the rate constant histo-
grams obtained further intuitively demonstrated the above performance
differences. (Fig. 10 and S9). According to the fitting coefficients of
determination (COD) (Table S2), the degradation kinetics of MO by KTB
composite is more in line with the zero-order reaction, indicating that
the photocatalytic process is mainly controlled by the Lang-
muir-Hinshelwood (L-H) mechanism [79,80], as well as these of B, KT
and TB. For K and T, the fitting CODs obtained by using zero-order
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Fig. 10. Photocatalytic curves of samples. (a) Degradation kinetic curves; (b) Zero-order fit; (c) Rate constants for the different samples under study ; (d) Rate

constants for typical samples based on the contained TiO, mass.
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equation and using pseudo-first-order equation are very close, indicating
that the L-H mechanism and the Eley-Rideal mechanism might play the
similar role for K and T [79,80]. The reason can be that for K substrate
without loading photocatalyst, the MO molecules dispersed in solution
were directly degraded by ultraviolet energy in light; yet for pure nano
TiO9, many active sites could contact to the reactive species in sur-
rounding solvent. So, the photocatalytic reaction for K and T did not
belong to the surface reactions between adsorbed MO and captured
active species. Compared with pure T, the rate constants of KTB samples
are increased by 1.16-1.79 times; compared with B samples, the rate
constants of KTB are increased by 2.49-3.87 times.

In the photodegradation experiments, the total mass of each sample
used is the same, but the content of the main catalytic component in the
sample is different, which determines the efficiency/cost ratio of each
material. Based on the testing results of ICP-OES (Table S3), the reaction
rate constant Ky’ based on the amount of TiO» in the sample is calculated
by formula (1) as:

. K
Ky =—2

@

mrio,

where K| is the zero-order rate constant obtained by fitting the degra-
dation kinetic curve (corresponding to 40 mg of sample added into 40
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mL of MO solution), and mrjoz is the mass of TiO, contained in the
sample.

According to the calculation result of K’, the photodegradation
constants based on the TiO5 mass unit in KT and TB are 2.63 and 1.29
times that of pure TiO,, indicating that TiO5 in KT and TB indeed has
better catalytic activity than pure TiO» (Fig. 10d). The photodegradation
constant of TiO; in the most typical 1.2KTB sample is even 18.39 times
higher than that of pure TiO», which further proves the synergistic effect
of kaolinite substrate and Bi sphere on the photocatalytic reaction. This
result is of great significance for the practical application of the catalyst,
because the content of TiOz in 1.2KTB is only 9.38%, the content of Bi is
only 11.12%, and most of the composite is kaolinite, such composition
significantly reduces the cost of catalyst materials.

3.8. Photogenerated carrier separation and transfer analysis

In addition to the light absorption capacity, the separation and
transfer efficiency of photogenerated carriers also have an important
influence on the final photocatalytic performance of the samples. Pho-
toluminescence spectroscopy (PL) is often used to check the recombi-
nation of photogenerated carriers. Generally, the lower the PL peak
intensity, the less the recombination of photogenerated carriers, which
is more beneficial to the improvement of the photocatalytic performance
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Fig. 11. Characterization of photogenerated charge carrier separation and transfer of samples. (a) Static PL ; (b) photocurrent response plots ; (c) Nyquist plots
under light-on condition; (d) Nyquist plots of typical 1.2KTB under light-on and off conditions.
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of the sample. Fig. 11a shows the static PL spectra of samples. TiO, has a
high PL intensity mainly due to its high photogenerated carrier recom-
bination rate. The PL intensity of the KT composite decreased, probably
because the improved dispersion of TiO; particles reduced the recom-
bination of photogenerated carrier in TiO,. The PL intensity of sample B
is also high, caused by its narrow bandgap, but lower than that of T and
KT, probably because the metallic Bi core provides a photogenerated
electron container, thus facilitating photogenerated charge separation to
some extent. TB has lower PL intensity than pure T and B, suggesting
that their band matching is beneficial for the separation of photo-
generated carriers. Relative to TB, the PL intensity of KTB continued to
decrease, mainly because both the T and B dispersions increased (Fig. 3),
reducing the carrier recombination in each; meanwhile, T and B were
still in effective contact (Fig. 4), ensuring the suitable matching of their
energy band. Fig. 11b shows the response results of the photocurrent
over time for a series of consecutive light on and off cycles. It shows a
similar trend to the PL spectrum, indicating that KTB produces more
extractable charge carriers. In addition, it is found that the samples
containing Bi have obvious “tailing” after the light radiation was turned
off, which indicates that the addition of B spheres is indeed beneficial to
prolong the lifetime of photogenerated carriers, thereby promoting the
redox reaction on the catalyst surface.

Electrical impedance spectroscopy (EIS) is an important tool for
studying electrode transfer dynamics and surface phenomena. EIS is
often represented in photocatalysis as the Nyquist plot. The Nyquist
plots of each sample under illumination are shown in Fig. 11. Each plot
is arc-shaped, so the surface charge transfer is the reaction rate-
determining step. The relative size of the arc radius corresponds to the
size of the charge transfer resistance at the electrode interface and the
separation efficiency of the photogenerated electron-hole pair.
Compared with the KT sample, TB and KTB containing B have smaller
arc radii, which further proves that the combination of B spheres with
TiO4 changes the spatial distribution of charges in the samples, thereby
reducing the interfacial transport resistance. Within the experimental
range, the electrical impedance of the KTB composite decreases gradu-
ally with the increase of KT/B ratio, which is consistent with the pho-
tocatalytic trend, mainly because agglomeration easily occurs when the
content of B spheres is high (Fig. 3e-h), which in turn increases the
recombination of photogenerated carriers among B spheres. For 1.2KTB,
all B spheres are almost isolated, so the agglomeration effect is mini-
mized; and more KT composite will increase the probability of TiO2
contacting species in solution, so the photogenerated carriers can be
quickly transferred, and the EIS radius is the smallest. Fig. 11d further
shows the comparison of the impedance spectrum of 1.2KTB in the dark
and after illumination. It can be seen that the arc radius of EIS under
illumination is significantly smaller than that under non-illumination,
mainly because the carrier concentration in the catalyst increases
under illumination, resulting in a decrease in the resistance value of the
space charge layer of the sample.

4. Discussion on the enhancement mechanism of photocatalytic
performance

4.1. Energy band matching

4.1.1. Determination of energy band position

The bandgap energies of K, TiO2, and B in the KTB composite, as well
as the distance from the Fermi level to the VBM have been obtained
through DRS and XPS measurements. However, to determine the mutual
matching of their energy levels, it is also necessary to determine their
Fermi level positions. The equilibrium condition of a semiconductor in
the electrolyte is that the Fermi level at the semiconductor interface is
equal to the energy level of the redox potential in the solution, and this
can be achieved by the change of carrier distribution to generate the
space charge region, leading to the energy band bending at the interface.
The energy level of the solution redox potential can be artificially
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changed by adjusting the potential applied. When it is equal to the in-
ternal Fermi level of the semiconductor, no energy band bending will
occur. Therefore, the energy level of the solution redox potential cor-
responds to the Fermi level of the semiconductor in this state.
According to the Mott-Schottky (M-S) equation, the relationship
between the capacitance of space charge layer (Cs.) and the polarization
potential on semiconductor (Eapp1) can be described in the eq. (2):

2 kT
& = (=57

Where ¢ is the dielectric constant of the semiconductor, &g is the
vacuum dielectric constant, g is the electronic charge, Np is the number
of donors, k is Boltzmann’s constant and T is the absolute temperature.
The curve between (1 /1 CSC)2 and polarization potential E,pp in the above
equation can be obtained by electrochemical measurement. The inter-
cept of the straight part is (Ef + kT/q). As kT/q at room temperature is
very small and can be ignored, the intercept represents the flat band
potential relative to the reference electrode. When the Ag/AgCl refer-
ence electrode is used, the flat band potential can be converted to the
value relative to normal hydrogen potential (NHE) by adding 0.197.
Because the difference between the redox couple potentials of the so-
lution is equal to that between energy levels, the flat-band potential with
respect to NHE (in V) can be written as the energy level with respect to
NHE (in eV), that is, the Fermi level with respect to NHE. The reader may
refer to some excellent reviews on semiconductor electrochemistry for a
more detailed background [81,82].

Here, the Eq,¢ of the three components in the KTB composite were
determined as shown in Fig. 12. It can be seen that the M-S curve of each
sample shows an inverted S shape, and the slope of the straight line part
is positive, which are typical n-type semiconductors. This result is
consistent with that of TiO5 and amorphous bismuth oxide in the liter-
ature [17]. The straight line part of the M-S curve intersects the x-axis at
—0.24 (T), 40.19 (B) and — 0.10 (K) V (vs normal hydrogen potential,
NHE), corresponding to the Fermi levels in the flat band state with the
same values and eV unites. Combined with the valence band spectrum
data and the DRS bandgap energy data, the positions of VBM and CBM of
each component in composite can be further determined, and then the
energy band matching of the photo responsive semiconductors can be
obtained.

According to the XPS results, the bandgap energy of kaolinite is 8.32
eV, and the distance between the Fermi level and the VBM is 4.16 eV, so
the Fermi level is just in the middle of the gap. Based on the M-S result,
the position of the Fermi level is obtained at —0.10 eV (vs. NHE), so the
positions of CBM and VBM of kaolinite can be obtained at —4.26 and
4.06 eV (vs. NHE). Although CBM and VBM have good reduction and
oxidation potentials, the gap between CBM and VBM is too wide, and it
is difficult for common light sources to excite valence band electrons, so
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Fig. 12. Mott-Schottky plots of sample T, B and K.
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kaolinite is photocatalytic inert. The bandgap width of defective TiOs is
2.87 eV, and the distance between the Fermi level and the VBM is 2.69
eV, so the distance between the Fermi level and the CBM is 0.18 eV,
which is a typical n-type semiconductor feature; moreover, according to
the Fermi energy level position (—0.24 eV, vs. NHE), the positions of
CBM and VBM can be determined at —0.42 eV and 2.45 eV (vs. NHE),
which are more negative than the superoxide ion generation potential
and more positive than the hydroxyl radical generation potential,
respectively, so the generation conditions of -O; and -OH are thermo-
dynamically satisfied. The outer surface of sample B is amorphous bis-
muth oxide, so the surface bismuth oxide mainly plays a catalytic role in
degradation process. The energy band data obtained in the experiment is
mainly the result of the amorphous bismuth oxide Bi,O, which should be
somewhat influenced by metallic Bi core. The bandgap of B is 2.22 eV,
and the distance between the Fermi level and the VBM is 1.52 eV, so the
distance between the Fermi level and the CBM is 0.70 eV, and it also has
the characteristics of n-type semiconductor, which is consistent with the
literature [63]. Moreover, according to its Fermi energy level position
(0.19 eV, vs. NHE), the positions of CBM and VBM of sample B can be
determined are —0.51 and 1.71 eV (vs. NHE), respectively. Compared
with the generation potential of superoxide ion and hydroxyl radical, it
predicted that the surface Bi,Oy, can form superoxide ion in photo-
catalysis, but cannot form hydroxyl radical.

Based on these obtained band positions, a schematic diagram of the
band energy of the three components in KTB composite can be drawn
(Fig. 12). Kaolinite cannot be excited by solar radiation, and its CBM and
VBM are far from these of T and B as expected for an insulator solid.
Therefore, due to its energy band structure kaolinite is not expected to
intervene in the photocatalytic degradation process considered here.
According to the SEM image, TiOy nanoparticles are dispersed on the
surface of kaolinite, while B particles are further supported on KT, and
the two semiconductors T and Bi,Oy are in direct contact. Since the CBM
position of Bi,Oy is higher than that of T, the photogenerated electrons in
Bi, O, are transferred to the CBM of T under the driving of the potential
difference; at the same time, the photogenerated holes in T are trans-
ferred to the VBM of B. In this way, the effective separation of photo-
generated carriers in B and T is achieved. The photogenerated carriers
are collected on the CBM of TiO, for reduction reaction, while the
photogenerated holes are collected on the VBM of B for the oxidation
reaction, that is, the type-II heterojunction is formed [83].

4.1.2. Experimental verification through photocatalytic capture tests

In order to confirm the operation of the type-II scheme proposed
above for the T-B heterojunction, different trapping agents were added
to the reaction system to detect the reactive intermediate species during
the degradation of MO dye. Among them, IPA was used to trap -OH, AO
was used to quench h*, and BQ to capture -O3. Fig. 14 shows the his-
tograms of the rate constants of each sample of the series in the capture
experiment. For TiO,, the addition of the three scavengers all lead to a
certain decrease in the photocatalytic reaction rate, indicating that -OH,
h™ and -O3 are all active species, which exactly corresponds to the CBM
and VBM position of TiO» in Fig. 13. For sample B, AO and BQ scav-
engers have obvious effects on the photocatalytic performance, indi-
cating that h™ and -O3 are the main active species, and this is also
consistent with the CBM and VBM potentials estimated for B. For TB and
KTB, the effect of the capture agent is similar to that of B. Both h™ and
-O3 active species play a main role, mainly due to the formation of a
type-1I heterojunction between T and B, resulting in the reduction po-
tential at the CBM position of TiO2 and the oxidation potential at the
VBM position of B, as shown in Fig. 13.

In addition, it is found that in the capture experiments of Bi-
containing samples, the role of photogenerated holes was more
obvious than that of superoxide ions. There may be two reasons: one is
that the photogenerated holes themselves have strong oxidizing ability
and can directly oxidize organic pollutants, while the superoxide ion
needs to be converted into other strongly oxidizing intermediate species
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Fig. 13. Energy level diagram of the three components (K, T and B) in the
KTB composite.

(such as Hp0, -OH)to degrade organic matter through a complex
multistep reaction which requires longer kinetics, so the degradation
rate is slower.

-0,” + H"—-HO,- 3
2H02 ‘-’Oz + HzOz (4)
HzOz + ‘027—>H20 + HOZ (5)

Other aspect to be considered is that the role of the metal Bi core of
the B sphere, as an electron buffer, storing a part of the photogenerated
electrons. Accordingly, the fraction of the photogenerated electrons on
the metallic B core is not easy to be trapped by the quencher in solution,
resulting in a decrease in the number of available photogenerated
electrons. Therefore, the effect of photogenerated electrons on photo-
catalytic degradation is weaker than that of photogenerated holes.

4.2. The role of clay substrate

In addition of the proper matching of the T and B energy bands, the
good photocatalytic performance of KTB is also due to the role of
kaolinite as support. This role is clearly demonstrated by the comparison
of the photocatalytic performance of the KTB sample containing
kaolinite support and the TB sample without kaolinite substrate in
Fig. 10. The promotion of the photocatalytic performance by kaolinite
can be attributed to the following two reasons:

4.2.1. Improved TiO; dispersion

In the synthesis of KT or KTB composites, kaolinite flakes added to
the TTIP precursor solution can serve as a substrate for heterogeneous
nucleation of TiO,, and the growth of TiO, attached to the surface of
kaolinite effectively avoids the nanoparticle agglomeration. Fig. 15
presents a direct comparison of the TEM image of TiO» and KT. It can be
seen that the TiO, sample is seriously agglomerated, but with the
kaolinite substrate, TiO, is dispersed into a thin layer on kaolinite sur-
face, which indeed reduces the agglomeration of the TiO5 particles and
exposes more active sites. On the one hand, this distribution reduces the
recombination of photogenerated carriers in TiO,, and on the other
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Fig. 14. Rate constants for the series of samples under study in the presence of selective quenchers.
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Fig. 15. TEM images of comparing the dispersion of pure TiO5 (a) and TiO; on the surface of kaolinite (b).

hand, it also facilitates the rapid transfer of photogenerated carriers to B 4.2.2. Improved adsorption of oxygen and MO molecules

spheres supported on the KT surface, or direct redox reactions with other Oxygen molecules dissolved in water can capture photogenerated
substances in the solution. Therefore, the photocatalytic performance electrons on the surface of the catalyst, and these captured electrons are
can be effectively improved. more stable than free electrons, which is beneficial for the photochem-

ical degradation. After oxygen molecules capture electrons, superoxide
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Fig. 16. Schematic role of kaolinite in photocatalytic reaction.

ions with strong oxidizing ability will be formed, or further converted
into oxidizing species such as hydrogen peroxide and hydroxyl radicals.
Therefore, the number of oxygen molecules adsorbed near the catalyst
has an important influence on the photocatalytic ability of the catalyst.
Through the simulations of density functional theory (DFT), Jiang et al.
found that kaolinite surface hydroxyl groups have a stronger hydrogen
bond attraction to oxygen in the presence of water molecules [84],
which is consistent with the photocatalytic reaction environment of the
aqueous system employed here. In addition, we also found that oxygen
molecules in the water system tend to be spontaneously adsorbed on
kaolinite surface above the tri-hydroxyl center by the Monte Carlo
simulation [45]. All these results indicate that kaolinite can adsorb ox-
ygen molecules in water, increasing the oxygen concentration around
the photoresponsive components, thereby increasing the probability of
the reaction of TiO, and nearby O, molecules to generate superoxide
ions, facilitating the photocatalytic degradation of MO.

In addition to Oy molecules, kaolinite also participates by adsorption
of MO molecules. Our previous Monte Carlo simulation results show that
MO anions are very easily adsorbed on the kaolinite hydroxyl surface,
which forms hydrogen bonds through the two sulfonic oxygen atoms
and kaolinite surface hydroxyl groups, while the carbon chain of MO
and the kaolinite sheet form a certain angle [45]. The results further
confirm that the addition of kaolinite can aggregate surrounding MO
molecules, thereby increasing the probability of the reaction of photo-
catalyst holes and MO reaction, again improving photocatalytic degra-
dation efficiency.

Therefore, although kaolinite cannot be excited by the solar radia-
tion and cannot directly affect the photocatalytic performance of the
composite in terms of band structure matching, the efficiency of the
photoresponsive components and the probability of the catalytic reac-
tion increase, by the effect of K, improving the dispersion of TiOy
nanoparticles and the adsorption of Oz and MO molecules, resulting in
significantly improved photocatalytic performance of KTB composite
(Fig. 16).

5. Conclusions

In this work, a novel kaolinite/TiO2/core-shell Bi sphere composite
photocatalyst has successfully been synthesized by a combined
hydrothermal-solvothermal method, which exhibited significantly
improved photocatalytic performance for MO degradation under weak
power sunlight illumination. Through the characterization of the
morphology, structure and properties of the samples with a series of KT/
B ratios, the following conclusions are obtained:

(1) In KTB composites, TiO2 is anatase phase containing defect states,
and B component has the core (metal Bi) - shell (amorphous bismuth
oxide) structure. TiO shows the morphology of nanoparticles well
dispersed on the surface of kaolinite, while B is microspheres distributed
on TiO2 and with the increase of the amount, the aggregation of B
spheres increases.

(2) Compared with T and KT, KTB composite shows the significantly
improved light absorption in the investigated spectral range which in-
creases with the content of B; the photoluminescence, photoelectric
response and EIS properties of the KTB sample are obviously better than
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those of KT and TB.

(3) Compared with T, B, KT and TB, a photocatalytic performance of
KTB composites is greatly improved, the activity increasing with the
increase of KT content; when the KT addition is 1.2 g (1.2KTB), the
photocatalytic performance of the sample is the highest of the series. The
photocatalytic performance in terms of TiOy mass unit in 1.2KTB even
reaches 18.39, 14.26 and 6.99 times that of TiO5 in T, TB and KT.

(4) DRS, XPS, M-S data and trapping experiments show that in terms
of the promotion of photocatalysis by energy band matching, TiO, and
bismuth oxide on the surface of B sphere form a typical type-II hetero-
junction, which promotes the separation of photogenerated electron-
hole pairs, while kaolinite cannot be excited by the solar spectrum
and cannot significantly affect the photocatalytic performance of the
composite through band structure matching.

(5) Kaolinite increases the available TiO5 active sites by improving
the dispersion of TiOy nanoparticles, and can promote the reaction be-
tween the catalyst and surrounding species through the adsorption of
oxygen molecules and MO molecules, thereby achieving a significant
improvement in the photocatalytic performance of KTB.
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