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Abstract: TiO2 microtubes with tunable wall thickness have been
synthesized by a one-step electrospinning method linked with a

of

calcination process. The wall thickness of TiO2 microtubes can be easily

tuned by altering the dosage of liquid paraffin. The influence of the
thickness on the light-harvesting ability and separation efficiency of
the photogenerated carriers was studied using ultraviolet-visible (UV-
vis) diffuse reflectance spectroscopy, photoluminescence emission
spectroscopy, and photocurrent density measurements. Results show that
TiO2 microtubes with an appropriate thickness exhibit enhanced light
scattering effect, UV-vis light-harvesting ability, charge separation
efficiency, and photocatalytic performance. The degradation rates of

rhodamine B and 2,4-dinitrophenol by using Ti02 microtubes synthesized at

o)

a dosage of 0.14 g/mL liquid paraffin are 99.9 % within 60 minutes and

97.8 % within 40 minutes, respectively, which are higher than most of the

reported values. All these results suggest that our work provides an
ideal strategy for adjusting the wall thickness of TiO2 microtubes and
new approach to enhance the photocatalytic performance of TiO2.
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*2: Response to Reviews

Response to comments of Reviewer 1

General Comment: The paper investigated the preparation and photocatalytic
performance of TiO, nanotubes. The corresponding researches about TiO,
photocatalysts were too massive, and this paper didn't exhibit high novelty. Therefore,
this work may be suitable for publication after carefully address the following

questions and comments.

Comment 1: The authors said "The electrospinning and the dosage of liquid paraffin
can affect the wall thickness of TiO, nanotubes". But the effect of electrospinning has
not been discussed.

Response: We greatly appreciate the positive comments and helpful suggestions.

We redefine our products as TiO, microtubes because of the size at micro level. In our
study, we use the same electrospinning conditions to prepare TiO, microtubes, and the
effect of electrospinning hasn’t been carried out. Therefore, we revised "The
electrospinning and the dosage of liquid paraffin can affect the wall thickness of TiO,
nanotubes” as "The dosage of liquid paraffin can affect the wall thickness of TiO,

microtubes™ on Page 7 of the revised manuscript.

Comment 2: The homogeneity of samples should be provided by the low
magnification SEM images.
Response: We have added the low magnification SEM images to characterize the

uniformity of the samples, as shown in Fig. R1. Correspondingly, we have added the



following discussions as “As can be seen, the microtubes are randomly distributed,

and their diameter is at a level of ~1um.” on Page 7 of the revised manuscript.

Fig. R1. (a-c) are low magnification SEM images of TMT-0.06, TMT-0.14, and

TMT-0.22 samples, respectively.

The related Fig. R1 has been supplemented in Fig. 1 of the revised manuscript.

Comment 3: In manuscript, the label color of samples should be confirmed.

Response: We have relabeled the color of Fig. R2 (Fig. 1 of the revised manuscript).
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Fig. R2. SEM and TEM images of (a, d, g) TMT-0.06, (b, e, h) TMT-0.14, (c, f, i)
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TMT-0.22. (j) XRD patterns of TMT-0.06, TMT-0.14, and TMT-0.22. (k) Schematic
diagram of synthesizing process using electrospinning and the effect of the dosage of

liquid paraffin on the wall thickness of TiO, microtubes.

Comment 4: Whether the reproducibility and storage stability of the photocatalyst
was confirmed? And what is the optimum dosage concentration of the catalyst in
photocatalytic experiment?

Response: From our repeated and long-time experiments, we found that our

fabricated catalysts have a good reproducibility and storage stability. The catalysts can



be storage in the air. The increase of the dosage of catalyst can increase the processing
cost. When the concentration of the catalyst increases to the dosage described on Page
6 of the revised manuscript, an optimal catalytic effect can be achieved. Therefore, the

optimum dosage concentration of the catalyst is 0.1 g/L.

Comment 5: The photocatalytic mechanism about scattered light and secondary
absorption wasn't reliably. Provide more characterization.

Response: To further clarify the photocatalytic mechanism on scattered light and
secondary absorption, we added more detailed discussions and evidences as “There
are a lot of void spaces in the hollow structure, which are easy to produce
light-trapping effect [1]. After light penetrates into the wall of TiO, microtubes, the
incident light is scattered multiple times within the microtubes as shown in Fig. 5.
The microtube has secondary absorption of the scattered light to enhance the
light-harvesting and improve the utilization of the incident light. This behavior is
similar to the report in multiple shell CeO, hollow microspheres [2].” on Page 14 in

the revised manuscript.

Comment 6: The large tube diameter and length inversely reduce the specific surface
area. Please comparing with the TiO, nanotube arrays. The following papers about
TiO, nanotube arrays also reported the photocatalytic degradation of dyes, please
reference and cite them. Sep. Purif. Technol., 2018, 207, 206-212; Electrochim. Acta,

330 (2020) 135167; J. Colloid Interf. Sci., 2019, 556, 92-101; Sep. Purif. Technol.,



2019, 215, 565-572; Sep. Purif. Technol., 2019, 209, 782-788.

Response: We have cited the mentioned references in introduction on Page 4 of the
revised manuscript. We also compare our results with the mentioned references
reported TiO, nanotube arrays as shown in Fig. R3 and added the discussions “the
comparison of the degradation rates of TMT-0.14 in this work and other reports is
shown in Fig. 4c. Obviously, the degradation rate of TMT-0.14 prepared herein is
superior to most of the TiO, nanotube array composites [3] and TiO, nanotube

composites [4-7] reported in the literature” on Page 12 of the revised manuscript.
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Fig. R3. Comparison of the degradation rates of TMT-0.14 in this work and other

reports.
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ABSTRACT

TiO, microtubes with tunable wall thickness have been synthesized by a one-step electrospinning method
linked with a calcination process. The wall thickness of TiO, microtubes can be easily tuned by altering the
dosage of liquid paraffin. The influence of the thickness on the light-harvesting ability and separation
efficiency of the photogenerated carriers was studied using ultraviolet-visible (UV-vis) diffuse reflectance
spectroscopy, photoluminescence emission spectroscopy, and photocurrent density measurements. Results
show that TiO, microtubes with an appropriate thickness exhibit enhanced light scattering effect, UV-vis
light-harvesting ability, charge separation efficiency, and photocatalytic performance. The degradation rates
of rhodamine B and 2,4-dinitrophenol by using TiO, microtubes synthesized at a dosage of 0.14 g/mL liquid
paraffin are 99.9 % within 60 minutes and 97.8 % within 40 minutes, respectively, which are higher than
most of the reported values. All these results suggest that our work provides an ideal strategy for adjusting
the wall thickness of TiO, microtubes and new approach to enhance the photocatalytic performance of TiO,.

Keywords: Electrospinning, TiO,, Microtube, Wall thickness, Thickness-dependent, Photocatalysis
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1. Introduction

With ever-increasing human activities, environmental pollution has been considered as a common
challenge. Over the last decades, extensive studies have concentrated on developing high-efficiency
photocatalysts including TiO; [1], ZnO [2], ZnS [3], CdS [4], WO3 [5], Bi,O3 [6], SnO, [7], and g-C3N4 [8],
to degrade the organic contaminants in wastewater [9]. Due to the unique advantages of TiO,, such as high
chemical stability, nontoxicity, controllable structure/morphology, and economic effectiveness [10],
TiO,-based photocatalysts are among the most extensively investigated [11]. Nevertheless, its wide band gap
(approximately 3.2 eV) limits the light absorption in the visible-light region and severely constrain its
application of TiO,. Furthermore, the lower separation efficiency of the photogenerated carriers adversely
affects the photocatalytic activity of TiO,.

To enhance the photocatalytic activity of TiO,-based materials, several strategies including morphology
control [12], metal or non-metal doping [13], heterojunction [14], and the use of cocatalysts [15], have been
developed. Particularly, the microstructures of photocatalysts have a significant influence on their
light-absorption ability and charge separation efficiency [16]. It has been reported that the hollow structures
show multiple light scattering [17] and enhanced solar-energy conversion efficiency [18]. Therefore, the
hollow structure of TiO, microtubes can shorten the migration distance of the photogenerated carriers,
leading to a remarkable suppression of charge recombination [19]. In addition, the large specific surface area
of TiO, microtubes provides plentiful reactive sites, which can be used to adsorb reactant molecules.

To date, TiO, nano/microtubes have been fabricated using template-assisted techniques [20],
solvothermal method [21], hydrothermal method [21], and electrochemical anodic oxidation [22]. However,
post-treatment of template-assisted techniques, such as high-temperature annealing or acid/alkali treatments,
can easily destroy the microstructure of TiO, nano/microtubes [23]. The reaction time of the solvothermal

and hydrothermal methods can significantly affect the morphology and wall thickness of nano/microtubes



=
QOWO~NOUAWNE

DO UIUIUTTUUIUIVCIUURNDADNRNRNDNARNDNWWWWWOWWWWWWNNNNNNNNNNRPRPRRRRRPRR
OARANPRPOOOVNONROMNROOOVYOUNRWNROOONONRONROOONNOUNRWNROOO~NOUONWNER

and the large-scale preparation induces non-uniform size [21]. Electrochemical anodic oxidation is
commonly used to prepare nanotubes. Qiu, Liu, and Zhao et al. successfully prepared TiO, nanotube arrays
using the electrochemical anodic oxidation technology [22,24-26]. However, the type and concentration of
electrolyte, pH value and temperature significantly affect the morphology of nanotubes [27]. Therefore,
achieving a controllable wall thickness of TiO, nano/microtubes is still challenging. Compared with the
above methods, the electrospinning technique can easily control the microstructure of continuous
nano/microtubes and offer advantages such as flexibility, cost-effectiveness, and polymer versatility [28].
However, adjusting the wall thickness of the prepared TiO, nano/microtubes by the electrospinning
technique remains a challenge.

In this work, we realize the controlling of the wall thickness in TiO, microtubes using a one-step
electrospinning technique by simply varying the dosage of liquid paraffin. The morphologies,
light-harvesting abilities, separation efficiencies of photogenerated carriers, and photocatalytic activities
along with the photocatalytic mechanism of TiO, microtubes with tunable wall thickness are investigated in
detail. TiO, microtubes with tunable wall thickness can balance light-harvesting and efficiently utilize
photogenerated charge carriers and possess improved light-harvesting ability and solar-energy conversion
efficiency. An appropriate wall thickness can shorten the distance of charge-migration and benefit the
separation of photogenerated carriers during the photocatalytic process, resulting in a superior photocatalytic
degradation.

2. Experimental

2.1 Materials
Polyvinylpyrrolidone (PVP, Mw = 1300000), butyl titanate (Ci16H3s04Ti), acetylacetone (CsHgOy),
anhydrous ethanol (C,HsOH), and liquid paraffin were purchased from Shanghai Macklin Biochemical Co.,

Ltd. All the reagents used to prepare TiO, microtubes are of analytic grade, without additional purification.
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2.2 Fabrication of TiO, microtubes

TiO, microtubes were prepared using the electrospinning technique. First, PVP (1.2 g) was dissolved in
10 mL anhydrous ethanol under magnetic stirring. Then, anhydrous ethanol, acetylacetone, and butyl titanate
were mixed with 1:1:1 mass ratio and then added into 5 mL PVP solution to obtain a clear solution. Finally,
different dosages of liquid paraffin were added to the 5 mL mixed solution. After magnetic stirring for 48 h,
viscous solutions were obtained.

The electrospinning apparatus comprises a high voltage power supply that generates an electric field of
0-30 kV, a syringe with an inner diameter of 0.6 mm at the capillary tip, and a micro-injection pump. A high
voltage (18 KV) was employed, while the distance was 20 cm between the capillary tip and the aluminum
foil collector. The solution was injected (using the micro-injection pump) at a constant rate of 0.3 mL/h and
collected using aluminum foil. After electrospinning, layers of white fibers on the aluminum foil were
collected and then calcined at 500 °C for 4 hours in air at a heating rate of 5 °Gmin. The obtained powder
samples of TiO, microtubes were finally collected and treated with different dosages of liquid paraffin. The
as-prepared TiO, microtubes using different liquid paraffin dosages were labeled as TMT-0.06, TMT-0.14,
and TMT-0.22 (where TMT is the abbreviation for TiO, microtubes, and the subsequent digits show the
dosage of liquid paraffin used; for instance, TMT-0.06 describes the TiO,-microtube sample prepared by
adding 0.06 g liquid paraffin to 1 mL mixed solution).

2.3 Characterization of photocatalysts

The morphology and structure of TiO, microtubes were studied using scanning electron microscopy
(SEM, FEI Verios 460, USA), transmission electron microscopy (TEM, FEI Tecnai G2 F20 S-TWIN, USA),
X-ray diffraction (Rigaku D/max2200Pc, Japan) using Cu-Ko radiation (4 = 1.5406 A) with 20 ranging from

20° to 70°, ultraviolet-visible (UV-vis) diffuse reflection spectroscopy (Agilent CARY 5000, USA) with an
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integrated sphere attachment ranging from 200 to 800 nm, and photoluminescence emission spectroscopy
(F-7000, Hitachi, Japan).

Photoluminescence spectra were acquired using a fluorescence spectrophotometer (F-4500, Hitachi,
Japan) at an excitation wavelength of 320 nm; the width of the slits for excitation and emission were both 5
nm. The photocurrents were obtained using an electrochemical analyzer (CHI 660D, China). Photocurrent
measurements on the TiO, microtubes were performed on a CHI660E electrochemical workstation at room
temperature using a standard three-electrode cell setup containing a platinum wire, saturated calomel
electrode (SCE), and TiO, microtubes as the counter, reference, and working electrodes, respectively.
Sodium sulfate solutions were used as electrolytes.

2.4 Photocatalytic experiment

The photocatalytic activity of TiO, microtubes was investigated by degrading organic solutions
containing rhodamine B and 2, 4-dinitrophenol (15 mg/L) under simulated solar light (CDM-T 70W/942,
Philips). First, 0.01 g samples were dispersed in 100 mL organic solution (15 mg/L) at a TiO,-microtube
concentration of 0.1 g/L. After ultrasonic dispersion for 10 minutes, the suspension was stirred 30 minutes in
the dark to achieve the equilibrium of absorption-desorption among the photocatalyst and the organics.
Afterwards, the blend containing the photocatalyst and organic solution was irradiated with simulated solar
light. At certain time intervals, the mixture was centrifuged, and the residual organics were analyzed by
UV-vis absorption spectroscopy.

During the photocatalytic process, the concentrations of rhodamine B and 2,4-dinitrophenol were
periodically determined via spectrophotometry. The degradation rates of rhodamine B and 2,4-dinitrophenol

were calculated using Eqg. (1) : [1]

Degradation Rate = —>— x 100 % (1)

Co
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where ¢, (mg/L) and c; (mg/L) are the concentrations of rhodamine B and 2,4-dinitrophenol at time 0 and
time t, respectively. The degradation rates of rhodamine B and 2, 4-dinitrophenol was described using a
pseudo-first-order kinetics Eq. (2):
an—z =—kxt 2)

where k is the first-order Kinetic rate constant of rhodamine B and 2,4-dinitrophenol during the
photocatalytic process.
3. Results and discussion

Fig. 1a-c and 1d-f show typical low/high magnification SEM images of the as-prepared TMT-0.06,
TMT-0.14, and TMT-0.22, respectively. As can be seen, the microtubes are randomly distributed, and their
diameter is at a level of ~1um. The morphology of TMT-0.06 is fiber-like (Fig. 1d), while TMT-0.14 (Fig.
le) and TMT-0.22 (Fig. 1f) are hollow tubulars, indicating that TiO, microtubes can be successfully
prepared by adding liquid paraffin. Moreover, many wrinkles appear on the surface of TiO, microfibers or
microtubes due to the volatilization of liquid paraffin. To confirm the hollow structure of TiO,, the
microstructure and wall thickness of TiO, microtubes were also estimated by using TEM and shown in Fig.
1g-i. At a dosage of 0.06 g/mL, the sample consists of nanoparticles and exhibits a well-defined porous
structure (Fig. 1g). Upon increasing the amount of liquid paraffin to 0.14 and 0.22 g/mL, a hollow structural
morphology of TiO, microtubes can be observed. Besides, the wall thickness of TiO, microtubes decreases
with the addition of liquid paraffin. When the dosages of liquid paraffin are 0.14 and 0.22 g/mL, the wall
thickness of TiO, microtubes can be measured to be ~300 and 180 nm, respectively (Fig. 1h-i). The dosage
of liquid paraffin can affect the wall thickness of TiO, microtubes. At high liquid paraffin concentrations, the
liquid paraffin on the fiber surface volatilizes in the presence of anhydrous ethanol, thus promoting the
aggregation of PVP and butyl titanate on the fiber surface. The remaining liquid paraffin is slowly separated

from the remaining solvent and accumulates inside the fiber during the drying process [29]. The decrease in
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wall thickness may be triggered by volatilization of more liquid paraffin at high temperatures during
calcination. These SEM and TEM results show that the morphology of TiO, microtubes can be tuned by
controlling the dosage of liquid paraffin, indicating that our synthesis strategy has high controllability of the
wall thickness in TiO, microtubes. Fig. 1j presents the XRD patterns of TiO, microtubes synthesized at
different dosages of liquid paraffin. As can be seen, all samples comprised mixed anatase (JCPDS card No.
21-1272) and rutile TiO, (JCPDS card No. 21-1276), indicating that anatase/rutile homojunctions are existed
in the as-prepared TiO, microtubes. In order to illustrate the effect of the dosage of liquid paraffin on the
wall thickness of TiO, microtubes, a sketch map of fabrication of TiO, microtubes is schematically shown in
Fig. 1k, where the liquid paraffin acts as soft template for the controlling of the wall thickness in TiO;

microtubes.
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Fig. 1. SEM and TEM images of (a, d, g) TMT-0.06, (b, e, h) TMT-0.14, (c, f, i) TMT-0.22. (j) XRD patterns
of TMT-0.06, TMT-0.14, and TMT-0.22. (k) Schematic diagram of synthesizing process using

electrospinning and the effect of the dosage of liquid paraffin on the wall thickness of TiO, microtubes.

To evaluate the optical absorptivity of the as-prepared TMT-0.06, TMT-0.14, and TMT-0.22, a UV-vis
diffuse reflectance spectroscopy was performed, and the results are shown in Fig. 2a. As can be seen, the
optical absorptivity is increasing from TMT-0.06 to TMT-0.14 and then decreasing slightly for TMT-0.22,
indicating that TMT-0.14 has a suitable wall thickness and the incident light can strongly scatter inside the
microtubes of TMT-0.14, causing secondary absorption of the scattered light and increasing the optical
absorptivity [30]. The microtube wall becomes thinner as the dosage of liquid paraffin continues to increase,
and the hollow structure becomes more pronounced. Compared with TMT-0.14, TMT-0.22 shows a
decreased optical absorptivity, suggesting that reducing the wall thickness increases the transmittance of the
incident light, resulting in a weaker light scattering effect and thereby reducing light-harvesting activity [18].

Fig. 2b plots the optical band gap of the as-prepared TMT-0.06, TMT-0.14, and TMT-0.22 and shows
that the optical band gaps of the TMT-0.06, TMT-0.14 and TMT-0.22 are 3.20, 3.10 and 3.15 eV,
respectively. The measured band gap of all our samples is very close to that of anatase TiO; (3.2 eV). The
slightly decreased band gap is caused by the distinct of hollow microstructures and the presence of rutile
TiO, in the samples [29], indicating that a suitable hollow structure is conducive to reducing the band gap.
Fig. 2c shows the photoluminescence emission spectra of the as-prepared TMT-0.06, TMT-0.14, and
TMT-0.22 under ultraviolet excitation at 320 nm. TMT-0.14 exhibits a lower photoluminescence intensity
compared to TMT-0.06, suggesting that the tubular structure of the microtubes can suppress the
recombination of photogenerated carriers (excitation of TiO, under ultraviolet light). Actually, the tubular

structure of the microtubes can largely shorten the migration distance of the photogenerated electrons and
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holes, and reduce the recombination of photogenerated carriers and improving the photocatalytic efficiency
[19], However, excessive liquid paraffin addition (such as 0.22 g/mL) results in higher photoluminescence
intensity of TMT-0.22 because the thin wall may reduce the charge-driving force and weaken the separation
and transfer of charge, which is harmful to the suppression of photogenerated carrier recombination [31].
Fig. 2d shows the photocurrent response of the as-prepared TMT-0.06, TMT-0.14, and TMT-0.22 to the
solar-simulated light irradiation of 0.1 M Na,SO, electrolyte at the voltage of 0.1 V. With increasing the
concentration of liquid paraffin, the photocurrent density of TMT-0.14 is greater than TMT-0.06 and the
photocurrent density of TMT-0.22 decreases slightly. The results of the photocurrent measurements suggest
that TMT-0.14 has a suitable wall thickness, which is favorable for an improved light-absorption capability
and plays an important role in the generation of photocurrent. However, the thinner wall thickness of
TMT-0.22 did not correspond to better photocurrent density. If the wall thickness is below the width of the
space-charge layer, the band bending is reduced [18] and the electric driving force is decreased, which

deteriorates the separation and transfer of photogenerated carriers [32].
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Fig. 2. UV-vis diffuse reflectance spectra, photoluminescence spectra, and photocurrent of TiO, microtubes
of TMT-0.06, TMT-0.14, and TMT-0.22. (a) UV-vis diffuse reflectance spectra. (b) Optical band gap energy
of TMT-0.06 TMT-0.14, and TMT-0.22. (c) Photoluminescence emission spectra excited under 320 nm UV
light. (d) The photocurrent of TiO, microtubes with tunable wall thickness under the irradiation of
solar-simulated light, Pt-wire is counter electrode, constant bias vs. SCE is 0.1 V, and the working electrode

is 3.5 cmx1.0 cm in size.

The photocatalytic activities of as-prepared TiO, microtubes were further evaluated by the
photocatalytic degradations of rhodamine B and 2,4-dinitrophenol under simulated solar-light irradiation.
Fig. 3 shows the degradation processes and kinetics for rhodamine B and 2,4-dinitrophenol using TMT-0.06,
TMT-0.14, and TMT-0.22. Fig. 3a shows that the degradation rate of photocatalytic of TMT-0.14 is 99.9 %
after 60 minutes. Fig. 3b plots the degradation kinetics of rhodamine B for TMT-0.06, TMT-0.14, and
TMT-0.22 and shows first-order kinetics. Fig. 3c shows the degradation processes of 2,4-dinitrophenol by
TMT-06, TMT-0.14, and TMT-0.22. After 40 minutes of simulated solar-light irradiation, the photocatalytic
degradation rates of TMT-0.06, TMT-0.14, and TMT-0.22 are 92.8 %, 97.8 %, and 95.2 %, respectively. Fig.
3d shows the degradation kinetics of 2,4-dinitrophenol for TMT-0.06, TMT-0.14, and TMT-0.22, which are
also consistent with first-order Kinetics. These results show that the catalytic activity of TiO, microtubes
with different wall thickness is different, which should be attributed to their effects on the charge separation

efficiency, specific surface area [32], and light-harvesting capability [33].
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Fig. 3. Photocatalytic performance of TMT-0.06, TMT-0.14, and TMT-0.22. (a) Photocatalytic efficiencies
and (b) pseudo-first-order kinetics plots for rhodamine B in the presence of 15 mg/L rhodamine B under
solar-simulated light irradiation. (c) Photocatalytic efficiencies and (d) pseudo-first-order kinetics plots for

2,4-dinitrophenol in the presence of 150 mg/L 2,4-dinitrophenol under solar-simulated light irradiation.

The effect of the photocatalytic degradation time on the UV-vis absorption spectrum of residual
rhodamine B and 2,4-dinitrophenol was also studied and depicted in Fig. 4. The concentration of rhodamine
B and 2,4-dinitrophenol was 15 mg/L while the quantity of TMT-0.14 was 0.1 g/L. As can be seen, the
characteristic absorbance peaks of rhodamine B and 2,4-dinitrophenol decrease with time and finally vanish
after 60 minutes, suggesting that the majority of rhodamine B and 2,4-dinitrophenol are degraded into CO,,
H,O, and others. To illustrate the photocatalytic performance of the materials studied in this work, the

comparison of the degradation rates of TMT-0.14 in this work and other reports is shown in Fig. 4c.
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Obviously, the degradation rate of TMT-0.14 prepared herein is superior to most of the TiO, nanotube array

composites [34] and TiO, nanotube composites [35-38] reported in the literatures.
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Fig. 4. Effect of photocatalytic degradation time of 0.1 g/L TMT-0.14 sample on UV-vis absorption

spectrum of (a) rhodamine B and (b) 2,4-dinitrophenol under the simulated solar light irradiation. (c)

Comparison of the degradation rates of TMT-0.14 in this work and other reports.
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Fig. 5. Schematic diagram of light scattering phenomenon and photogenerated electrons and holes transfer

in TiO, microtubes.

According to the results discussed above, a photocatalytic mechanism for the charge separation and
transfer of TiO, microtubes with tunable thickness is proposed and illustrated in Fig. 5. TiO, microtubes
with tunable thickness possess many significant advantages, such as multiple scattering for light harvesting
and the reduction of the transport distance of photogenerated carriers to decrease the recombination of
carriers [33]. There are a lot of void spaces in the hollow structure, which are easy to produce light-trapping
effect [33]. After light penetrates into the wall of TiO, microtubes, the incident light is scattered multiple
times within the microtubes as shown in Fig. 5. The microtube has secondary absorption of the scattered
light to enhance the light-harvesting and improve the utilization of the incident light. This behavior is similar
to the report in multiple shell CeO, hollow microspheres [30]. Compared with fibers, the tubular structure
significantly reduces the charge-transport distance, inhibits the recombination of carriers in the volume, and
significantly improves the charge separation efficiency [17]. When TiO, absorbs incident light of a certain
energy, the valence band electrons are transferred to the conduction band, forming free-moving
photogenerated electrons and producing abundant holes [39]. The photogenerated holes move to the surface
of the TiO, microtubes and promote the activation of H,O and OH", subsequently generating «OH [40].
Simultaneously, photogenerated electrons transferred to the surface of the photocatalyst can react with O,
and form HO;e. The species HO,+ and <OH (with high oxidation capability) can directly oxidize
rhodamine B and 2,4-dinitrophenol into CO,, H,0, and other products [41].

4. Conclusion
One-step electrospinning followed by a calcination process has been developed to synthesize TiO,

microtubes with controlled wall thicknesses by altering the dosage of liquid paraffin. Analyses of UV-vis

14



diffuse reflectance spectra, photoluminescence emission spectra, and photocurrent density measurements
show that an appropriate wall thickness can favor light harvesting, photocurrent density, and separation
efficiency of charge root in the light scattering effect. Photocatalytic performance of TiO, microtubes with
distinct wall thicknesses were compared by the degradation of rhodamine B and 2,4-dinitrophenol under

simulated solar-light irradiation. The results show that TMT-0.14 exhibits the best photocatalytic
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performance, and the degradation rates of rhodamine B and 2,4-dinitrophenol by TiO, microtubes are 99.9 %
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within 60 minutes and 97.8 % within 40 minutes, respectively, which is attributed to the TiO, microtubes

B
oo

with suitable wall thickness can balance light-harvesting capability and charge separation efficiency while
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facilitating a large specific surface area. Our study provides a new strategy to adjust the wall thickness of
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TiO, microtubes and new approach to enhance the photocatalytic performance of TiO».
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The captions of Figures and Tables

Fig. 1. SEM and TEM images of (a, d, g) TMT-0.06, (b, e, h) TMT-0.14, (c, f, i) TMT-0.22. (j) XRD patterns
of TMT-0.06, TMT-0.14, and TMT-0.22. (k) Schematic diagram of synthesizing process using
electrospinning and the effect of the dosage of liquid paraffin on the wall thickness of TiO, microtubes.

Fig. 2. UV-vis diffuse reflectance spectra, photoluminescence spectra, and photocurrent of TiO, microtubes
of TMT-0.06, TMT-0.14, and TMT-0.22. (a) UV-vis diffuse reflectance spectra. (b) Optical band gap energy
of TMT-0.06 TMT-0.14, and TMT-0.22. (c) Photoluminescence emission spectra excited under 320 nm UV
light. (d) The photocurrent of TiO, microtubes with tunable wall thickness under the irradiation of
solar-simulated light, Pt-wire is counter electrode, constant bias vs. SCE is 0.1 V, and the working electrode
is 3.5 cmx1.0 cm in size.

Fig. 3. Photocatalytic performance of TMT-0.06, TMT-0.14, and TMT-0.22. (a) Photocatalytic efficiencies
and (b) pseudo-first-order kinetics plots for rhodamine B in the presence of 15 mg/L rhodamine B under
solar-simulated light irradiation. (c) Photocatalytic efficiencies and (d) pseudo-first-order kinetics plots for
2,4-dinitrophenol in the presence of 150 mg/L 2,4-dinitrophenol under solar-simulated light irradiation.

Fig. 4. Effect of photocatalytic degradation time of 0.1 g/L TMT-0.14 sample on UV-vis absorption
spectrum of (a) rhodamine B and (b) 2,4-dinitrophenol under the simulated solar light irradiation. (c)
Comparison of the degradation rates of TMT-0.14 in this work and other reports.

Fig. 5. Schematic diagram of light scattering phenomenon and photogenerated electrons and holes transfer

in TiO, microtubes.
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ABSTRACT

TiO, microtubes with tunable wall thickness have been synthesized by a one-step electrospinning method
linked with a calcination process. The wall thickness of TiO, microtubes can be easily tuned by altering the
dosage of liquid paraffin. The influence of the thickness on the light-harvesting ability and separation
efficiency of the photogenerated carriers was studied using ultraviolet-visible (UV-vis) diffuse reflectance
spectroscopy, photoluminescence emission spectroscopy, and photocurrent density measurements. Results
show that TiO, microtubes with an appropriate thickness exhibit enhanced light scattering effect, UV-vis
light-harvesting ability, charge separation efficiency, and photocatalytic performance. The degradation rates
of rhodamine B and 2,4-dinitrophenol by using TiO, microtubes synthesized at a dosage of 0.14 g/mL liquid
paraffin are 99.9 % within 60 minutes and 97.8 % within 40 minutes, respectively, which are higher than
most of the reported values. All these results suggest that our work provides an ideal strategy for adjusting
the wall thickness of TiO, microtubes and new approach to enhance the photocatalytic performance of TiO,.

Keywords: Electrospinning, TiO,, Microtube, Wall thickness, Thickness-dependent, Photocatalysis
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1. Introduction

With ever-increasing human activities, environmental pollution has been considered as a common
challenge. Over the last decades, extensive studies have concentrated on developing high-efficiency
photocatalysts including TiO; [1], ZnO [2], ZnS [3], CdS [4], WO3 [5], Bi,O3 [6], SnO, [7], and g-C3N4 [8],
to degrade the organic contaminants in wastewater [9]. Due to the unique advantages of TiO,, such as high
chemical stability, nontoxicity, controllable structure/morphology, and economic effectiveness [10],
TiO,-based photocatalysts are among the most extensively investigated [11]. Nevertheless, its wide band gap
(approximately 3.2 eV) limits the light absorption in the visible-light region and severely constrain its
application of TiO,. Furthermore, the lower separation efficiency of the photogenerated carriers adversely
affects the photocatalytic activity of TiO,.

To enhance the photocatalytic activity of TiO,-based materials, several strategies including morphology
control [12], metal or non-metal doping [13], heterojunction [14], and the use of cocatalysts [15], have been
developed. Particularly, the microstructures of photocatalysts have a significant influence on their
light-absorption ability and charge separation efficiency [16]. It has been reported that the hollow structures
show multiple light scattering [17] and enhanced solar-energy conversion efficiency [18]. Therefore, the
hollow structure of TiO, microtubes can shorten the migration distance of the photogenerated carriers,
leading to a remarkable suppression of charge recombination [19]. In addition, the large specific surface area
of TiO, microtubes provides plentiful reactive sites, which can be used to adsorb reactant molecules.

To date, TiO, nano/microtubes have been fabricated using template-assisted techniques [20],
solvothermal method [21], hydrothermal method [21], and electrochemical anodic oxidation [22]. However,
post-treatment of template-assisted techniques, such as high-temperature annealing or acid/alkali treatments,
can easily destroy the microstructure of TiO, nano/microtubes [23]. The reaction time of the solvothermal

and hydrothermal methods can significantly affect the morphology and wall thickness of nano/microtubes



=
QOWO~NOUAWNE

DO UIUIUTTUUIUIVCIUURNDADNRNRNDNARNDNWWWWWOWWWWWWNNNNNNNNNNRPRPRRRRRPRR
OARANPRPOOOVNONROMNROOOVYOUNRWNROOONONRONROOONNOUNRWNROOO~NOUONWNER

and the large-scale preparation induces non-uniform size [21]. Electrochemical anodic oxidation is
commonly used to prepare nanotubes. Qiu, Liu, and Zhao et al. successfully prepared TiO, nanotube arrays
using the electrochemical anodic oxidation technology [22,24-26]. However, the type and concentration of
electrolyte, pH value and temperature significantly affect the morphology of nanotubes [27]. Therefore,
achieving a controllable wall thickness of TiO, nano/microtubes is still challenging. Compared with the
above methods, the electrospinning technique can easily control the microstructure of continuous
nano/microtubes and offer advantages such as flexibility, cost-effectiveness, and polymer versatility [28].
However, adjusting the wall thickness of the prepared TiO, nano/microtubes by the electrospinning
technique remains a challenge.

In this work, we realize the controlling of the wall thickness in TiO, microtubes using a one-step
electrospinning technique by simply varying the dosage of liquid paraffin. The morphologies,
light-harvesting abilities, separation efficiencies of photogenerated carriers, and photocatalytic activities
along with the photocatalytic mechanism of TiO, microtubes with tunable wall thickness are investigated in
detail. TiO, microtubes with tunable wall thickness can balance light-harvesting and efficiently utilize
photogenerated charge carriers and possess improved light-harvesting ability and solar-energy conversion
efficiency. An appropriate wall thickness can shorten the distance of charge-migration and benefit the
separation of photogenerated carriers during the photocatalytic process, resulting in a superior photocatalytic
degradation.

2. Experimental

2.1 Materials
Polyvinylpyrrolidone (PVP, Mw = 1300000), butyl titanate (C16H3s04Ti), acetylacetone (CsHgOy),
anhydrous ethanol (C,HsOH), and liquid paraffin were purchased from Shanghai Macklin Biochemical Co.,

Ltd. All the reagents used to prepare TiO, microtubes are of analytic grade, without additional purification.
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2.2 Fabrication of TiO, microtubes

TiO, microtubes were prepared using the electrospinning technique. First, PVP (1.2 g) was dissolved in
10 mL anhydrous ethanol under magnetic stirring. Then, anhydrous ethanol, acetylacetone, and butyl titanate
were mixed with 1:1:1 mass ratio and then added into 5 mL PVP solution to obtain a clear solution. Finally,
different dosages of liquid paraffin were added to the 5 mL mixed solution. After magnetic stirring for 48 h,
viscous solutions were obtained.

The electrospinning apparatus comprises a high voltage power supply that generates an electric field of
0-30 kV, a syringe with an inner diameter of 0.6 mm at the capillary tip, and a micro-injection pump. A high
voltage (18 KV) was employed, while the distance was 20 cm between the capillary tip and the aluminum
foil collector. The solution was injected (using the micro-injection pump) at a constant rate of 0.3 mL/h and
collected using aluminum foil. After electrospinning, layers of white fibers on the aluminum foil were
collected and then calcined at 500 °C for 4 hours in air at a heating rate of 5 °Gmin. The obtained powder
samples of TiO, microtubes were finally collected and treated with different dosages of liquid paraffin. The
as-prepared TiO, microtubes using different liquid paraffin dosages were labeled as TMT-0.06, TMT-0.14,
and TMT-0.22 (where TMT is the abbreviation for TiO, microtubes, and the subsequent digits show the
dosage of liquid paraffin used; for instance, TMT-0.06 describes the TiO,-microtube sample prepared by
adding 0.06 g liquid paraffin to 1 mL mixed solution).

2.3 Characterization of photocatalysts

The morphology and structure of TiO, microtubes were studied using scanning electron microscopy
(SEM, FEI Verios 460, USA), transmission electron microscopy (TEM, FEI Tecnai G2 F20 S-TWIN, USA),
X-ray diffraction (Rigaku D/max2200Pc, Japan) using Cu-Ko radiation (4 = 1.5406 A) with 20 ranging from

20° to 70°, ultraviolet-visible (UV-vis) diffuse reflection spectroscopy (Agilent CARY 5000, USA) with an
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integrated sphere attachment ranging from 200 to 800 nm, and photoluminescence emission spectroscopy
(F-7000, Hitachi, Japan).

Photoluminescence spectra were acquired using a fluorescence spectrophotometer (F-4500, Hitachi,
Japan) at an excitation wavelength of 320 nm; the width of the slits for excitation and emission were both 5
nm. The photocurrents were obtained using an electrochemical analyzer (CHI 660D, China). Photocurrent
measurements on the TiO, microtubes were performed on a CHI660E electrochemical workstation at room
temperature using a standard three-electrode cell setup containing a platinum wire, saturated calomel
electrode (SCE), and TiO, microtubes as the counter, reference, and working electrodes, respectively.
Sodium sulfate solutions were used as electrolytes.

2.4 Photocatalytic experiment

The photocatalytic activity of TiO, microtubes was investigated by degrading organic solutions
containing rhodamine B and 2, 4-dinitrophenol (15 mg/L) under simulated solar light (CDM-T 70W/942,
Philips). First, 0.01 g samples were dispersed in 100 mL organic solution (15 mg/L) at a TiO,-microtube
concentration of 0.1 g/L. After ultrasonic dispersion for 10 minutes, the suspension was stirred 30 minutes in
the dark to achieve the equilibrium of absorption-desorption among the photocatalyst and the organics.
Afterwards, the blend containing the photocatalyst and organic solution was irradiated with simulated solar
light. At certain time intervals, the mixture was centrifuged, and the residual organics were analyzed by
UV-vis absorption spectroscopy.

During the photocatalytic process, the concentrations of rhodamine B and 2,4-dinitrophenol were
periodically determined via spectrophotometry. The degradation rates of rhodamine B and 2,4-dinitrophenol

were calculated using Eqg. (1) : [1]

Degradation Rate = —>— x 100 % (1)

Co
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where ¢, (mg/L) and c; (mg/L) are the concentrations of rhodamine B and 2,4-dinitrophenol at time 0 and
time t, respectively. The degradation rates of rhodamine B and 2, 4-dinitrophenol was described using a
pseudo-first-order kinetics Eq. (2):
an—z =—kxt 2)

where k is the first-order Kinetic rate constant of rhodamine B and 2,4-dinitrophenol during the
photocatalytic process.
3. Results and discussion

Fig. 1a-c and 1d-f show typical low/high magnification SEM images of the as-prepared TMT-0.06,
TMT-0.14, and TMT-0.22, respectively. As can be seen, the microtubes are randomly distributed, and their
diameter is at a level of ~1um. The morphology of TMT-0.06 is fiber-like (Fig. 1d), while TMT-0.14 (Fig.
le) and TMT-0.22 (Fig. 1f) are hollow tubulars, indicating that TiO, microtubes can be successfully
prepared by adding liquid paraffin. Moreover, many wrinkles appear on the surface of TiO, microfibers or
microtubes due to the volatilization of liquid paraffin. To confirm the hollow structure of TiO,, the
microstructure and wall thickness of TiO, microtubes were also estimated by using TEM and shown in Fig.
1g-i. At a dosage of 0.06 g/mL, the sample consists of nanoparticles and exhibits a well-defined porous
structure (Fig. 1g). Upon increasing the amount of liquid paraffin to 0.14 and 0.22 g/mL, a hollow structural
morphology of TiO, microtubes can be observed. Besides, the wall thickness of TiO, microtubes decreases
with the addition of liquid paraffin. When the dosages of liquid paraffin are 0.14 and 0.22 g/mL, the wall
thickness of TiO, microtubes can be measured to be ~300 and 180 nm, respectively (Fig. 1h-i). The dosage
of liquid paraffin can affect the wall thickness of TiO, microtubes. At high liquid paraffin concentrations, the
liquid paraffin on the fiber surface volatilizes in the presence of anhydrous ethanol, thus promoting the
aggregation of PVP and butyl titanate on the fiber surface. The remaining liquid paraffin is slowly separated

from the remaining solvent and accumulates inside the fiber during the drying process [29]. The decrease in
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wall thickness may be triggered by volatilization of more liquid paraffin at high temperatures during
calcination. These SEM and TEM results show that the morphology of TiO, microtubes can be tuned by
controlling the dosage of liquid paraffin, indicating that our synthesis strategy has high controllability of the
wall thickness in TiO, microtubes. Fig. 1j presents the XRD patterns of TiO, microtubes synthesized at
different dosages of liquid paraffin. As can be seen, all samples comprised mixed anatase (JCPDS card No.
21-1272) and rutile TiO, (JCPDS card No. 21-1276), indicating that anatase/rutile homojunctions are existed
in the as-prepared TiO, microtubes. In order to illustrate the effect of the dosage of liquid paraffin on the
wall thickness of TiO, microtubes, a sketch map of fabrication of TiO, microtubes is schematically shown in
Fig. 1k, where the liquid paraffin acts as soft template for the controlling of the wall thickness in TiO;

microtubes.
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Fig. 1. SEM and TEM images of (a, d, g) TMT-0.06, (b, e, h) TMT-0.14, (c, f, i) TMT-0.22. (j) XRD patterns
of TMT-0.06, TMT-0.14, and TMT-0.22. (k) Schematic diagram of synthesizing process using

electrospinning and the effect of the dosage of liquid paraffin on the wall thickness of TiO, microtubes.

To evaluate the optical absorptivity of the as-prepared TMT-0.06, TMT-0.14, and TMT-0.22, a UV-vis
diffuse reflectance spectroscopy was performed, and the results are shown in Fig. 2a. As can be seen, the
optical absorptivity is increasing from TMT-0.06 to TMT-0.14 and then decreasing slightly for TMT-0.22,
indicating that TMT-0.14 has a suitable wall thickness and the incident light can strongly scatter inside the
microtubes of TMT-0.14, causing secondary absorption of the scattered light and increasing the optical
absorptivity [30]. The microtube wall becomes thinner as the dosage of liquid paraffin continues to increase,
and the hollow structure becomes more pronounced. Compared with TMT-0.14, TMT-0.22 shows a
decreased optical absorptivity, suggesting that reducing the wall thickness increases the transmittance of the
incident light, resulting in a weaker light scattering effect and thereby reducing light-harvesting activity [18].

Fig. 2b plots the optical band gap of the as-prepared TMT-0.06, TMT-0.14, and TMT-0.22 and shows
that the optical band gaps of the TMT-0.06, TMT-0.14 and TMT-0.22 are 3.20, 3.10 and 3.15 eV,
respectively. The measured band gap of all our samples is very close to that of anatase TiO; (3.2 eV). The
slightly decreased band gap is caused by the distinct of hollow microstructures and the presence of rutile
TiO, in the samples [29], indicating that a suitable hollow structure is conducive to reducing the band gap.
Fig. 2c shows the photoluminescence emission spectra of the as-prepared TMT-0.06, TMT-0.14, and
TMT-0.22 under ultraviolet excitation at 320 nm. TMT-0.14 exhibits a lower photoluminescence intensity
compared to TMT-0.06, suggesting that the tubular structure of the microtubes can suppress the
recombination of photogenerated carriers (excitation of TiO, under ultraviolet light). Actually, the tubular

structure of the microtubes can largely shorten the migration distance of the photogenerated electrons and
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holes, and reduce the recombination of photogenerated carriers and improving the photocatalytic efficiency
[19], However, excessive liquid paraffin addition (such as 0.22 g/mL) results in higher photoluminescence
intensity of TMT-0.22 because the thin wall may reduce the charge-driving force and weaken the separation
and transfer of charge, which is harmful to the suppression of photogenerated carrier recombination [31].
Fig. 2d shows the photocurrent response of the as-prepared TMT-0.06, TMT-0.14, and TMT-0.22 to the
solar-simulated light irradiation of 0.1 M Na,SO, electrolyte at the voltage of 0.1 V. With increasing the
concentration of liquid paraffin, the photocurrent density of TMT-0.14 is greater than TMT-0.06 and the
photocurrent density of TMT-0.22 decreases slightly. The results of the photocurrent measurements suggest
that TMT-0.14 has a suitable wall thickness, which is favorable for an improved light-absorption capability
and plays an important role in the generation of photocurrent. However, the thinner wall thickness of
TMT-0.22 did not correspond to better photocurrent density. If the wall thickness is below the width of the
space-charge layer, the band bending is reduced [18] and the electric driving force is decreased, which

deteriorates the separation and transfer of photogenerated carriers [32].
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Fig. 2. UV-vis diffuse reflectance spectra, photoluminescence spectra, and photocurrent of TiO, microtubes
of TMT-0.06, TMT-0.14, and TMT-0.22. (a) UV-vis diffuse reflectance spectra. (b) Optical band gap energy
of TMT-0.06 TMT-0.14, and TMT-0.22. (c) Photoluminescence emission spectra excited under 320 nm UV
light. (d) The photocurrent of TiO, microtubes with tunable wall thickness under the irradiation of
solar-simulated light, Pt-wire is counter electrode, constant bias vs. SCE is 0.1 V, and the working electrode

is 3.5 cmx1.0 cm in size.

The photocatalytic activities of as-prepared TiO, microtubes were further evaluated by the
photocatalytic degradations of rhodamine B and 2,4-dinitrophenol under simulated solar-light irradiation.
Fig. 3 shows the degradation processes and kinetics for rhodamine B and 2,4-dinitrophenol using TMT-0.06,
TMT-0.14, and TMT-0.22. Fig. 3a shows that the degradation rate of photocatalytic of TMT-0.14 is 99.9 %
after 60 minutes. Fig. 3b plots the degradation kinetics of rhodamine B for TMT-0.06, TMT-0.14, and
TMT-0.22 and shows first-order kinetics. Fig. 3c shows the degradation processes of 2,4-dinitrophenol by
TMT-06, TMT-0.14, and TMT-0.22. After 40 minutes of simulated solar-light irradiation, the photocatalytic
degradation rates of TMT-0.06, TMT-0.14, and TMT-0.22 are 92.8 %, 97.8 %, and 95.2 %, respectively. Fig.
3d shows the degradation kinetics of 2,4-dinitrophenol for TMT-0.06, TMT-0.14, and TMT-0.22, which are
also consistent with first-order Kinetics. These results show that the catalytic activity of TiO, microtubes
with different wall thickness is different, which should be attributed to their effects on the charge separation

efficiency, specific surface area [32], and light-harvesting capability [33].
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Fig. 3. Photocatalytic performance of TMT-0.06, TMT-0.14, and TMT-0.22. (a) Photocatalytic efficiencies
and (b) pseudo-first-order kinetics plots for rhodamine B in the presence of 15 mg/L rhodamine B under
solar-simulated light irradiation. (c) Photocatalytic efficiencies and (d) pseudo-first-order kinetics plots for

2,4-dinitrophenol in the presence of 150 mg/L 2,4-dinitrophenol under solar-simulated light irradiation.

The effect of the photocatalytic degradation time on the UV-vis absorption spectrum of residual
rhodamine B and 2,4-dinitrophenol was also studied and depicted in Fig. 4. The concentration of rhodamine
B and 2,4-dinitrophenol was 15 mg/L while the quantity of TMT-0.14 was 0.1 g/L. As can be seen, the
characteristic absorbance peaks of rhodamine B and 2,4-dinitrophenol decrease with time and finally vanish
after 60 minutes, suggesting that the majority of rhodamine B and 2,4-dinitrophenol are degraded into CO,,
H,O, and others. To illustrate the photocatalytic performance of the materials studied in this work, the

comparison of the degradation rates of TMT-0.14 in this work and other reports is shown in Fig. 4c.
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Obviously, the degradation rate of TMT-0.14 prepared herein is superior to most of the TiO, nanotube array

composites [34] and TiO, nanotube composites [35-38] reported in the literatures.
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Fig. 4. Effect of photocatalytic degradation time of 0.1 g/L TMT-0.14 sample on UV-vis absorption

spectrum of (a) rhodamine B and (b) 2,4-dinitrophenol under the simulated solar light irradiation. (c)

Comparison of the degradation rates of TMT-0.14 in this work and other reports.
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Fig. 5. Schematic diagram of light scattering phenomenon and photogenerated electrons and holes transfer

in TiO, microtubes.

According to the results discussed above, a photocatalytic mechanism for the charge separation and
transfer of TiO, microtubes with tunable thickness is proposed and illustrated in Fig. 5. TiO, microtubes
with tunable thickness possess many significant advantages, such as multiple scattering for light harvesting
and the reduction of the transport distance of photogenerated carriers to decrease the recombination of
carriers [33]. There are a lot of void spaces in the hollow structure, which are easy to produce light-trapping
effect [33]. After light penetrates into the wall of TiO, microtubes, the incident light is scattered multiple
times within the microtubes as shown in Fig. 5. The microtube has secondary absorption of the scattered
light to enhance the light-harvesting and improve the utilization of the incident light. This behavior is similar
to the report in multiple shell CeO, hollow microspheres [30]. Compared with fibers, the tubular structure
significantly reduces the charge-transport distance, inhibits the recombination of carriers in the volume, and
significantly improves the charge separation efficiency [17]. When TiO, absorbs incident light of a certain
energy, the valence band electrons are transferred to the conduction band, forming free-moving
photogenerated electrons and producing abundant holes [39]. The photogenerated holes move to the surface
of the TiO, microtubes and promote the activation of H,O and OH", subsequently generating «OH [40].
Simultaneously, photogenerated electrons transferred to the surface of the photocatalyst can react with O,
and form HO;e. The species HO,+ and <OH (with high oxidation capability) can directly oxidize
rhodamine B and 2,4-dinitrophenol into CO,, H,0, and other products [41].

4. Conclusion
One-step electrospinning followed by a calcination process has been developed to synthesize TiO,

microtubes with controlled wall thicknesses by altering the dosage of liquid paraffin. Analyses of UV-vis

14



diffuse reflectance spectra, photoluminescence emission spectra, and photocurrent density measurements
show that an appropriate wall thickness can favor light harvesting, photocurrent density, and separation
efficiency of charge root in the light scattering effect. Photocatalytic performance of TiO, microtubes with
distinct wall thicknesses were compared by the degradation of rhodamine B and 2,4-dinitrophenol under

simulated solar-light irradiation. The results show that TMT-0.14 exhibits the best photocatalytic
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performance, and the degradation rates of rhodamine B and 2,4-dinitrophenol by TiO, microtubes are 99.9 %
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within 60 minutes and 97.8 % within 40 minutes, respectively, which is attributed to the TiO, microtubes
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with suitable wall thickness can balance light-harvesting capability and charge separation efficiency while
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facilitating a large specific surface area. Our study provides a new strategy to adjust the wall thickness of
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TiO, microtubes and new approach to enhance the photocatalytic performance of TiO..
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The captions of Figures and Tables

Fig. 1. SEM and TEM images of (a, d, g) TMT-0.06, (b, e, h) TMT-0.14, (c, f, i) TMT-0.22. (j) XRD patterns
of TMT-0.06, TMT-0.14, and TMT-0.22. (k) Schematic diagram of synthesizing process using
electrospinning and the effect of the dosage of liquid paraffin on the wall thickness of TiO, microtubes.

Fig. 2. UV-vis diffuse reflectance spectra, photoluminescence spectra, and photocurrent of TiO, microtubes
of TMT-0.06, TMT-0.14, and TMT-0.22. (a) UV-vis diffuse reflectance spectra. (b) Optical band gap energy
of TMT-0.06 TMT-0.14, and TMT-0.22. (c) Photoluminescence emission spectra excited under 320 nm UV
light. (d) The photocurrent of TiO, microtubes with tunable wall thickness under the irradiation of
solar-simulated light, Pt-wire is counter electrode, constant bias vs. SCE is 0.1 V, and the working electrode
is 3.5 cmx1.0 cm in size.

Fig. 3. Photocatalytic performance of TMT-0.06, TMT-0.14, and TMT-0.22. (a) Photocatalytic efficiencies
and (b) pseudo-first-order kinetics plots for rhodamine B in the presence of 15 mg/L rhodamine B under
solar-simulated light irradiation. (c) Photocatalytic efficiencies and (d) pseudo-first-order kinetics plots for
2,4-dinitrophenol in the presence of 150 mg/L 2,4-dinitrophenol under solar-simulated light irradiation.

Fig. 4. Effect of photocatalytic degradation time of 0.1 g/L TMT-0.14 sample on UV-vis absorption
spectrum of (a) rhodamine B and (b) 2,4-dinitrophenol under the simulated solar light irradiation. (c)
Comparison of the degradation rates of TMT-0.14 in this work and other reports.

Fig. 5. Schematic diagram of light scattering phenomenon and photogenerated electrons and holes transfer

in TiO, microtubes.
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Highlights

Highlights

TiO, microtubes prepared by electrospinning in one step.

The wall thickness of TiO, microtubes can be easily tuned by a simple method.

The charge separation efficiency depends on the wall thickness of TiO, microtubes.
The light scattering effect is strongly dependent on the size of the microtube structure.

TiO, microtubes with suitable wall thicknesses have the ability to balance light-

harvesting capability and charge separation efficiency.
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