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Porous Cr-doped SrTiO; nanotubes by electrospinning exhibit enhanced
photocatalytic activity for removal of azo dye and NO under visible-light irradiation.
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Facile fabrication of porous Cr-doped SrTiO3; nanotubes by electrospinning
and their enhanced visible-light-driven photocatalytic properties
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Novel porous Cr-doped SrTiO3 nanotubes were fabricated using a simple and economical electrospinning
technique with subsequent calcination. The average outer diameter of the nanotube was approximately
100 nm, and the multimodal porous netlike framework with high specific surface area was favorable for
light harvesting and matter diffusion. Photocatalytic activity was evaluated by degradation of azo dye acid
orange 7 and removal of NO under visible light irradiation. The enhanced photocatalytic activity of
porous Cr-doped SrTiO3; nanotubes was attributed to the one-dimensional tube-like architecture, high
specific surface area, multimodal pore size distribution, and proper Cr doping.

Introduction

The growing environmental concerns related to the growth of
industrialization and fossil fuel wuse are becoming an
overwhelming problem worldwide. 2 Organic pollutants in water
and gaseous pollutants (e.g., NO,, SO,, and carbonyl compounds)
are significantly dangerous and can cause numerous human
health risks.*®  Semiconductor-mediated photocatalytic
purification of wastewater and polluted air is a promising
environmental remediation technology. Considerable efforts have
been made to produce novel and highly efficient semiconductor
photocatalysts that can work directly under visible light via
crystal growth, doping, and heterostructuring design.®® Various
synthetic strategies have been developed to control the
morphology of photocatalysts at a nanoscale, which result in
large surface areas, abundant surface states, and enhanced
photocatalytic performances.*

One-dimensional (1D) semiconductor photocatalysts (e.g.,
nanowires, nanotubes, and nanofibers) have recently attracted
researchers because of their high surface areas and porosities.™*
The keen interest in the use of nanotubes is due to their large
surface area, which allows several surface atoms to participate in
surface reactions.'? The efficient migration of electrons and holes
to the nanotube surface allows them to participate in chemical
reactions before recombination, which is vital to enhancing the
efficiency of photocatalysts.”* Researchers are considering the
potential of porous materials with hierarchically multimodal pore
size distributions as excellent photocatalysts because these
materials provide a readily accessible light and matter transfer
pathway that can result in enhanced light utilization efficiency
and active site.®* * The control of multimodal porosity is
complicated and is achieved by combining suitable templates for
the required length scale organization.’® Facile, template-free
synthesis of high surface area materials with multiple porous
structures remains challenging. Electrospinning is the most
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convenient and direct technique for the fabrication of continuous
porous 1D nanofibers and nanotubes with small diameters (down
to a few nanometers) and is prevalent because of its low cost,
versatility, and ease of manufacturing.’**® Semiconductor
photocatalysts with 1D porous nanostructures exhibit enhanced
photocatalytic activities.*> 1% 2

Strontium titanate (SrTiO;, STO), a well-known cubic-
perovskite-oxide with ABOj structure, has been studied as a
functional material because of its wide application in
photocatalysts, photoelectrodes for dye-sensitized solar cells,
storage batteries, and oxygen gas sensors.?! Especially, SrTiOs is
a promising photocatalyst for water splitting,®> decomposition of
dye,® CO, reduction,”® and oxidative destruction of NO*,
However, SrTiO; can only utilize the ultraviolet part of the solar
spectrum because of its relatively large band gap (approximately
3.2 eV). One of the effective approaches to improving its
photocatalytic efficiency is to modify the band structure of
SrTiO; by doping foreign elements to shift its optical absorption
edge to the visible light region.®% Most SrTiO; crystallites
prepared via sol-gel methods or traditional solid-state reactions
suffer from coarse crystal grain sizes and low surface areas,
which significantly restrict further enhancement of photocatalytic
activity.®® ' So far, only a few studies have modified the
microstructure control of SrTiO; photocatalysts to minimize
intra-diffusion resistance and enhance photoabsorption efficiency.
Some 1D SrTiO; nanotube photocatalysts have recently been
synthesized via different approaches. Liu et al.** reported that
ordered Ag-SrTiO; nanotube arrays synthesized via a
combination of anodic oxidation, hydrothermal process, and
photocatalytic ~ reduction  method  exhibited  excellent
photocatalytic activity for hydrogen production under UV light
irradiation. TiO, nanotube arrays formed on a Ti substrate via
electrochemical anodization have been converted into
TiO,/SrTiO5 heterostructure nanotubes via controlled substitution
of Sr under hydrothermal conditions and exhibited enhanced
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photoelectrochemical ~ performance.®® A heterostructured
SrTiOs/TiO, nanotube array film was fabricated by converting a
highly ordered TiO, nanotube film via hydrothermal method,
which  presented high separation efficiency for the
photogenerated electron hole pairs. However, these methods are
complicated and require multiple steps.®*

Thus, we develop a facile and economical electrospinning
technique for fabricating 1D porous Cr-doped SrTiO; nanotubes
with average outer diameters of approximately 100 nm without
using templates or additives. Porous Cr-doped SrTiO3; nanotubes
are composed of a multimodal porous netlike framework with
high specific surface area. Photocatalytic activity was evaluated
through the degradation of azo dye acid orange (AO7) and
removal of NO at the ppb level under visible light irradiation.
Photocatalytic performance of SrTiO; nanotubes can be modified
by changing the Cr-doped content.

Experimental

Material synthesis

Tetrabutyl titanate (TBT), Cr(NO3); 9H,0, and N,N-
dimethylformamide (DMF) were of analytical grade and supplied
by Shanghai Sinopharm Chemical Reagent Co. Ltd., China.
Polyacrylonitrile (PAN) and Sr(acac), were obtained from
Aladdin Chemical Co., Ltd. All chemicals were used as received
without further purification.

The precursor solution for electrospinning was prepared by
dissolving 0.57 g of Sr(acac), and 0.68 g of TBT in 20 mL of
DMF at room temperature according to stoichiometric
composition. After stirring for 1 h, 1.6 g of PAN and
Cr(NO3)3; 9H,0 were added into the mixture. The mixture was
stirred overnight and resulted in a transparent precursor solution.
The precursor solution was inserted into a plastic syringe with a
20-gauge stainless steel needle. The feeding rate was 0.7 mL h ™2,
monitored by a syringe pump. The electrode-clamped metallic
needle was connected to a variable high-voltage power supply. A
collection of aluminum foil acted as a grounded counter electrode,
12 cm away from the needle tip. Sr(acac),/TBT/Cr(NO3)s/PAN
composite nanofibers formed when 15 kV was applied. The as-
collected electrospun precursor fibers were air-dried at 80 <C for
6 h. Subsequently, the composite fibers were calcined in air for 1
h at 600 < with a heating rate of 1 < min’. The as-prepared
samples were labelled STO, Cr1-STO, Cr2-STO, Cr4-STO, and
Cr6-STO according to the corresponding atom ratios of Cr to Sr
(0%, 1%, 2 %, 4%, and 6%, respectively).

Materials characterization

X-ray diffraction (XRD) analysis was performed using a Rigaku
D/MAX-RB diffractometer with filtered Cu Ka radiation. Full
diffraction patterns were taken in the 26 range from 10°to 80 “at
a step model with a 0.02°step size. The sample morphology was
characterized using field emission scanning electron microscopy
(FE-SEM; SIRION200, Holland; accelerating voltage: 10 kV).
Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy images were recorded using a
JEOL JEM-2010F microscope. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a VG MultiLab 2000

s5 System with a monochromatic Al Ka X-ray source (ThermoVG

6

6

7

7

8

8

9

9

10

10!

S

5

o

5

0

5

S

5

15}

A

Scientific). The Brunauer-Emmett-Teller (BET) surface area was
determined via N, adsorption using a Micromeritics ASAP 2020
analyzer. The photoluminescence emission spectra of the samples
were recorded wusing a Hitachi F-4500 fluorescence
spectrophotometer at room temperature to investigate the
recombination of photoinduced charge carriers. UV-vis diffuse
reflectance spectra (DRS) were recorded on a SHIMADZU UV-
2550 spectrophotometer with an integrating sphere using BaSO,
as the reference.

Activity Evaluation

Photocatalytic activity was evaluated through the degradation of
AQ7 and removal of NO at the ppb level in a continuous flow
reactor under visible light irradiation at ambient temperature. A
photochemical reactor of self-made cylindrical glass vessel with a
water-cooling jacket was used in the photocatalytic degradation
of AO7. A 500 W Xe lamp with a 400 nm cut-off filter was
chosen as the visible light source. The irradiation distance
between the lamp and the sample was 12 cm. The 80 mg
photocatalyst was uniformly dispersed into the reactor with 80
mL of AO7 solution (10 g L. ™%). Before irradiation, the suspension
was stirred for 30 min and kept in the dark until an adsorption—
desorption equilibrium was reached. At a certain time interval, 3
mL of the reaction solution was taken, centrifuged, and measured
on a UV-vis spectrometer at a maximum absorption wavelength
of 485 nm. In the removal of NO, the volume of the rectangular
reactor, which was made of stainless steel and covered with
Saint-Glass, was 4.5 L (30 cm > 15 cm > 10 cm). A 30 W
commercial LED lamp (1 = 448 nm) was placed vertically on the
reactor. A 0.1 g photocatalyst was coated into a dish with a 12 cm
diameter. The NO gas was obtained from a compressed gas
cylinder at a concentration of 50 ppm of NO (N, balance) and
diluted to approximately 600 ppb using a dynamic gas calibrator
(Ecotech GasCal 1000) with zero air supply. The gas streams
were pre-mixed completely using a gas blender. The flow rate
was controlled at 1000 mL min™* by a mass flow controller. After
achieving an adsorption—desorption equilibrium, the lamp was
turned on. The concentration of NO was continuously measured
using the NO, analyzer model T200 (Teledyne API). The removal
ratio (o) of NO was calculated as 5(%) = (1 — C/Cy) < 100%,
where C, is the initial NO concentration, and C is the NO
concentration after the photocatalytic reaction.

Results and discussion

Fig. 1 shows the XRD results of the products obtained from
annealing as-spun precursor nanofibers in air for 1 h at 600 <C.
All products were well crystallized, and the diffraction peaks of
STO, Cr1-STO, Cr2-STO, Cr4-STO, and Cr6-STO were readily
indexed to cubic SrTiO3 (JCPDS 35-0734). No signals from other
impurities were observed. Fig. 1b shows a detailed analysis of the
(110) diffraction peaks in the range of 20 = 32<to 33< The
position peaks of Cr1-STO, Cr2-STO, Cr4-STO, and Cr6-STO
slightly shifted to a larger 20 value as Cr content increased. It
maybe indicates that Cr ions were incorporated into the SrTiOs
lattice and slightly caused lattice deformations.
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Fig. 1 (a) XRD patterns of STO, Crl1-STO, Cr2-STO, Cr4-STO, and
Cr6-STO obtained from annealing the as-spun precursor nanofibers at
600 <C, and (b) (110) diffraction peak positions in the range of 26 = 32
to 33°

Product morphology was observed via FE-SEM. Long
Sr(acac),/TBT/Cr(NO3)s/PAN  precursor  nanofibers  with
diameters of approximately 200 nm were obtained by
electrospinning (Fig. 2a). The product surface was smooth. After

s annealing the precursor nanofibers at 600 <C, the SrTiO;
nanofibers with diameters of approximately 100 nm formed.
These nanofibers were smaller than the precursor nanofibers
because of the decomposition of PAN, TBT, Cr(NOs);, and
Bi(NOs); (Figs. 2b to 2d). These nanofibers with tough irregular

10 surfaces were as long as several millimeters and piled up
disorderly (Fig. 2b). Fig. 2c shows a representative FE-SEM
image of the SrTiO; nanotubes, which reveals that all nanofibers
transformed into nanotubes after annealing. These continuous
nanotubes were porous and composed of interlinked

1s nanoparticles. Fig. 2d shows several clear nozzles of Cr4-STO
nanotubes. All products exhibited tubular structures, which
indicate no significant difference on tubular morphology after the
introduction of Cr ions.
The TEM images into the

provided further insight

20 microstructure of porous STO nanotubes. Fig. 2e shows a
representative TEM image for the STO product, which reveals a
well-defined tubular and porous morphology. The individual STO
nanotube had a continuous structure and uniform diameter. The
nanotube walls comprised of interconnected nanocrystals and
numerous pores with different sizes, similar to the SEM
observation. Fig. 2f displays a selected area electron diffraction
pattern, showing that the as-formed STO nanoparticles were
single-crystalline by nature. The nanoparticles could be indexed
to the [—113] zone axis of cubic-structured SrTiOs;, which is
% consistent with the XRD results. A tubular architecture is very
beneficial in the catalyst design and provided an effective
electron percolation pathway that can significantly improve the
lifetime of photogenerated charge carriers.®® Thus, porous
nanotubes with high surface areas could further enhance the
absorption of photon energy and benefit photocatalytic efficiency.

Various factors (e.g., raw materials, condensation reaction
during sol gelation, electrospinning parameters, and sintering
process) influence the morphology of electrospun fibers.'® Figs.
Sla to S1d display the TEM images of the products obtained
from annealing the as-spun precursor nanofibers at 300, 400, 500,
and 600 T, respectively. After annealing at 300 <C, the diameter
slightly decreased, and the surface was no longer smooth (Fig.
S1a). Numerous pores in the nanofibers emerged and gradually
enlarged when annealing at 400, 500, and 600 <C and increasing
calcination temperature. The hollow structure, annealing at
400 <C, loomed up even if the boundaries were blurred. When the
temperature increased to 500 <C, tough irregular surfaces were
observed outside and inside the nanotubes. The nanotubes with
thicker walls were also exhibited in the inset of Fig. S1b and Slc.
s0 Fig. S1d shows distinct porous nanotubes with diameters of 100

nm and wall thicknesses of 10 nm to 20 nm. The enlargement of

pores in the wall and hollow structure can increase the surface

area. According to the TEM observations of the hollow nanofiber
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Fig. 2 Representative FE-SEM images: (a) as-spun precursor nanofibers of STO, (b) STO nanotubes obtained at 600 <C, (c) porous tubular structures of
STO, (d) Cr4-STO nanotubes obtained at 600 <C, (e) TEM image of STO nanotubes obtained at 600 <C, and (f) SAED pattern of STO nanotubes.
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Fig. 3 N adsorption—desorption isotherms of Cr4—STO and pore size
distribution of Cr4-STO (inset).

formation, the interaction between the Sr and Ti precursors and
the different mass transfer rates during the heating process
prompted nanotube formation. PAN was a sacrificial template
and was gradually decomposed during the calcination process,
contributing to its fibrous structure. The precursors on the surface
region of the as-spun nanofibers were quickly decomposed
oxidatively to generate SrTiOz nanocrystals during calcination.
Most precursors in the core region did not react promptly because
of the lack of oxygen and were redistributed via fast surface
diffusion, which resulted in a concentration gradient, leading to
the Kirkendall effect.®® 3" PAN decomposed completely when the
heating temperature was further enhanced, and a hollow structure
was established.

Fig. 3 shows N, adsorption—desorption isotherms, and the pore
size distribution curves of Cr4-STO. The isotherm is of type IV
(BDDT classification) with a hysteresis loop in the range of (0.4
to 1.0) P/Py, which indicates pore size distributions in the
mesoporous region. The specific surface area of the samples,
calculated by the multipoint BET method, was 40.5 m? gX. The
pore size distribution of Cr4-STO, calculated from the desorption
branch of the N, isotherm via the Barrett-Joyner—Halenda
method (Fig. 3, inset), shows a relative wide range of mesopores.
The porous nanotubes contained small (peak pore diameter, ca. 4
nm) and large mesopores (peak pore diameter, ca. 25 nm) in the
holes of the porous nanotube walls. The N, adsorption—
desorption analyses could not provide further macroporous
information for the 3D networks composed of Cr4-STO
nanotubes. However, a large number of macropores were
observed among the disorderly nanotubes. Some of the
macropores had diameters up to several micrometers, which
could be confirmed by SEM and TEM analyses.

The results highlight a facile process for synthesizing SrTiO;
and Cr-doped SrTiO; nanotubes with macroporous and
mesoporous structures with no templates or additives. The
prepared nanotubes had at least three structural organization
levels: (i) SrTiO;z crystallization at a nanoscale, (ii) SrTiO;
nanotubes with continuous mesoporous walls and bimodal peak
mesopores from 2 nm to 50 nm, and (iii) 3D netlike macroporous

(b)

Cr4-STO

Intensity (a. u.)

10 8 6 4 2 0
Binding Engergy (eV)

Fig. 4 High-resolution XPS spectra of Cr4-STO: (a) Cr 2p and (b) VB
XPS spectra of STO and Cr4-STO.

frameworks formed from stacking nanotubes at a micrometer
40 scale. Mesoporous materials possessed large surface areas and
several active sites. Macroporous frameworks could serve as light
transfer paths for the distribution of photon energy and solution
and as gas transfer paths for the large surfaces of inner
photoactive mesoporous nanotubes. All these characteristics
45 benefited the photoreaction.®
XPS can further provide important information on the surface
chemical state and composition of Cr4-STO nanotubes. The
nanotubes were composed of Sr, Ti, Cr, and O. The 3d peaks of
Sr were also examined via high-resolution XPS (Fig. 2Sa). The
s0 XPS peaks at 134.3 and 132.6 eV were assigned to Sr 3dz, and Sr
3ds,, respectively, and ascribed to Sr (+2) in Cr4-STO. The Ti
2p3; and Ti 2pyy, peaks with a typical spin-orbit doublet of 5.7 eV
were at 458.3 and 464.0 eV, respectively, which are characteristic
of Ti (IV) (Fig. 2Sb). Fig. 4a shows the deconvoluted Cr 2p
ss Spectrum. Two peaks at 586.7 eV for Cr 2py,, and 577 eV for Cr
2p,3 were observed, which indicated the Cr (+3) state in Cr4—
STO. Wei et al.?® reported that the photocatalytic activity of
SrTiOz doped with Cr at a Sr site under visible light was higher
than that at a Ti site. The (110) diffraction peaks for the XRD
s pattern shift toward a higher 26 value (Fig. 1b), which implies
that Cr®* was incorporated into the Sr?* (ionic radius: 0.118 nm)
sites in the SrTiO; lattice. Otherwise, the 110 diffraction peaks
would have shifted toward a lower 26 value or would have not
shifted at all because the ionic radius of Cr®* (ionic radius: 0.062
es M) was slightly larger than that of Ti** (ionic radius: 0.061
nm).2" 3 In the XPS analysis, not only information on the binding
energy of a specific element was obtained but also the total

4 | Journal Name, [year], [vol], 00—00
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density of states of the valence band (VB). Fig. 4b shows the VB
XPS spectra of the STO and Cr4-STO nanotubes. The additional
diffusive electronic states of Cr4-STO above the VB maximum
(VBM) were observed, indicating a mid-gap near the top of the
VB. Previous studies demonstrated that several Cr 3d gap states
inserted into the band gap of SrTiO; in Cr-doped SrTiO3 and
resulted in visible light absorption.?® #’ The formation of mid-gap
was ascribed to the Cr 3d gap states in Cr4—STO, which modified
the SrTiO4 band structure.®

The optical properties of all products were measured using the
UV-vis diffuse reflection spectrum with a wavelength range from
200 nm to 800 nm (Fig. 5). The STO nanotubes showed an
absorbance edge at approximately 397 nm. The Cr-doped SrTiO;
nanotubes possessed better responsibility to visible light than
SrTiO; nanotubes, and a red shift of absorption edge was
observed when Cr content increased. The enhanced light response
was attributed to the interaction between the Cr element and the
SrTiO; lattice. Compared with the SrTiOz nanotubes, the Cr4—
STO nanotubes exhibited a significant absorption tail in the range
of 350 to 550 nm. It indicated that Cr®" ions can be incorporated
into the SrTiO; lattice and produce new Cr 3d gap states that
correspond to the XPS results of Cr4-STO nanotubes. The
electronic structure of Cr4—STO was narrowed by the new Cr 3d
gap states and enhanced photocatalytic activity.?” The band-gap
s values were calculated from the UV-vis absorption spectra

according to the following equation:
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Fig. 5 (a) UV-vis DRS of STO, Cr1-STO, Cr2-STO, Cr4-STO, and Cr6—
STO samples, and (b) relationship between (av)¥? and photon energy.

ahv=A (hv - E))"™

where o, hv, A, and E4 are the absorption coefficient, photo
energy, proportionality constant, and gap band, respectively. n is
% equal to 1 or 4 depending on a direct or indirect transition. The
fundamental SrTiO; absorption exhibited an indirect transition
between bands;?® thus, n = 4. The band gap energy was calculated
by extrapolating a straight line to the abscissa axis. Fig. 5b (inset)
shows the plot of the (a/v)Y? versus hv. The band gaps of STO,
35 Cr1-STO, Cr2-STO, Cr4-STO, and Cr6-STO were estimated as
3.12, 2.32, 2.26, 2.12, and 2.19 eV, respectively. Differences in
the band gap were due to the various Cr content in the SrTiO;
lattice and its influence on the band structure.
The recombination of photo-induced electrons and holes did
20 not favor photocatalyst activities. The photoluminescence (PL)
emission spectra were used to evaluate the separation capability
of photoinduced carriers. The PL emission spectra explained the
efficiency of charge carrier trapping, immigration, and transfer
rate of photogenerated electron hole pairs in the semiconductor.**
s ** High PL intensities indicated high recombination rates of
photogenerated electrons and holes. Fig. 6 shows the room
temperature PL emission spectra of STO, Cr1-STO, Cr2-STO,
Cr4-STO, and Cr6-STO nanotubes. The shape of these curves is
similar and asymmetrical, but the peak positions seem a little
so shift. This may be assigned to the change in the electronic
structure*. When excited at 320 nm, two emission peaks at
approximately 430 and 470 nm were observed. The decrease of
PL intensities was observed when the Cr content increased, but
the PL intensity for Cr6-STO nanotubes was enhanced. By
ss contrast, the emission intensity of Cr4—STO nanotubes clearly
decreased, which suggests that the recombination of
photogenerated charge carriers can be inhibited effectively.
Therefore, Cr4-doped SrTiO; nanotubes are highly favorable for
efficiently separating photoinduced carriers during photocatalytic
e0 reactions. In addition, the asymmetry of curves with different
intensity reflects the concentration changes of deflects in the
samples,*® which is also related to the photocatalytic activity.
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Fig. 6 Room-temperature PL spectra for STO, Cr1-STO, Cr2-STO, Cr4—
STO, and Cr6—STO samples.
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Fig. 7 (a) Degradation profiles of AO7 over STO, Cr1-STO, Cr2-STO,
Cr4-STO, and Cr6-STO, where C is the RhB concentration and Cq is the
initial AO7 concentration after adsorption-desorption equilibrium. (b)
Kinetic linear simulation curves of AO7 photocatalytic degradation with
STO, Cr1-STO, Cr2-STO, Cr4-STO, and Cr6-STO.

The photocatalytic activity of nanotubes under visible light
illumination (A > 400 nm) was initially determined using AO7 as
the model pollutant (Fig. 7a). Prior to light irradiation, the
solution was kept in the dark for 30 min to reach adsorption—

s desorption equilibrium between the photocatalyst and AO7. All
samples have the same porous structure and exhibited the similar
adsorption performance, leading to the enhanced photocatalytic
activity. Fig. 7a shows that AO7 was slightly degraded by the
STO nanotubes after visible light irradiation for 240 min. A

10 relatively low photocatalytic activity was observed, whereas self-
degradation was negligible. The Cr-doped nanotubes significantly
influenced photocatalytic activity. Even with a small amount of
Cr, the photocatalytic activity of Cr1-STO nanotubes notably
enhanced to 47% after visible light irradiation for 240 min. For

15 the Cr2-STO and Cr4-STO nanotubes, the efficiency of AO7
photodegradation gradually increased to 77% and 95%,
respectively. Consequently, the Cr 3d gap states increased, and
the SrTiO; band gap narrowed, which benefitted photocatalytic
activity. The photocatalytic activity of Cr6-STO nanotubes

20 decreased as Cr content increased. For Cr4-STO nanotubes, the
efficiency of AO7 photodegradation reached a maximum value.

The degradation of AO7 on STO and Cr-doped SrTiO; fits a
pseudo-first-order Kkinetics. The degradation constants (k) were
calculated as 0.0007, 0.0027, 0.0061, 0.0125, and 0.0085 min™*

s for STO, Crl1-STO, Cr2-STO, Cr4-STO, and Cr6-STO,
respectively (Fig. 7b). The Cr4—STO nanotubes exhibited the best
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Fig. 8 (a) Plots of the NO concentration decrease vs. irradiation time in
the presence of STO and Cr4-STO nanotubes under visible light
irradiation (4 = 448 nm). (b) Multiple photocatalytic reaction cycles of
Cr4-STO nanotubes for NO removal.

activity on the photo-oxidation of AO7. Cr doping influenced

geometric, electronic, and optical properties and introduced

lattice distortion and Cr 3d gap states, narrowing the SrTiO; band
0 gap.®® The doped SrTiO; with a low Cr dopant concentration

exhibited lower photocatalytic activity than that with a high Cr

dopant concentration because of the poor mobility of

photogenerated electrons.?® However, excess Cr doping can

irritate several lattice distortions and cause recombination centers
35 of photogenerated electrons and holes, decreasing photocatalytic
activity.?”#

Both STO and Cr4-STO nanotubes were evaluated through the
photocatalytical removal of gaseous NO in air under visible light
irradiation (4 = 448 nm) to gain further insight into the
photocatalytic activity of products and potential ability for air
purification. The adsorption—desorption equilibrium between the
air with NO and photocatalysts was reached prior to light
irradiation. The Cr4-STO nanotubes exhibited higher activity in
the removal of gaseous NO than that of STO nanotubes under
visible light illumination (Fig. 8a). The Cr4-STO nanotubes
removed 56% of NO in 35 min, whereas the STO nanotubes
removed only 18%. The photocatalytic activity of Cr4-STO
nanotubes was 8.6 times higher than that of STO nanotubes and
exhibited a higher NO removal rate at the first 6 min after light
irradiation, revealing the superior photocatalytic activity of Cr-
doped STO nanotubes. The significantly enhanced photocatalytic
activities of porous Cr4-STO nanotubes were attributed to the
large surface area, enhanced gas transfer, light harvesting ability,
and the narrow band gap due to Cr doping. Photocatalyst stability
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Fig. 9 (a) Pore size distribution curve of ground Cr4-STO powders,
which indicates that the sample still maintains a mesoporous structure.
(b) SEM image of ground Cr4-STO powders.

was also important to its practical application. Fig. 8b shows the
multiple photocatalytic reaction cycles of Cr4—STO nanotubes for
NO removal under visible light irradiation (1 = 448 nm).
Photocatalytic activity slightly decreased after four cycles, which
sindicates a slight deactivation of the catalyst. However,
photocatalytic efficiency of Cr4-STO nanotubes still maintained
up to 42% and was relatively higher than that of STO nanotubes.
The most plausible explanation is that some oxidation products
(e.g., HNO, and HNO3) were generated on the catalyst surface
10 during photocatalysis and blocked a few active sites on the
catalyst.**” The photocatalytic activities of Cr4-STO nanotubes
in the fifth cycle were almost recovered after being washed with
deionized water because HNO, and HNO; were removed,
implying that Cr4—-STO nanotubes are promising materials for air
15 purification.

The Cr4-STO nanotubes were ground with an agate mortar to
destroy the 3D networks of the samples. Their photocatalytic
activities were subsequently tested to further substantiate the
beneficial influence of 3D netlike frameworks formed from long

20 stacking nanotubes on photocatalytic activity. Fig. S3 shows N,
adsorption—desorption isotherms of ground Cr4-STO samples.
The isotherm is similar to that of Cr4—STO nanotubes and of type
IV (BDDT classification) with a hysteresis loop in the range of
(0.4 to 1.0) P/P,, which also indicates pore size distributions in

25 the mesoporous region. The specific surface area of the samples,
calculated by the multipoint BET method, was 39.4 m? g%, and
the results are close. Fig. 8a shows that the ground samples

maintained their mesoporous structures. However, the
macropores from the 3D networks disappeared, and all long
30 nanotubes broke into short hollow rods of less than 1 um lengths
(Fig. 8b). An approximate 9% drop in photocatalytic activity was
observed after grinding. Two things account for this decrease:
first, the collapse of 3D networks composed of disorderly 1D
nanotubes, which caused the macropores that formed among the
35 nanotubes to disappear or decrease and to lessen their ability to
transport matter and absorb light, lowering the photocatalytic
activity; second, the relativity between the photocatalytic activity
and the nanotube length. Liu et al.*® reported that photocatalytic
activity increased and then reached saturation as nanotube length
4 increased, which is mainly influenced by the light absorption
changes along the nanotube. In addition, the dependence of
photocatalytic efficiency on the nanotube length of 0.5 um to 10
um indicated that photocatalytic efficiency reached saturation
when the nanotube length was approximately 4 um.*® The short
a5 hollow rods with less than 1 um lengths after grinding led to
decreased light absorption and photocatalytic efficiency.

In general, photocatalytic activity is governed by three
properties: photoabsorption efficiency, efficiency of the reaction
of photogenerated electrons and holes, and the combination of the

s0 two. Numerous factors have crucial roles in photocatalysis>*?
Some of these factors can explain the high photocatalytic activity
of Cr-doped SrTiO3; nanotubes.

(1) 1D nanotube structure. The 1D nanotube structure

semiconductor has demonstrated superior performances
55 (e.g., remarkable directional transport characteristics of
electrons and holes). These channels could serve as light
and matter transfer paths and enhance the photocatalytic

activity.
(2) Multimodal pore size distributions. Multimodal porous
60 architecture with high specific surface areas not only

contributes to several active sites but also provides
efficient transfer of photogenerated charges, which is
highly preferable for harvesting light. The incorporation
of macroporous structures into mesoporous materials is

65 important in molecule traffic control and in the resistance
of photocatalyst deposit. The porosity of nanotubes not
only provides a readily accessible pore wall structure but
also optimizes the transport of matter by minimizing the
pressure drop.

70 (3) Cr doping. Some Cr 3d gap states appear in the band gap
of SrTiO; through Cr doping, which narrows the band
gap. The optical absorption edge shifts from the UV
region to the visible light region and enhances
photocatalytic activities.

s Conclusions

Porous Cr-doped SrTiO; nanotubes with average diameters of
approximately 100 nm were successfully fabricated using a facile
and economical electrospinning method combined with
subsequent calcinations without using any templates or additives.
s Porous Cr-doped SrTiO; nanotubes with high specific surface
areas showed different pore organizations: fine and large
mesopores with peak pore diameters of 4 and 25 nm and
macropores from the holes formed among nanofibers up to the
millimeter scale. Cr-doped SrTiO; nanotubes with a 4% Cr/Sr
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ratio exhibited high photocatalytic activities for the degradation 11
of AO7 and removal of NO under visible light irradiation because
of 1D nanotube structure, high specific surface area, multimodal 12
pore size distributions, and proper Cr doping. These factors
decreased the combination of electron holes, enhanced the e 13
photocatalysis activities, and improved the photoabsorption
efficiency and efficiency of the reaction of photogenerated 14
electrons and holes. Porous Cr-doped SrTiO; nanotube
frameworks are promising advanced catalytic support and novel 15
optic materials. 65
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