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Herein, we prepare a novel hollow composite fiber via a wet-
spinning process to overcome the nanostructured catalysts’ separa-
tion and recovery problems. The obtained TiO,/TPU fiber showed
excellent mechanical and photocatalytic performance. The fiber-
based textile achieved 99.6% degradation efficiency of rhodamine B
(RhB) and a high hydrogen production rate of 81.75 pmol g * h™%,

Introduction

Since Hoda and Fujishima investigated water splitting into
oxygen and hydrogen by TiO, under UV light irradiation, many
intricate nanostructured and heterogeneous photocatalysts
have been reported with high photocatalytic performances.'®
Currently, TiO, photocatalysis is actively used in the field of
photodegradation of organic compounds, specifically in envir-
onmental decontamination of wastewater, which also suffers
from some problems.”™* During practical application, photo-
catalysts exist as a powder in the water system, ensuring a high
number of photoactive sites and optimizing mass transfer.'?
However, nanophotocatalysts also have some drawbacks. Due
to their relatively small size, suspended photocatalysts tend to
rapidly aggregate, considerably decreasing their effective sur-
face area and catalytic efficiency.">™"” Moreover, the fate and
transportation of the dispersed powder are closely related to
potential human health problems.® Therefore, it is an urgent
but challenging need to separate and collect nanoparticles from
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the solution system and improve their stability for continuous
use.'®?° Current concerns about nanostructured photocatalysts
include overcoming separation and recovery problems from
solutions during practical applications, such as stability, toxi-
city, and secondary pollution, to improve the applicability.
Developments of these practical applications are of significant
potential industrial and scientific importance and require
considerable effort and time.

Many researchers have focused their attention on the immo-
bilization of TiO, nanoparticles on different support materials
to improve the photocatalytic activity and separate them more
effectively. Some common examples of such support materials
include glass, activated carbon, silica, polymers, plant fibers,
etc.">*'7>3 Nevertheless, the entrapment of these nanoparticles
on an inert substrate provides an inherent drawback of losing a
portion of the surface-active sites, which will reduce the activity
of photocatalysts and enlarge the mass transfer limitations.
Additionally, immobilization of the catalysts results in an
increased operational difficulty, as the light will not be able
to effectively reach the surface-active sites of the catalyst,
thereby reducing photonic activation. Moreover, most of the
support materials are either expensive, contain potential impu-
rities, or display reduced durability and flexibility.>* Due to
their low cost, chemical inertness, mechanical stability and
high durability, polymer supports have been demonstrated to
be among the best candidate materials for the immobilization
of photocatalyst nanoparticles. Polymers with functional prop-
erties, such as self-healing, response to stimuli, biodegradabil-
ity or electrical conductivity, play a significant role in industry
and daily life. The combination of traditional polymers with
nanophotocatalysts is highly worthwhile for the improvement
of practical application through photocatalytic engineering. In
addition, polymer supports have a relatively low density, mak-
ing it easy to design floating photocatalysts, especially in
aqueous media.>>*” Thermoplastic polyurethane (TPU) is an
elastomer with low-temperature flexibility, biocompatibility,
resistance to hydrolysis, optical transparency, flame retardancy
and antistatic properties.?® In particular, the incorporation of
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Scheme 1 Schematic illustration (a and b) and image (c) of the wet spinning process.

TPU could improve the overall durability of products.* Several
property combinations of TPU make it suitable for many applica-
tions, such as catalyst supports and sensors, and in the automotive,
footwear, and construction industries.”®**°>* In addition, the recy-
cling processes of TPU have been reported to be economical and

100 pum

Fig. 1

© 2022 The Author(s). Published by the Royal Society of Chemistry

practical.* Thus, compared with other conventional polymers, TPU
is an excellent material for the immobilization of photocatalyst
nanoparticles. Recently, stretchable composite fibers have gained
significant attention owing to their ability to be directly woven into
or stitched onto textiles.>**>° In such a composite fiber system,

100 pm

(al-e2) SEM images of as-prepared fibers which TiO,: TPUwas 1:2,1:5,1:8, 1:12, 1: 20, respectively; (f1 and f2) SEM images of neat TPU fiber.
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polymer matrix materials could introduce superior stretchability,
and functional elements in the polymer matrix could modify and/
or increase the functionality of fibers. So, composite fiber will
process the unique properties for various practical applications,
such as energy devices, optics, sensors, microelectronics, catalytic
devices, etc. These qualities will provide better wearability and
integrality for the practical application of photocatalysis.*>*"

In that sense, TiO, NPs should be exposed on the surface as
much as possible during immobilization in the TPU matrix.
Hollow fibers with a larger surface area were a better choice to
prepare such functional composite fibers. Therefore, we prepared
a novel hollow TPU-based composite fiber via a wet-spinning
process by immobilizing TiO, nanoparticles in its matrix as
shown in Scheme 1.* In this system, we used flexible and durable
TPU to introduce superior stretchability, and TiO,, which acts as a
functional filler for photocatalysis. First, we investigated the effect
of TiO, content on the structure and mechanical performance of
the composite fibers. Then, the TiO,/TPU hollow composite fiber
was woven into a textile to evaluate its photocatalytic perfor-
mance. To assess the quality of the TiO,/TPU fiber, its tensile
properties were investigated. Moreover, the fiber was braided into
a textile to evaluate its photocatalytic performances (including
degradation and hydrogen production) and stability.

Results and discussions

The surface morphologies of the as-prepared composite and
neat TPU fibers were investigated using scanning electron
microscopy (SEM). As shown in Fig. 1a1-2, the 1:2 TiO,/TPU
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fiber with diameters of 150-240 pm presents a rough surface,
indicating that a much higher catalyst content does not benefit
the formation of uniform fibers in our experiments. At high
concentrations, the agglomeration of TiO, NPs by the strong
van der Waals force results in the formation of dense networks
in the TPU matrix. Fig. 1b1-f2 shows SEM images of 1:5, 1:8,
1:12, and 1:20 TiO,/TPU fibers and neat TPU fibers. The TiO,/
TPU composite fiber shows a hollow structure when the mass
ratio of TiO,:TPU is lower than 1:5. This hollow structure
enables more TiO, to be exposed on the surface of the fibers,
which will be better for the photocatalytic process. The hollow
porous structure is conducive to heterogeneous catalytic reac-
tions, promoting the diffusion and transport of reactant mole-
cules and may help to improve the photocatalytic activity. With
decreasing TiO, content, the diameters of the holes in fibers
decrease due to the decreasing supporting function of TiO,.
The 1:20 TiO,/TPU and neat TPU fibers (Fig. 1f1-2) exhibited a
porous microstructure with folds on their surface. The fibers
were elliptical, which was related to the lower support from
TiO, during TPU coagulation. A possible explanation for the
formation of hollow fiber might be as follows: once the TiO,/
TPU spinning suspension is extruded into the coagulation
solution, acetone diffuses into the fiber.”® Simultaneously,
the DMF in the fiber diffuses into the coagulation solution,
and the surfactant dissolves as well. The fibers begin shrinking
from the surface. The TiO, content influences the phase diffu-
sion and coagulation rate, and it also determines the size and
percentage of pores. At a high concentration of TiO,, the

agglomeration of TiO, NPs prevents the formation of large

pores.*3

When the concentration decreases, TiO, NPs cannot

Fig. 2
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(a—d) FE-SEM images; (e) EDX spectra; (f—j) element mapping images of 1:5 TiO,: TPU fiber.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 EDX spectra results of 1:5 TiO2: TPU fiber

Element Line type Wt% Wt% Sigma Atomic %
C K series 57.83 0.60 68.79

N K series 1.28 0.85 1.31

(6] K series 29.78 0.42 26.59

Ti K series 11.12 0.28 3.32
Total: 100.00 100.00

prevent the formation of large pores, so hollow pores will
appear during coagulation from the surface to the interior.
Interestingly, the 1:20 TiO,/TPU and neat TPU fibers show an
oval-shaped cross-section due to the lack of TiO, NPs. Injection
through the spinneret and further elongation of fibers during
the winding-up process give rise to the alignment of NPs
exposed on the fiber surface. Furthermore, TPU long-chain
molecules align more effectively along the spinning direction
during the wet-spinning process, enabling superior stretchabil-
ity for the preparation of smart textiles.*®

The composite fiber was also analyzed using field emission
scanning electron microscopy (FE-SEM) coupled with energy-
dispersive X-ray spectroscopy (EDX) to observe the dispersion of
TiO,. It can be observed from the FE-SEM images of the TiO,/
TPU fiber (Fig. 2a-d) that most TiO, was exposed on the
surface. The EDS spectrum and elemental mapping images
(Fig. 2e-j) indicated the existence of Ti, O, C and N. Further-
more, TiO, was not distributed inhomogeneously in the fiber,
but some TiO, aggregated. Table 1 shows the analyses of all
elements, which further proved that no impurities existed in
the fiber.

A filament tensile test was performed to investigate the
mechanical properties of the composite fibers using a TA
Instruments Q800 Dynamic Mechanical Analyzer (DMA). The
fiber was pasted on a small piece of paper with a 20 mm X
5 mm hole in the center, and the hole was cut open after being
fixed on the DMA before measurement. It should be noted here
that the 1:2 TiO,/TPU fiber is easily broken and could not be
fixed in our small piece of paper for tensile test, due to the
lower tensile strength and lowest failure strain resulting from
too many TiO, inclosed in TPU matrix. The typical tensile
strength-strain curves of the TiO,/TPU and neat TPU fibers
are shown in Fig. 3a-c. The tensile strength of the neat TPU
fiber was ~49 MPa, with a maximum failure strain of 490%.
With increasing TiO, content, the mechanical properties of the
composite fiber decreased, regardless of the tensile strength or
the maximum failure strain. The fiber with a weight ratioof 1:5
had the lowest tensile strength and minimum failure strain
among all the composite fibers, which were ~9 MPa and
~322%, respectively. The decreased elongation at break in
the composite fiber was attributed to the relatively poor inter-
facial contact with TPU and agglomeration of TiO,, which
affected the stretchability of the TPU matrix.*® It should be
noted that the composite fiber with higher filler content(higher
than 1:5) does not present the hollow structure and easy break,
so it could not be used for 20 mm filament tensile strength-
strain measurement. Regardless, the 1:5 TiO,/TPU fiber is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a—c) Tensile strength—strain curves of the TiO,/TPU composite

better for building smart textiles for photocatalytic applica-
tions in our experiment due to its higher content of TiO,
photocatalysts.

As a ‘“green” wastewater purification technology driven by
solar radiation, photocatalysis has been widely used for decom-
posing organic pollutants into harmless inorganic molecules.
As shown in Fig. 4, the TiO,/TPU composite fiber was woven
into a textile and fixed on a two-line stage to evaluate its
photocatalytic performance, such as photodegradation and
H, production (more details in ESI:} Fig. S1). The photodegra-
dation performances of the TiO,/TPU fiber-based textile were
evaluated by removing RhB and 4-CP from an aqueous solution
under light irradiation. The data were normalized to the same
weight of the smart textile for comparison. Fig. 5a illustrates
the adsorption and time-dependent photodegradation curves of

Mater. Adv., 2022, 3,1518-1526 | 1521
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Fig. 4 The images of smart textiles for photocatalytic applications: (a)
composite fiber woven into a textile; (b and c) the woven textile; (d) the
fixed smart textiles for photocatalytic degradation and photocatalytic H,
production.

5 ppm RhB over TiO,/TPU fiber-based textiles with different
TiO, contents. More TiO, in the fiber visibly improved the
photodegradation performance. The porous hollow structures
enabled more photocatalysts to be exposed on the fiber surface,
which was beneficial to the contact of pollutants with photo-
catalysts, resulting in the excellent degradation performance of
hollow fiber-based textiles. The hollow 1:5 TiO,/TPU fiber-
based textile showed the best photocatalytic performance,
and the removal efficiency under light irradiation reached
99.6% after 240 min. In contrast, the 1:20 TiO,/TPU fiber-
based textile exhibited the worst photocatalytic performance,
and the degradation efficiency decreased to 91.3% after 240 min
irradiation. In addition, the effects of the initial RhB concen-
tration on the degradation efficiency of hollow 1:5 TiO,/TPU
fiber-based textiles were investigated using different RhB
concentrations (5, 10, 15, and 20 ppm). As shown in Fig. 5b,
the degradation efficiency of RhB decreased from 99.6% to
75.6% as the initial RhB concentration increased from 5 to
20 ppm. This may be attributed to the fact that a higher
concentration of RhB consumed more photogenerated reactive
oxygen species. The stability of our smart textile was also
vital to its practical applicability in photocatalysis. To confirm
the stability of the TiO,/TPU fiber-based textile, recycling
experiments were carried out on the photodegradation of
RhB in five cycles. As shown in Fig. 5c, after five cycles under
the same conditions, the textile still maintained a high-
efficiency degradation capacity. Moreover, the device exhi-
bited the highest degradation capacity in the third cycle,
which may be due to more TiO, exposure during the reaction.
Textiles colored with RhB could also turn white in sunlight by
self-cleaning as shown in Fig. S3 (ESIY), thus enabling the use
of smart textiles for other applications, such as self-cleaning
clothes.

In addition, the degradation efficiency of powdered TiO, was
further investigated to evaluate the performance of the fiber.
Fig. 6 shows the degradation efficiency of different pollutants
by powdered TiO,, in which the weight was the same as the
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Fig. 5 Photocatalytic degradation of RhB (a) different TiO, content; (b)
different RhB concentrations; (c) cycle experiment.

TiO, content of the 1:5 TiO,/TPU fiber-based textile. Due to the
sufficient contact of pollutants with the catalysts, powdered
TiO, exhibited excellent adsorption and degradation perfor-
mances. TiO,/TPU fiber-based textiles could also degrade var-
ious contaminants, regardless of whether they were 5 ppm RhB,
or 20 ppm RhB or 4-CP. However, there was still a large gap
between the degradation ability of the fiber and powder
catalyst. Hence, the challenge remained to develop more
exposed surfaces of TiO, in fiber-based textiles.

Photocatalytic hydrogen production has been widely
regarded as a route with good prospects for addressing the
current and increasingly serious energy crisis. It is of great
practical significance in the preparation of excellent and reu-
sable photocatalytic textiles for photocatalytic H, production as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. S4 (ESIt). As shown in Fig. 7, the performance of
the TiO,/TPU fiber-based textiles was measured by monitoring
the amount of hydrogen produced from an aqueous solution
containing 10 vol % methanol as the sacrificial agent. The H,
production rates of fiber-based textiles with different TiO,
contents are displayed in Fig. 7a. The H, production rate of
the 1:5 TiO,/TPU fiber-based textile reached 327 umol g~ * after
4 h irradiation, which was 25 times higher than that of the 1:8
TiO,/TPU fiber-based textile. The H, production rate of the
TiO, powder catalyst was further investigated, in which the
weight was the same as the TiO, content of the 1:5 TiO,/TPU

© 2022 The Author(s). Published by the Royal Society of Chemistry
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fiber-based textile. As displayed in Fig. 7b, the H, production
rate of the TiO, powder catalyst reached 1984 pmol g~ ' after 4 h
irradiation, which was 6 times higher than that of the fiber-
based textile. This was because some TiO, was coated with TPU
and even agglomerated, which reduced the reaction sites of the
catalyst and significantly reduced light utilization. To investi-
gate the stability of the 1:5 TiO,/TPU fiber-based textile for H,
production, the cycle results are shown in Fig. 7c. Notably, the
textile presented highly stable and excellent activity during the
cycle tests. Due to greater exposure of TiO, during the reaction,
the textile performs best in photocatalytic H, production dur-
ing the third cycle, which eventually produces 346 umol g~ ".
This result was consistent with the cycle results of photocata-
lytic degradation. By the way, our fiber-based textile shows

Mater. Adv,, 2022, 3,1518-1526 | 1523
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textiles.

better photocatalytic H, production in acidic conditions as
shown in Fig. S5 in the ESL¥

From the above measurements, a possible photocatalytic
mechanism for our smart textile is briefly proposed in Fig. 8. As
we mentioned, TiO, NPs are functional elements that enable
the photocatalytic properties of the fiber and its textiles. Under
light irradiation, excited electrons and holes are generated on
TiO, NPs on the fiber surface or inner surface, which react with
RhB or water for photodegradation and hydrogen production,
respectively. The more TiO, NPs loaded on the surface or inner
surface of the fiber, the higher the photocatalytic performance.
Our smart textile is based on hollow composite fibers support-
ing TiO, NPs on its surface as much as possible, which is why
our smart textile shows such high photocatalytic performance,
as shown in the right of Fig. 8. As shown in Table S1 (ESIt),
our smart textile shows better photocatalytic activities than
those in other literature, proving composite fiber and its textile
are promising candidates to overcome separation and recovery
problems of nanostructured catalysts.

Conclusions

In summary, a novel hollow composite fiber composed of TiO,
and TPU was fabricated via a simple wet-spinning method. The
fiber exhibits excellent mechanical properties with high tensile
strength and elongation at break. In addition, the composite
fiber has excellent photocatalytic properties for degradation
and hydrogen production. In particular, the 1:5 TiO,/TPU
fiber-based textile showed the best photocatalytic performance,
in which the removal efficiency of 5 ppm RhB reached 99.6%
and the H, production rate was 81.75 pmol g~ * h™ . In the five-
cycle test, the composite fiber showed high stability and
excellent activity. The composite fiber showed the best activity
in the third cycle, in terms of either degradation performance
or hydrogen production performance. This may be due to
greater exposure of TiO, on the surface of the hollow fibers.
Therefore, such smart textiles may open a new avenue for the
practical applications of nanostructured catalysts, and we think
multifunctional smart textiles will appear to solve environmen-
tal issues, such as those smart textiles that combine the

1524 | Mater. Adv, 2022, 3,1518-1526
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removal, degradation, sensing, and detection of pollutants
together during practical applications.

Experimental section
Materials

Titanium dioxide nanoparticles (TiO, NPs), acetone, N,N-
dimethylformamide (DMF), thermoplastic polyurethanes
(TPU), sodium dodecyl sulfate (SDS), methanol, rhodamine B
(RhB), p-chlorophenol (4-CP) and chloroplatinic acid (H,PtClg-
6H,0) were all commercial analytical grade reagents and used
as received without any further treatment or purification.
Thermoplastic polyurethanes (TPU, Elastollan B 80 A) were
obtained from BASF Co. Ltd.

Wet-spinning of TiO,/TPU fibers

TiO,/TPU composite fibers were prepared via a wet-spinning
process, as shown in Scheme 1. In a typical experimental
procedure, 0.5 g SDS was dispersed into 15 g DMF solution
under sonication for 15 min. Then, 0.125 g TiO, was added to
the mixed solution under sonication for 50 min. Thereafter,
1.0 g TPU was added and stirred at 98 °C until the solid
completely dissolved. After cooling to room temperature, the
TiO,/TPU suspension could be used for the wet-spinning
process. The suspension was extruded from a syringe through
a 23G needle into an acetone-based coagulation bath. After
coagulation, the fibers were continuously collected and dried in
air. In this research, the TiO,-to-TPU weight ratios of the
prepared suspensions were 1:2,1:5,1:8,1:12 and 1:20. Pure
TPU fiber was also prepared as a control. To keep the TiO,
dispersed evenly, the TiO,-to-SDS weight ratio of the prepared
suspensions was 1 : 4. The fibers were woven into a textile (1.5 x
1.5 cm) as the photocatalyst for photocatalytic experiments.

Characterizations

The structure of the composite fibers was investigated by using
scanning electron microscopy (SEM, SNE-4500 M Plus). The
distribution of elements in the fiber was investigated by using
field emission scanning electron microscopy (FE-SEM, Hitachi,
SU8220). Stress-strain curves of the composite fibers were
obtained by using a TA Instruments Q800 dynamic mechanical
analysis (DMA) device.

Photodegradation performances

As a “green” wastewater purification technology driven by solar
radiation, photocatalysis has been widely used for decompos-
ing organic pollutants into harmless inorganic molecules. The
TiO,/TPU composite fiber was woven into a textile and fixed on
a two-line stage to evaluate its photocatalytic performance, such
as photodegradation and H, production. RhB was used as the
model pollutant to evaluate the photodegradation performance
of each prepared photocatalyst when illuminated by a 300 W
xenon lamp. Typically, the prepared photocatalyst was added to
100 mL of RhB solution. During the photodegradation process,
the concentration of RhB solution was measured by a UV-vis

© 2022 The Author(s). Published by the Royal Society of Chemistry
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spectrophotometer (Jinghua, 754PC) to record the absorbance
at 554 nm. The degradation percentage (n) of RhB after photo-
reaction for t min was then calculated by the following equa-
tion: # = (Cy — Cy)/Cy X 100% (C, = initial RhB concentration,
C; = residual RhB concentration at t min).

The degradation performance of 4-chlorophenol (4-CP) was
further investigated. The prepared pollutant was a 4-CP aqu-
eous solution (5 ppm). The process was the same as that for the
photodegradation of RhB. Eventually, the concentration of the
4-CP solution was monitored with high-performance liquid
chromatography (Thermo Fisher, Ultimate 3000).

Photocatalytic hydrogen evolution

The H, generation experiment was performed in a 150 mL
sealed quartz three-necked Pyrex flask, and a 300 W xenon
lamp was used as the visible-light source. The photocatalyst was
added to 100 mL of methanol (10 vol%, pH = 3) aqueous
solution containing H,PtCls (Pt/TiO, = 1 wt%). The oxygen in
the reaction system was replaced with argon gas by a vacuum
pump. Then, the system was irradiated under the light source.
One hundred milliliter gas samples were taken at regular
intervals (30 min), and the gas component was analyzed by a
gas chromatograph (Fuli 97901I, with Ar as the carrier gas).
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