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A series of MC/P25 composite aerogels (MCAPs) were newly designed by the sol-gel method and CO,
supercritical drying technology. Under visible light irradiation, the optimized MCAP exhibits enhanced

photocatalytic performance with a AO7 degradation rate of 0.01746 min™,

! which is 6.6 times higher

than that of P25. The enhanced photocatalytic performance can be mainly ascribed to the constructed

H-bonds  between
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microcrystalline

cellulose and P25. Photocurrent-time curves and

photoluminescence spectra all certified the increased photogenerated carrier transfer rates of MCAP due

to the presence of H-bonds. This work indicates that the presence of H-bonds can efficiently transfer
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1. Introduction

Overuse of toxic dyes in various industries has caused serious
environmental problems. Many novel photocatalysts have been
designed to photoreduce toxic dyes, such as zinc indium
sulfide-nanostructured photocatalysts, three-dimensional zinc
oxide nanostructures, AgCl nanoparticle-decorated ZnWO,
nanorods, SiO,/BiOCl composites, and so on."™ In recent years,
organic-inorganic composites have attracted a lot of attention
due to their excellent structure adaptability.” Among them,
cellulose-modified semiconductors for photocatalysis research
are a typical example.*” Although cellulose itself has no direct
photocatalytic activity, it can promote the performance of
semiconductor photocatalysts in two ways, namely, as an
auxiliary or a biological template.®* When cellulose is used as an
auxiliary agent, its good hydrophilicity may promote the reac-
tion in the aqueous phase.’ In addition, with its interleaved
microfibers and rich surface functional groups, cellulose can
also be used as a carrier to fix, disperse and even change the
morphology of the semiconductor, thus improving its photo-
catalytic performance.'” In particular, some cellulose porous
materials are often used as auxiliary agents for photo-
catalysts,"™ " and the composite catalysts will not only transform
cellulose into the backbone substrate, so as to promote the
transfer of photogenerated carriers, but also show large specific
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photo-induced electrons and limit the recombination of photogenerated carriers. Furthermore, as a 3D
aerogel photocatalyst, the photocatalytic stability is improved.

surface area, so as to provide more effective active sites. In
addition, cellulose can be easily processed into a variety of block
materials with high mechanical strength and flexibility, which
is also conducive to the recovery of photocatalysts.'>**

For individual semiconductor catalysts, one serious problem
limiting their photocatalytic performance is the recombination
of their photogenerated carriers. Organic-inorganic composites
can modulate the charge distribution and promote the migra-
tion of photogenerated carriers."> However, the simple physical
mixing of organic and inorganic materials is little help in
improving their photocatalytic performance. How to regulate
the interface construction of organic and inorganic materials is
the key problem. Effective interface construction can improve
the migration rate of photogenerated carriers significantly. Yu
et al*® designed carbonized glutaraldehyde (C-GA)/graphitic
carbon nitride (CN) composite catalysts, where C-GA and CN
were coupled by H-bonds, which showed enhanced photo-
catalytic performance by accelerating the charge transfer rate.*
Wang et al.’” also prepared a MC/g-C;N, photocatalyst, which is
connected by H-bonds and shows efficient photocatalytic
performance.” These works all certified the efficient perfor-
mance of H-bonds for photocatalysts.

Inspired by these works, designing organic-inorganic
composite photocatalysts via constructing H-bonds is an inno-
vative approach. P25 is a typical representative of an inorganic
photocatalyst, which has good photocatalytic performance
under ultraviolet light."* Many TiO, composite photocatalysts
exhibit good photocatalytic performance.**?* MC is rich in
hydroxyl groups and can be effectively combined with P25
through H-bonds, which can be used as an experimental model
to verify the role of H-bonds in photocatalysis. In addition, MC
can be prepared in the form of an aerogel, and many aerogel

© 2024 The Author(s). Published by the Royal Society of Chemistry
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composite photocatalysts have been widely studied and exhibit
the advantages of high specific surface area, low cost, photo-
stability, etc.>*>* The combination of P25 and MC through H-
bonds can ensure the stability of the P25 particles on the MC
aerogel. Based on this, a MC/P25 composite aerogel was
designed by the sol-gel method and CO, supercritical drying
technology. By comparing the photocatalytic performance of
P25 and the composite catalyst, it is shown that hydroxyl-rich
materials can make up for the defects of traditional inorganic
semiconductors to a certain extent and achieve enhanced
photocatalytic performance.

2. Experimental
2.1 Materials

Microcrystalline cellulose (MC), NaOH and urea were purchased
from Alfa-Aesar, P25 was purchased from Shanghai Deco
Industrial Co., Ltd. Deionized water (DI) was made in the
laboratory. All the reagents were used without further
purification.

2.2 Synthesis of MC/P25 composite aerogels (MCAPs)

At room temperature, 0.6 g of NaOH was added into 8.1 g of H,O
in a beaker, and then 1.2 g of urea was added to the solution.
After the dissolution of urea, 0.526 g of MC was added into the
solution for 30 min with stirring. Then, the beaker was placed
into a refrigerator at —20 °C. After 40 min, the beaker was taken
out from the refrigerator, and the solution was stirred at room
temperature for 20 min. A transparent solution was obtained.
Then, 0.01052 g of P25 was added into the solution under stir-
ring, and the solution was poured into a Petri dish, which was
sealed and set in a water bath pot at 75 °C for 4 h. Then, the gel
was formed. The gel was dipped in ethanol for 3 days, and the
ethanol was replaced every 24 h. After that, the gel was dried by
CO, supercritical drying technology at 8 MPa and 40 °C. The
obtained sample was marked as MCAP2. When the amount of
P25 was changed to 0, 0.0263, 0.0526, and 0.1052 g, the obtained
samples were marked as MCA, MCAP5, MCAP10, and MCAP20,
respectively.

2.3 Photocatalytic degradation of AO7

Firstly, a 20.0 mg per L AO7 aqueous solution was prepared and
set in the dark for 12 h; then, 0.1 g of the obtained samples was
added into 50.0 mL of AO7 aqueous solution under stirring for
1 h to achieve adsorption-desorption equilibrium. The degra-
dation experiments were performed using a mercury lamp
(250 W, UV cutoff filter with A = 420 nm) with the light intensity
of 2.7 mW cm ™2, A UV-vis spectrometer was used to analyze the
solution concentration at the absorbance of 484 nm wavelength
for AO7.

2.4 Photoelectrochemistry measurement

A standard three-electrode cell system was used for the photo-
electrochemistry experiments, which were performed on
a CHI760D electrochemical workstation (CH Instrument
company, Shanghai, China). Generally, a Pt sheet electrode and
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a saturated calomel electrode were selected as the counter and
reference electrodes. The samples coated on a nickel collector
were used as the working electrodes, which were prepared as
follows: 80% of MCAP, 10% of acetylene black, and 10% of
poly(vinylidene fluoride) were mixed and deposited on a nickel
sheet with a size of 2.0 cm x 2.0 cm. Then, the nickel sheet was
set in a vacuum drying oven at 80 °C for 24 h. A 0.02 mol per L
KOH solution was chosen as the electrolyte, and the samples
were irradiated using a UV-light source with a cutoff filter
(visible light with an irradiance of 250 W m™2).

2.5 Characterization

A scanning electron microscope (SEM, Zeiss Sigma 500) was
used to characterize the morphologies of the MCAPs. A Fourier
transform infrared (FTIR) spectrometer (Nicolet Protege-460)
was used to characterize the chemical bonds of the samples
in the range of 400-4000 cm'. A UV-vis spectrometer (Perki-
nElmer Lambda-35) was selected to measure the UV-vis spectra
of the samples. The crystal structures of the samples were
measured by X-ray diffraction (XRD, Bruker D8 Advance, Ger-
many) with Cu Ko radiation (A = 0.154178 nm). An X-ray
photoelectron spectrometer (PerkinElmer PHI-5300 ESCA) was
used to collect the X-ray photoelectron spectra of the MCAPs.
Nitrogen adsorption-desorption experiments were performed
to characterize the pore properties of the MCAPs using ASAP
2460 apparatus from Micromeritics. Electrochemical imped-
ance spectra (EIS) were measured by a CHI760D electrochemical
workstation (CH Instrument company, Shanghai, China), and
the used standard three-electrode cell system was the same as
that in the photoelectrochemistry measurements. A Cary
Eclipse Fluorescence Spectrophotometer (Agilent Technologies)
was used to measure the photoluminescence (PL) spectra. A
Vario EL III organic elemental analyzer (Various MACRO cube)
and an Inductively Coupled Plasma Mass Spectrometer (EXPEC-
7000) were selected to measure the element contents.

3. Results and discussion
3.1 Characterization of the MCAPs

During the synthesis of the MCAPs, the beaker was kept in
a fridge. During the freezing process, as the temperature drops,
H,0 molecules in the solution will gradually form solid ice
crystals, while the MC dispersed in the water is gradually
rejected by the ice crystals, forming a solid phase skeleton
composed of MC. This solid-phase skeleton has a porous
structure, and the pore size and porosity can be controlled by
altering the concentration of MC in the solution and the
freezing rate of the solution. Next, the water was detached from
the solid phase by a thawing process. Since the solubility of MC
varies with temperature, the MC will gradually migrate from the
solid phase skeleton to the H,O to form a uniform solution. The
preparation of the MCAPs was a typical sol-gel process, and
after the gel was dried by supercritical CO,, the MCAP was made
in the form of an aerogel. Fig. 1a shows a photo picture of
MCAP20, which is a flexible membrane. As a membrane mate-
rial, the photocatalyst is easily recycled. The SEM image (Fig. 1b)
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Fig. 1 Photo picture (a), SEM image (b), and mapping images (c) of
MCAP20.

of MCAP20 shows that the sample consisted of tangled fibers
with a diameter of ca. 30 nm. To analyze the element distribu-
tion, SEM mapping images were obtained. As shown in Fig. 1c,
the C, O and Ti elements were uniformly distributed in the
sample, indicating that the coupling of MCA and P25 was
achieved.

Fig. S11 shows the XRD patterns of MCA, MCAP2, MCAPS5,
MCAP10, MCAP20 and P25. As can be seen, MCA shows a broad
diffraction peak located from 10° to 25°, representing the
amorphous scaffold of MCA. The peaks located at 14.88°,
16.08°, 22.04° and 26.01° can be ascribed to the characteristic
peaks of MCA.>® P25 is composed of 80% anatase TiO, and 20%
rutile TiO,. According to JCPDS card no. 21-1272, the diffraction
peaks located at 25.28°, 37.76°, 48.10°, 53.90° and 62.66°
correspond to the (101),(004),(200),(105),and (2 04) planes
of anatase TiO,; and the peaks centred at 36.08° and 41.14° are
ascribed to the (1 0 1) and (1 1 1) planes of rutile TiO, (JCPDS no.
21-1275).” For the MCAPs, the XRD patterns all show the
characteristic peaks of P25 and MCA. Notably, the characteristic
peaks of P25 have red shifts with the P25 content increased in
the MCAPs, suggesting that there are interactions between MCA
and P25.

Fourier transform infrared (FT-IR) spectra were used to
characterize the functional groups of the samples. As shown in
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Fig.2 FT-IR spectra of MCA, MCAP2, MCAP5, MCAP10, MCAP20 and
P25.
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Fig. 2, for MCA, the peaks located at 3395.07 and 2903.79 eV can
be ascribed to the stretching vibrations of -OH groups and C-H
bonds in -CH,, respectively.”® The bands located at 1667.16,
1621.84 and 1365.84 eV are attributed to the asymmetrical
stretching of COO-, the symmetrical stretching of COO-, and
C-H bending, respectively.”® These peaks are all typical char-
acteristics of a cellulosic skeleton. It can be seen that the
cellulosic skeleton's intensity of MCA is decreased with the
increase of the P25 content. As shown in Fig. 2, the band
intensity of these areas for MCAP20 is the weakest of all the
MCAPs. The decreased intensity of the ~OH groups for MCA
may be caused by the formation of H-bonds between MCA and
P25, and thus the intensity of the -OH groups is decreased with
the increase in the content of P25. Notably, the band intensity of
MCAP20 at 400-800 cm ™" is not the weakest; this is caused by
the increased content of P25, which has Ti-O and Ti-O-Ti peaks
at 400-800 cm ™ ".%” These results reflect that the addition of P25
influences the functional groups of the MCAPs.

UV-vis diffuse reflectance spectroscopy (DRS) was used to
measure the optical properties of the aerogels. As shown in
Fig. 3a, the plot of P25 reflects its typical adsorption charac-
teristics, with the adsorption area in the UV range. For the
MCAPs, the adsorption intensities have an enhanced trend in
the range of 400-600 nm, indicating that the coupling of P25
and MCA can improve the UV-vis light adsorption ability. The
main case may be that, for one thing, the electric charge of P25
may be changed because of the coupling of MCA, and the charge
transfer can be enhanced due to the presence of H-bonds.*® For
another, as aerogel photocatalysts, MCAPs are mesoporous
materials, and the mesopores can reduce the light reflection
and prolong the light propagation time, inducing increased
photon lifetime and improved light absorption efficiency.****
The Kubelka-Munk equation was used to calculate the band
gaps. As shown in Fig. 3b, the band gaps of P25, MCAP2,
MCAP5, MCAP10 and MCAP20 are 3.01, 2.88, 2.81, 2.60, and
2.56 eV, respectively. The valence band edges of P25, MCAP2,
MCAP5, MCAP10 and MCAP20 were measured by an X-ray
photoelectron spectrometer, and are 2.25, 1.80, 0.85, 0.83, and
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Fig. 3 UV-vis diffuse reflectance spectra (a), Kubelka—Munk plots (b),
VbXPS spectra (c) and schematic band structures (d) of the samples.
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0.67 eV, respectively (Fig. 3c). The corresponding schematic
band structures of the samples are shown in Fig. 3d. The ob-
tained band structures reflect that the band gaps of the MCAPs
can be tuned by changing the ratio of MCA to P25. As can be
seen, the MCAPs exhibit narrowed band gaps, and MCAP20
shows the narrowest band gap. In particular, the CB edges of the
MCAPs are all lower than that of P25, inducing a good visible
light response and enhanced reduction ability of electrons.

XPS spectra were measured to characterize the chemical
states of the samples. As shown in Fig. 4a, all of the MCAPs
show the characteristics of MCA, and the peaks of C 1s and O 1s
are evident. Notably, as the content of P25 increases, the MCAPs
show the peaks of Ti 2p. This also certified the successfully
coupling of MCA and P25. Taking MCAP20 as an example, the
Ti-species of P25 and MCAP20 are shown in Fig. 4b. The peaks
located at 458.75 and 464.38 eV are ascribed to the Ti 2p,,, and
Ti 2p3/, of P25, respectively,®* and the peaks both shift in the
lower binding energy direction by 0.63 eV. This may be caused
by the addition of MCA, which affects the charge density of the
Ti atoms.*® The O 1s spectra of MCA, MCAP20, and P25 are
shown in Fig. 4c and d. As can be seen, the O 1s peaks of
MCAP20 can be divided into four peaks centred at 533.23,
532.56, 531.34, and 529.43 eV, which can be ascribed to the C-
0-C, adsorbed H,0O, C-OH or adsorbed OH on Ti atoms, and
defects or oxygen vacancies, respectively.”®*** When compared
with P25 and MCA, the O 1s peaks of MCAP20 exhibit a blue
shift compared to those of P25, while the peaks of MCAP20
exhibit a red shift compared to those of MCA. This further
implied the presence of H-bonds between P25 and MCA. Many
works have certified that H-bonds promote charge transfer and
reduce the recombination rate of photo-induced carriers.***
Consequently, the interaction between P25 and MCA makes the
MCAPs promising photocatalysts.

As a powder material, the specific surface area of P25
measured by the Brunauer-Emmett-Teller method is 14.08 cm®
g ' (Fig. 5a). In contrast, for MCA and MCAP20, the nitrogen
adsorption-desorption isotherms are type IV isotherms. The
specific surface areas of MCA and MCAP20 are 38.30 and 39.65
em?® g7, respectively. The smaller specific surface area of P25
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Fig. 4 XPS spectra of the samples (a), Ti 2p spectra of MCAP20 and
P25 (b), and O 1s spectra of MCA, MCAP20, and P25 (c and d).
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Fig. 5 Nitrogen adsorption—desorption isotherms (a) and pore size
distribution plots (b) of MCA, MCAP20 and P25.

might be one factor that induces its poor photocatalytic
performance. The pore size distribution plots of MCA, MCAP20
and P25 are shown in Fig. 5b. As can be seen, the plots of MCA
and MCAP20 exhibit lots of mesopores, and these results are
consistent with the morphologies shown in Fig. 1b. These result
certify that the coupling of P25 and MCA can utilize the 3D
structure of MCA, meaning that MCAP20 maintains a high
surface area, which is in favor of providing more active sites for
photocatalysis.*® Furthermore, the 3D structure of MCAP makes
it easy to be recycled in applications.*”

3.2 Photocatalytic performance

Before the degradation experiments, 0.1 g of the obtained
samples was added into 50.0 mL of AO7 aqueous solution under
stirring for 1 h to achieve adsorption-desorption equilibrium. A
UV-vis spectrometer was used to analyze the solution concen-
tration at the absorbance of 484 nm wavelength for AO7. As
shown in Fig. S2,7 the AO7 removal rate increased at first, and
the adsorption-desorption equilibrium was established at
20 min. For MCA, the removal rate is 52%, and the removal rates
of the MCAPs are all near 42%, and are all higher than that of
P25 with a removal rate of 10%. This may be caused by the
chemical state of MCA and the porous structure of the MCAPs,
which may provide more active sites for the adsorption of AO7.

We evaluated the photocatalytic activity of the obtained
samples by the degradation of AO7. Before opening to light, the
reaction was stirred in the dark for 1 h to reach equilibrium.
After that, the reaction was performed under visible light (=420
nm) irradiation. As can be seen from Fig. 6a, MCA has little
degradation activity for AO7. Meanwhile, for the composite
aerogels, the degradation activities of the MCAPs exhibit an
upward trend with the increase of the P25 content, and they are
all higher than that of pure P25. This reflects the synergistic
effect of MCA and P25. The degradation rate plots were fitted
according to the first-order kinetic model (Fig. 6b), which
exhibits a good linearity. The rate constants (K) of MCAP2,
MCAP5, MCAP10 and MCAP20 are 0.00369, 0.00757, 0.01213
and 0.01746 min~’, respectively. Specifically, the K of MCAP20
is 6.6 and 436.5 times as much as that of P25 (0.00262 min™ ")
and MCA (0.00004 min~"). It may be that the MCAPs provide
a high specific area for the distribution of P25, which can
exhibit more active sites. More importantly, P25 and MCA are
coupled by H-bonds, which play crucial roles in photocatalytic
systems.”® The charge transfer effect is critical for the photo-
catalytic performance of the catalysts. The charge transfer

RSC Adv, 2024, 14, 37546-37553 | 37549
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Fig. 6 Photocatalytic degradation curves of AO7 (a), the first order
kinetic constants of AO7 degradation over the samples (b), EIS spectra
(c), photocurrent—time curves (d), and photoluminescence spectra (e)
of AO7 degradation over MCA, MCAP20 and P25, and cycling runs for
AO7 degradation over MCAP20 (f).

resistances of MCA, MCAP20 and P25 were analyzed using the
electrochemical impedance spectra (EIS) (Fig. 6¢). Evidently, the
circular diameter of the EIS Nyquist plot for MCAP20 is signif-
icantly smaller than that for MCA and P25, which indicates that
MCAP20 has a smaller photoelectrode charge transfer resis-
tance. Thus, it can be inferred that the coupling of MCA and P25
effectively reduces the photogenerated carrier transfer barrier,
which can accelerate the photogenerated carrier transfer and
improve the photocatalytic performance. As a commonly used
organic photocatalyst, g-C;N, was selected and prepared by
heating dicyandiamide at 550 °C for 3 h according to the liter-
ature.®® Besides, Ag;PO,/POM/GO and AgSCN/AgCl/FeOCl,
which were successfully synthesized in our previous work and
also showed excellent photocatalytic performance, were also
selected as photocatalysts to degrade AO7.**** As shown in
Fig. S3,1 the percentages of degradation for AO7 reached 93%,
33%, 41%, 77% and 88% over MCAP20, P25, g-C;N,, Ag;PO,/
POM/GO and AgSCN/AgCl/FeOCl, respectively. The highest
degradation percentage of AO7 over the MCAP certified the
superiority of the MCAPs.

The photocurrent time curves were measured under visible
light irradiation with a 20 s interval over MCA, MCAP20 and
P25. As shown in Fig. 6d, the photocurrent density of MCAP20 is
higher than that of MCA and P25. Thus, it can be inferred that
MCAP20 has an enhanced photogenerated carrier separation
efficiency. The same result is also reflected in the photo-
luminescence (PL) spectra. As shown in Fig. 6e, MCAP20 shows
the weakest PL intensity, indicating that the recombination of
photogenerated carriers in MCAP20 is the weakest. The PL

37550 | RSC Adv, 2024, 14, 37546-37553
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intensity of MCAP is decreased with the content of P25. Thus, it
can be inferred that the coupling of MCA and P25 can promote
the separation of photogenerated carriers. Notably, the peak
signals of MCAP exhibit blue shifts with the increase of the P25
content. It can be inferred that the m-conjugation systems of
MCAP are extended because of the H-bonds, which can accel-
erate the charge transfer.*>** Consequently, the H-bonds play
a key role in limiting the recombination of photogenerated
carriers. The critical role of hydrogen bonding in the photo-
catalytic process was first reported by Yang et al** They
designed a surface H-bonding network-decorated g-C3;N, pho-
tocatalyst, and they certified by theoretical modeling that the H-
bonding present can be used as a bridge, which can shorten the
distance between the photocatalysts and target pollutants, and
provide multiple channels for the transition of photo-carriers.
For a photocatalyst, the photocatalytic stability of the samples
is the key for actual applications. In this work, the AO7 degra-
dation activity over MCAP20 was measured five times. As shown
in Fig. 6f, 92.7% of AO7 was degraded by MCAP20 in 150 min in
the first cycle. Additionally, 90.3% of AO7 was degraded in the
fifth cycle. Furthermore, the element contents before and after
the cycling runs were measured by an elemental analyzer and
inductively coupled plasma mass spectrometer. As shown in
Table S1,} the content of C, O and Ti elements in MCAP20 after
the fifth cycling experiment changed little compared with that
before the cycling experiments, indicating that there is little loss
of P25 in the process. As a result, the 3-D framework of MCA plays
a key role in the fixing of P25. For one thing, this structure can
inhibit the loss of P25.** For another, it can reduce the aggrega-
tion of P25 in the photocatalysis process. Furthermore, the
sample still maintains the original morphology after the cycling
experiments (Fig. S41), which may come from the high
mechanical strength of the MCA. These results all certified the
photocatalytic stability of MCAP20. The good stability makes
MCAP20 a promising photocatalyst in actual applications.

3.3 Photocatalytic mechanism

Based on the results above, a mechanism for AO7 degradation is
determined. The enhanced photocatalytic performance is

{"'“'\\ AO7
icicicy ~e‘e'e‘g
A Degradation

products
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products

Fig. 7 A brief diagram of the AO7 photocatalytic mechanism over
MCAP.
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ascribed to the synergistic effect between P25 and MCA. P25 is
the photoactive centre, and MCA works as an adsorbent.
Furthermore, the H-bonds between P25 and MCA act as electron
trappers, which can accelerate the charge transfer. Generally, as
shown in Fig. 7, under the irradiation of visible light, P25 is
excited and the photogenerated electrons are promoted from
the VB edges to the CB edges of P25.*>*® Then, the photo-
generated electrons will be captured by MCA through H-bonds,
which will limit the recombination of photo-generated carriers.
Lastly, the O, adsorbed on the surface of MCAP will be reduced
to some reactive species, such as 10, or "0, ", to attack AO7
molecules. Simultaneously, the left holes in the VB of P25 can
also degrade AO7 directly. Thus, the improved charge transfer
rate over MCAP20 can enhance the photocatalytic activity.

4. Conclusions

In summary, a series of MCAP photocatalysts were prepared by
the sol-gel method coupling with CO, supercritical drying
technology. The optimized MCAP20 exhibits enhanced photo-
catalytic performance with a AO7 degradation rate of
0.01746 min ', which is 6.6 times higher than that of P25. The
good performance of MCAP20 is primarily ascribed to the H-
bonds between P25 and MCA. The presence of H-bonds can
efficiently transfer the photo-induced electrons and limit the
recombination of photogenerated carriers. A brief diagram of
the AO7 photocatalytic mechanism over MCAP is provided
based on the experimental results. MCA is a hydroxyl-rich
material with a 3D structure, and the coupling of MCA and
P25 can not only improve the photocatalytic performance, but
also solve the problem of recycling. This work certifies that the
construction of H-bonds will be a good method for reforming
catalysts.
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