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ARTICLE INFO ABSTRACT

Keywords: Titanium dioxide (TiO2) nanomaterials are ideal for photocatalytic degradation of organic pollutants but remain
TiO, fibers infeasible for industrial and municipal wastewater treatment because they cannot simultaneously satisfy two
Electrospinning

essential criteria for practical application, i.e., high performance and good recyclability. Here, we design and
create hierarchically porous TiO» fibers by dual-polymer templating sol-gel electrospinning combined with
precise control over crystallization. The produced fibers own unique interconnected macropores throughout the
fiber body that enable significantly enhanced light absorption and unlimited mass transport, making them ideal
hosts for anchoring plasmonic nanoparticles (NPs). The Au NP-coupled TiO fibers have photocatalytic effi-
ciencies up to 6.6 times higher than plain TiO; fibers, showing comparable ability as commercial P25 nano-
powder in photodegrading methyl blue (MB) and achieving complete decomposition of methyl orange (MO) in
90 min while P25 degrades only 66% MO. Unlike P25 or anatase TiO5 nanopowders that non-reversibly disperse/
aggregate in water, our composite fibers can be recollected through natural sedimentation, and their superior
performance remains for at least six cycles. This work offers a practical and feasible design for high-performance
recyclable photocatalysts for industrial-scale water treatment.

Hierarchical porous structures
Plasmonic photocatalysts
Water treatment

1. Introduction

Developing more efficient and powerful water treatment techniques
and procedures is paramount to addressing the global shortage of clean
water [1]. Among various modern water treatment methods, photo-
catalytic degradation is the greenest and most sustainable as it uses
photocatalysts to harness clean solar energy [2]. Titanium dioxide
(TiO3) is an ideal and robust photocatalytic material and its inherent
limitations, e.g., the relatively wide band gap and high electron-hole
recombination rate, have been extensively addressed in the past de-
cades [3,4]. However, until today, TiO2 nanomaterials are infeasible for
industrial or municipal water treatment facilities, one of the primary
reasons being the difficulty in separating the catalyst from the catalyst
water suspension [5]. For example, removing commercial TiO, nano-
powders (e.g., P25) from water costs more than the price of the material
itself [6]. Even though expensive and time-consuming processes such as
centrifugation, ultrafiltration, and phase separation methods could
reclaim most photocatalysts [7-9], the obtained materials are
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agglomerated and their is photocatalytic activity is vastly [10].

To address the recycling issue of the powder photocatalysts, one
solution is immobilizing or coating TiO2 materials on recyclable sub-
strates, such as polymer fiber membranes, carbon fibers, and wool fab-
rics [11-13]. However, the instability of the supporting material, the
large amount of inaccessible TiOy surface sites, and the insufficient
interface adhesion severely limit their purification efficiency [14]. Much
effort has been directed toward developing one-dimensional (1D) TiOq
materials with high-aspect-ratio 1D structures to minimize aggregation
and enable easy removal from water suspensions. Among Besid various
existing 1D structures available, TiO; fibers can be continuously pro-
duced by electrospinning - a powerful technique with an unbeatable
capacity for mass production of high-quality fibers [15,16]. This robust
and versatile process can generate doped TiO5 fibers by simply incor-
porating additives into the spinning solution and altering the calcination
atmosphere [17,18]. Electrospinning is also potent for creating nano-
structured TiO, fibers by design, such as hollow fibers [19], multi-
channel hollow fibers [20], tube-in-tube fibers [21], and other
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complex porous structures [22]. Nevertheless, a significant proportion
of surface area of the nanostructured fibers comes from the micropores
(<20 nm) and mesopores (2-50 nm) close to the fiber surface and inside
the fiber body. When used in water treatment, the water cannot reach
these reactive sites unless the fiber undergoes severe structural degra-
dation. Even if some inner surface sites can be wetted, the limited mass
transport significantly suppresses the reaction rate. In comparison,
macropores (>50 nm) serve as diffusion channels and support the
transport of substances [23]. However, inducing macropores into highly
crystalized TiO, nanofibers causes severe structural fragility. Once
agitated in water, the porous fibers break into short segments or single
crystals, quickly losing all the advantages associated with the 1D ge-
ometry [24]. To solve this dilemma, the new design of fiber materials is
called, for example, porous microfibers that are more durable for
recirculation and reuse and possess large surface areas for high
efficiency.

Compositing TiO fibers with other materials has been widely used to
boost their photocatalytic performance. Coupling TiO5 with plasmonic
noble metal nanoparticles (NPs) has been proven the most successful
because the Schottky junction formed at the metal NP/TiO, interface
promotes the separation of photogenerated charge carriers, and the
localized surface plasmon resonance (LSPR) effect of NPs significantly
intensifies the local electric field and enhances light absorption [25-27].
However, these benefits can only be achieved with sophisticatedly
designed semiconductor-metal NP architecture. Concerning fiber ma-
terials for water treatment applications, we propose four design princi-
ples: (i) NPs should be directly anchored onto TiO5 instead of being
suspended in water separately because the formation of Schottky junc-
tion requires direct metal NP/semiconductor contact [28], and the LSPR
is limited to the very vicinity of NPs. (ii) NPs should be photostable
without melting or irreversibly oxidized during photoreactions [29].
(iii) NPs should remain discrete and evenly distributed on the fiber
surface without aggregation or agglomeration. (iv) The interaction be-
tween NPs and TiO5 should be strong enough to avoid separation during
recycling and reuse. To our knowledge, a TiO» fiber composite that
meets all these criteria has not been fabricated yet.

Herein, we introduce our dedicatedly designed photocatalysts,
plasmonic Au NP/hierarchical porous TiO, fibers (Au/HP-TiO5). TiOy
fibers with hierarchically porous structures are realized by a newly
proposed method, dual-polymer templated sol-gel electrospinning. The
co-existence of two types of pores significantly improves the ability of
the fibre to captue and allows mass transport inside fiber structures. HP-
TiOq is further coupled with Au NPs by a facile chemical reduction
method, where varied-sized Au NPs are investigated for optimizing the
plasmonic effects. The composite fibers are examined for photo-
degradation of several organic pollutants compared to the standard P25
TiO5 nanopowder, and the superior recyclability of our composite fibers
is highlighted. The outcomes of this work provide insights into designing
and creating more economical and sustainable fiber materials for facil-
itating the utilization of photocatalysis technology in large-scale water
treatment.

2. Materials and methods
2.1. Materials

Polyvinylpyrrolidone (PVP, M.W. 1,300,000), Titanium (IV) iso-
propoxide (TiP, > 97 %), Tetraethoxysilane (TEOS, > 99 %) were pur-
chased from Alfa Aesar. Gold(III) chloride trihydrate, Copper(Il) nitrate
hemi(pentahydrate) (Cu(NO3)»-2.5 H30, ACS reagent, 98%), PTFE free
flowing powder (mean size 1 um), Ethanol (EtOH, > 99.8% GC),
Acetone (> 99.5% GC), Phenol (99.0-100.5% GC), and Titanium(IV)
oxide anatase nanopowder (< 25 nm particle size, 99.7% trace metals
basis) were purchased from Sigma-Aldrich. Acetic acid (AcOH) was
purchased from Honeywell. Degussa P25 TiO, was acquired from Evo-
nik (80:20 anatase:rutile). All reagents were used without further
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refinement.
2.2. Preparation of porous ceramic fibers

Spinning solutions containing dual-polymer templates were typically
prepared by the following steps. 10 g PVP powder was dissolved in 100
mL EtOH to prepare a polymer stock solution. 5 mL TiP and 1.46 mL
TEOS were mixed with 7.4 g PVP/EtOH solution (molar ratio TiP:TEOS
= 2.5:1), yielding a yellowish solution (A). 0.225 g Cu(NOs3)2-2.5 Ho0
was dissolved in 1 mL AcOH to give a clear blue solution (B). (B) was
slowly added into (A), stirring at 65 °C for 3 h. For the fiber with 20 wt%
PTFE loading, 0.62 g PTFE powder was gradually added into the solu-
tion, stirring vigorously and sonicating for 1 h. The amount of PTFE
powder varied according to the loading level. The spinning solutions
were fed into a syringe and electrospun using 20-25 kV (Genvolt High
Voltage Power Supply). The nozzle-to-collector distance was 26 cm, and
the extrusion rate was 5 mL h™!. The temperature and humidity were 22
+ 3 °C and 45 + 15 %, respectively. The collected TiO5/PVP/PTFE and
TiO4o/PVP precursor fibers were placed inside an alumina crucible (with
lid) and heated in air at 10 °C/min ramping rate. Varied combinations of
calcination temperatures and durations were examined.

2.3. Anchoring Au nanoparticles on TiO; fibers

Citrate-stabilized Au nanoparticles (NPs) were synthesized using a
citrate reduction method according to the protocol developed by Frens
etal [30]. 25 mg TiO, fibers were dispersed in 50 mL HAuCly solution
(concentrations from 0.1 to 2 mM) warmed to 70-90 °C, stirred at 250
rpm for 30 min to allow AuCly to fully adsorb on the fiber surface. The
solution was heated to boiling while dropwisely adding 1 mL of freshly
prepared 1 wt% sodium citrate solution. The solutions were boiled for an
additional 15 min then cooled down to room temperature while stirring.
Au/TiO; composite fibers were separated from Au NP solution by
centrifugation at 500 rpm for 20 min, then carefully removing the su-
pernatant. 50 mL of deionized water was refilled into the centrifuge
tube, followed by a second round of centrifugation and supernatant
removal. This process was repeated six times, finalized by washing the
solid fiber acetone and drying at 70 °C for 4 h.

2.4. Materials characterization

Scanning electron (SEM) and scanning transmission electron mi-
croscopy (STEM) images were taken using a Zeiss Merlin. For SEM
analysis, the samples were coated with 5 nm Pt. The fiber diameter and
crystal size histograms were obtained by at least 200 unbiased counts of
the fiber diameter from SEM images (coating thickness was included).
Transmission electron microscopy (TEM) images were obtained by JEOL
JEM-3000F operated at an acceleration voltage of 200 kV. Elemental
maps were recorded using Energy-dispersive X-ray spectroscopy (EDS)
(Oxford Instruments Inca).

Fourier transform infrared (FT-IR) attenuated total reflection (ATR)
spectrum was recorded with a Varian Excalibur FTS 3500 FT-IR Spec-
trometer. Thermal gravimetry and differential thermal analysis (TG-
DTA) were carried out on a Perkin Elmer TG/DTA 6300 instrument in
dry air from room temperature to 1000 °C at 10 °C min~! ramping rate.
Brunauer-Emmett-Teller (BET) surface area analysis was performed
based on Ny adsorption isotherm obtained by a Micromeritics Gemini
VII BET surface area analyzer. UV-vis diffuse reflectance spectroscopy
(UV-vis DRS) was conducted on a Varian Carry 5000 UV-vis-NIR spec-
trophotometer using a Praying Mantis diffuse reflectance accessory. The
powder samples were pressed into non-transparent flat pellets before
characterization. All samples were characterized ensuring the same
equipment calibration, and the results were presented without normal-
ization. The optical band gaps of TiO, fibers and anatase TiOy nano-
powder were determined by a Tauc plot method assuming indirect
semiconductor, i.e., by plotting («hv)!/? versus hv and extrapolating the
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linear tangent to the x-axis, where « is absorption coefficient, h is plank
constant, and v is the light frequency.

X-ray diffraction (XRD) patterns were obtained using a Bruker D8
Advance ECO diffractometer in a reflection mode at 40 kV and 25 mA
using Cu Ka radiation (A = 1.54 A). Scherrer equation was used to
determine the crystallite sizes

K
" B x cosf

(€Y

where D is the crystallite size, K (=0.9) is the crystallite-shape factor, p is
full-width at half-maximum of diffraction peak, and 0 is the Bragg angle
in radians. The error bars were obtained by calculating the D from
several diffraction peaks. The weight fraction of rutile (yrutle) was
determined from [31]

081,
Ir

Yowite = (1 + 2)

where Iy and Ir are the peak intensities of anatase (1 01) and rutile
(1 1 0), respectively

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed on a Thermo Scientific K-Alpha XPS with a microfocussed
monochromated Al X-ray source. The source was operated at 12 keV,
and the spot size was 400 pm. To compensate the effects of surface
charging, the core-level spectra were referenced to the Si 2p peak at
102.8 eV (amorphous SiO3). Shirley background and Lorentzian (LA)
or Doniach Sunjic (DS) lineshape were used to fit the peak shape in
CASA XPS software. Raman spectra were collected using a JY Horiba
Labram Aramis imaging confocal microscope with a 532 nm green light
laser. The laser intensity was tuned according to the Raman signal, i.e.,
25% for HP-TiO, and MP-TiO,, decreased to 1% after loading Au NP due
to the strong surface-enhanced spectroscopic effect [32]. Zeta potential
was determined by a Malvern Zetasizer Nano ZS. HP-TiO3, MP-TiO,, and
concentrated Au NP solutions were dispersed in 10 mM NaCl aqueous
solution, slowly transferred to a folded capillary cell (DTS1060) and
measured at 20 °C (room temperature) with six replicated measure-
ments for each sample.

2.5. Finite-difference time-domain (FDTD) simulation

Ansys Lumerical 2023 R1 was used for conducting FDTD simula-
tions. Two 3D models were built to simulate the light absorption of
porous fibers. HP-TiO; fiber model, with an overall diameter of 822 nm,
is composed of smooth TiO, spheres with 113 nm in diameter. The MP-
TiO, fiber model is based on a rough cylinder with a roughness root-
mean-square amplitude of 0.015 pm and correlation lengths in the x,
y planes and along z axis of 0.04 pm. Mesopores with 30-50 nm di-
ameters and 300-500 nm lengths were etched from the fiber core. The
composition of both fibers is TiO, (Siefke) according to the Lumerical
database. The FDTD domain has perfectly matched layers (PML)
boundary conditions at the x and y directions and periodical boundary
conditions at the z direction, i.e., along the fiber axis. The background
medium was set to be either vacuum or water (Palik). The simulation
time was 20 fs at 300 K. A mesh size of 4 nm with an accuracy level of 5
was used for the whole fiber structure. The incident angle of a 10-fs
plane wave with a wavelength between 250 and 700 nm was kept at
90 degree to the surface of the fibers. An index monitor and a movie
monitor were placed at one fiber cross-section to record the refractive
index and electric field intensity. Four frequency-domain field and
power monitors were placed in front of the four PML boundaries of the
FDTD domain to monitor the reflection and transmission.

To investigate the plasmonic field-enhancement effect, periodic and
symmetrical 3D models were built consisting of Au NPs-coated TiOy
spheres. The diameters of the Au NPs were 10.5, 14.0, and 19.2 nm
respectively. The source was a 534 nm laser light at normal incidence
towards -z. The 2D electric field intensity distribution at the plane of Au
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NP/TiO, interfaces was monitored.
2.6. Photocatalytic activity and material recycling

The photodegradation of MB, MO, and phenol was evaluated at room
temperature. In a typical experiment, 4.4 mg catalyst was added into 44
mL of 10 mg L* MB or MO aqueous solution. Dye solution was prepared
and reserved in a 50 mL PTFE beaker to minimize the absorption of MB
or MO on the beaker wall. The suspensions were stirred in the dark for
100 min to reach the adsorption-desorption equilibrium. 1.7 mL solu-
tion was withdrawn as a reference for the initial dye concentration (Cp).
The solution was then illuminated with a 300 W xenon arc lamp (LOT-
Oriel Instruments) operated at 130 W without any filter applied (UV-vis
light: 260-800 nm). Since the light spot (diameter 5 cm) is larger than
the beaker (diameter 3.8 cm), the actual irradiation intensity was
approximately 75 W. Solutions were stirred throughout the photoreac-
tion with air continuously bubbling into the solution. The temperature
of the photodegradation measurement was controlled and kept between
22 and 30 °C. During the 90 min light irradiation, 1.8 mL solution was
collected from the solution every 10 min and transferred into a 1.6 mL
semi-micro polystyrene cuvette in the dark. The dispersions containing
TiO3 nanoparticles were centrifuged at 5000 rpm for 30 min before each
measurement. The dye concentrations were examined by measuring the
light absorbance using a Varian Carry 5000 UV-vis-NIR spectropho-
tometer. The characteristic peak intensities of MB and MO (664 and 464
nm) were converted into concentrations (C) using the pre-establish-
ed calibration curves. Several blank experiments were conducted to
examine the possible photolysis of MB and MO without photocatalyst or
using Au NP as the sole photocatalyst; no decolorization was found in
either case.

TiOq-catalyzed photodegradation was analyzed using the Langmuir-
Hinshelwood model, simplified to a first-order kinetics In(Cy/C) = kt,
where k (min’l) is the apparent reaction rate constant, and t (min) is the
photodegradation time. The In(Cy/C) versus t from 0 to 50 min was
linearly fitted, and the slope of each fitting line was identified as the
first-order rate constant k for each photocatalyst. Phenol degradation
experiments were conducted following a similar procedure. 1 mg/10 mL
catalyst was added into 80 ppm phenol aqueous solution (pH 7). The
phenol concentration was measured every 20 min, tracing the charac-
teristic 270 nm band. The UV-vis light source was equipped with a 400
nm long pass filter to evaluate the visible-light-driven photocatalytic
activity.

For the recyclability test, 3 mg photocatalyst was dispersed in 30 mL
of 10 mg L' MB or MO aqueous solution in a PTFE beaker. The dye
concentration was monitored every 30 min. After photoreaction, the
solution was left still in darkness for 2 h for the fibers to sediment and
accumulate at the bottom of the beaker. P25 and anatase nanopowders
were allowed to sediment overnight. The supernatant was carefully
withdrawn from the beaker, and the rest of the solution was dried under
40-60 °C to reclaim the photocatalysts. Subsequently, 30 mL fresh MB or
MO solution was added to the same beaker, and the measurement was
repeated.

3. Results and discussion
3.1. Preparation of plasmonic composite fiber photocatalysts

Fig. la illustrates the synthetic process of plasmonic Au/TiO; -
composite fibers. The innovative solution design in this work lies in the
usage of ‘dual-polymer templates’, i.e., polyvinylpyrrolidone (PVP) and
polytetrafluoroethylene powder (PTFE), combined with the classic sol-
—gel electrospinning. PVP was pre-dissolved in ethanol and well-mixed
with sol-gel reactants, playing the role of ‘soft template’ to support
the continuous fiber structure [33]. PTFE powder is insoluble and
nonreactive with the solution components, which preserves the shape in
the precursor fiber and acts as a ‘hard template’ (Figure S1-S3). Our
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Preceramic fiber

HP-TiO,/Au NP j

Hot electron

hv

LSPR

designed spinning solution also contains titanium isopropoxide (TiP),
copper nitrate hydrate, and tetraethyl orthosilicate (TEOS). Cu salt in-
duces Cu dopants into the TiO; lattice, which are expected to reduce the
band gap and create more reactive sites on the fiber surface [34,35].
TEOS plays three critical roles (Figure S4): (i) forming an amorphous
SiO4 layer surrounding the TiO3 crystals, which connects the brittle TiO4
crystals and helps in maintaining the continuous fiber structure [36]. (ii)
The amorphous SiO; suppresses the atom diffusion between TiO; crys-
tals and effectively retards the anatase-to-rutile phase transition
[37,38]. (iii) TEOS induces phase separation within the spinning solu-
tion, leading to a mesoporous fiber structure [39,40].

Calcinating the precursor fiber at the relatively low temperature of
650 °C results in a macroporous fiber (P-TiO,@650 °C) (Fig. 1b, e),
which is yellow because the Cu dopants narrow the band gap. The
macropores with geometry conformal to PTFE powders are direct evi-
dence of the thermal decomposition of the hard template. The roughness
on the fiber surface is attributed to the anatase TiO2 nanocrystallites
embedded in the amorphous matrix (Figure S5). Interestingly, calcina-
tion at 750 °C generates HP-TiO; fiber with two types of pores: PTFE-
templated macropores with 200-500 nm in diameter and inter-
connected pores throughout the fiber body with a mean size between 40
and 80 nm measured as the distance between crystals (Fig. 1c, f). HP-
TiO, appears dark brown due to the substantial open pores at the fiber

oo,
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Fig. 1. Design and fabrication of hierarchically
porous TiO, fibers (HP-TiO,) coupled with plas-
monic Au nanoparticles (Au NPs). (a) Scheme of
the dual-polymer templated sol-gel electrospinning.
Schematics, digital photos, and SEM images of the
porous TiO, fibers (P-TiOy) after calcining the pre-
cursor fibers at 650, 750, and 850 °C respectively,
which are (b, e) P-TiO,@650 °C, (c, f) HP-

Embedded

\< PTFE powder

\\~ ’\ TiO,@750 °C, and (d, g) P-TiO>@850 °C. (h) HP-TiO,
) @ . 5 is coupled with plasmonic Au NPs via a citrate

’ reduction method [41]. Under irradiation, the LSPR

effect of Au NPs vastly enhances the local electric

Calcination field and visible light absorption. (i) The mechanism

of the photodegradation process of Au/HP-TiOy
composite fiber, highlighting the plasmon-induced
hot electrons transfer. The electrons (e’) in the con-
duction band (CB) and the positive hole (b®) in the
valence band (VB) react with O, and H,O to generate
reactive radical species such as 0%~ and HO-, which
effectively degrade organic species in water. (j)
Schematic illustration shows that the composite fibers
can naturally sediment and be easily collected for
recycling.

Water treatment

&

Fiber sediment for recycle

surface, and such macropores are interconnected throughout the core of
the fiber body, providing light-capturing cavities. Further increasing the
calcination temperature to 850 °C promotes crystal growth, crystal
coarsening, and anatase-to-rutile phase transition, which diminishes the
hierarchically porous structure and results in grey-yellow P-
TiO,@850 °C (Fig. 1d, g).

Aiming at creating high-performance plasmonic photocatalysts, Au
NPs were anchored on the surface of HP-TiO5 (Fig. 1h). The LSPR of Au
NP significantly amplifies the local electric field, resulting in improved
visible light absorption and injection of highly energetic hot electrons to
the conduction band (CB) of the semiconductor [42]. The CB of TiO,
bends downwardly to align with the Fermi energy levels of metal NPs, i.
e., forming a Schottky junction [43], as illustrated in Fig. 1i. The
Schottky junction builds an internal electric field inside TiO3, which
triggers the photogenerated electrons and holes to move in dissimilar
directions, i.e., promoting charge separation [28]. During water treat-
ment, the electrons in the CB of TiO5 react with adsorbed O to generate
superoxide radicals (002'), and the photogenerated holes react with
water to produce highly reactive hydroxyl radicals (¢OH). Radicals and
holes decompose the organic pollutant species pollutants into various
intermediates and finally decompose them into inorganic species [3].
Moreover, because the composite fibers exhibit high-aspect-ratios with
sub-micron diameters, they naturally sediment to the bottom of the
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reactor and assemble without agglomeration (Fig. 1j). Therefore, such
photocatalysts can be easily recycled after each use, leaving no haz-
ardous substance in the treated water.

3.2. Dual-polymer templating method for hierarchical porosity

To explore the formation mechanisms of hierarchically porous
structures, we prepared two spinning solutions, one with dual-polymer
templates and another with PVP only, and electrospun them into
TiOo/PVP/PTFE and TiO,/PVP precursor fibers. The former is calcined
into HP-TiO with an average fiber diameter of 822 nm and a crystal size
of 108 nm (Fig. 2a, b, Figure S6). Under identical calcination conditions,
TiO2/PVP precursor fibers convert into mesoporous TiO, fibers (MP-
TiO3) with channel-shaped inner pores (Fig. 2¢, d). The thermal
decomposition of precursor fibers was studied using simultaneous TG-
DTA (Fig. 2e, f). Moisture and residue solvents are removed at around
100 °C, PVP side substituents are eliminated between 300 and 352 °C,
and the PVP carbon backbone cleaves at 352 to 425 °C [44]. TiOy/PVP/
PTFE show a further weight loss between 425 and 485 °C attributed to
the decomposition of PTFE powder, confirmed by the sharp endothermic
peak in the DTA curve [45]. Both precursor fibers have no noticeable
weight loss above 500 °C, suggesting complete decomposition of organic
components.

The microstructure of TiOs fibers was characterized by XRD, Raman,
and nitrogen adsorption-desorption isotherms. HP-TiO, is well-
crystalized, possessing 75 wt% anatase and 25 wt% rutile (JCPDS Card
no. 21-1272 and 86-0148) (Fig. 2g). Similar to P25 Evonik (formerly
Degussa), such a ratio is proven beneficial to photocatalytic activity
because of the synergistic effects of anatase and rutile phases when they
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are in close contact [46,47]. MP-TiOs is highly amorphous, consisting of
TiO4 nanocrystallites in mixed anatase and rutile phases. Raman spectra
agree with the XRD results, where HP-TiO5 has sharp Raman peaks
matching the anatase TiOg, and MP-TiO; displays weak and broad bands
indicating lower crystallinity (Figure S7). Both fibers with 4 mol% Cu
show no evident CuOx phase and no clear shift of the anatase and rutile
peak. This supports the substitutional doping of Cu in TiO, lattice
because Cu*" (86 pm) with a similar ionic radius as Ti*t (74.5 pm) tends
to dissolve into TiOg crystal without distorting the lattice structures
[48].

HP-TiO; exhibits type II isotherms corresponding to macroporous
materials, whereas MP-TiO, presents type IV isotherms with H1 hys-
teresis loop indicating narrow cylindrical mesopores (Fig. 2h) [50]. The
surface area of HP-TiO is 17.8 m? g1, smaller than 28.7 m? g~* of MP-
TiO,. However, the mesopores inside fibers are not directly exposed to
water, so they cannot be effectively involved in photoreactions. The
light reflectance of HP-TiO5, MP-TiO,, and P25 TiO, nanopowder is
demonstrated in Fig. 2i. HP-TiO, shows remarkably high visible light
absorption, matching its dark brown color (Fig. 1c). Given that the op-
tical band gap of both TiOs fibers is approximately 2.9 eV, smaller than
anatase TiO3 (3.22 eV) and P25 (3.15 eV) due to Cu doping (Figure S8),
the enhanced light absorption of HP-TiOs is attributed to the unique
hierarchical structure rather than the change of the absorption co-
efficients. We postulate three advantages of the hierarchical porous fiber
design: (i) macropores open at the outermost fiber surface can effec-
tively capture the incident light. (ii) The macropores throughout the
fiber body are light cavities that enhance and extend the light absorption
to the visible range. (iii) The interconnected pores serve as channels for
mass transport, so all fiber surfaces are directly exposed to pollutant
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Fig. 2. Structural, compositional, and properties of porous TiO, fibers. SEM and TEM micrographs of (a, b) HP-TiO, and (c, d) MP-TiO, reveal their distinct
porous fiber structures. () TG and (f) DTA of two precursor fibers indicate the stagewise thermal decomposition of PVP and PTFE. (g) XRD patterns and (h) Ny
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irradiance spectrum is plotted in the background [49]. XPS core level spectra of (j) Ti 2p, (k) O 1 s, and (1) Cu 2p. Each deconvoluted profile uses the same color code

for the same bonding state.
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species in the aqueous environment (which is verified by the attachment
of Au NPs during solution synthesis).

XPS was used to characterize the chemical state/composition of TiOy
fibers surface. The absence of F peaks suggests that the PTFE powders
are entirely combusted, evacuating from the system as gaseous products
with no evidence of F doping into the TiO; lattice (Figure S9). Ti 2p
spectra indicate that HP-TiOy has Ti only in Ti** oxidation state at the
surface, while MP-TiO, also contains Ti in the reduced Ti®' form
(Fig. 2j). O 1 s spectrum of HP-TiO; is deconvoluted into two compo-
nents, O in TiOj lattice, and —~OH from surface hydroxyl groups and
adsorbed water molecules (Fig. 2k). MP-TiOy has much higher -OH
content and contains Cu-O and C-O components. Cu 2p spectra suggest

Calcination t
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the co-existence of Cu™ and Cu* oxidation states at the surface of both
fibers, and HP-TiO, possesses a higher cut/Ccu?* ratio (Fig. 21). These
differences in elemental composition and chemical states are explained
by the different polycrystalline structures of the two materials. HP-TiO2
consists of anatase and rutile TiO crystals with stoichiometric Ti** and
0% atoms, whereas MP-TiO; contains TiO» crystallites embedded in an
amorphous matrix of Cu, Si, C, and O, i.e., a non-stoichiometric solid
solution with a variety of bonding coordination environments.

To understand the formation mechanism of the hierarchically porous
structure, we traced the evolution of fiber morphology and crystalline
structure during calcination (Fig. 3a, b, Figure S10). After 20 min
calcination at 750 °C, anatase TiO2 nanocrystallites form and embed in
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Fig. 3. Characterization of the evolution of the porous fiber structure. (a) SEM micrographs of TiO,/PVP/PTFE precursor fiber calcined at 750 °C for varied
durations. (b) Crystallite sizes and anatase weight fractions are plotted against the calcination time. (¢) Structural information and (d) SEM images of precursor fibers
with varied PTFE powder content (from 0 to 40 wt%) calcinated at 750 °C for 140 min. Scale bar in a, d: 1 pm. (e) Simulated optical spectra present the summation of
the reflection (R) and transmission (T) of 3D fiber models from a normal incident plane wave. FDTD calculated electric field intensity distribution at the cross sections
of (i-iii) HP-TiO; and (iv-vi) MP-TiO, fiber at 412 nm or 500 nm wavelength in air or water. The same scale bar and color scale are used in (i) - (vi). The outlines of

fiber cross sections are superimposed on (i) and (iv).
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the amorphous ceramic matrix. These nanocrystallites grow and merge
into TiO3 crystals between 60 and 100 min, creating a groovy pattern on
the fiber surface. HP-TiO, appears at 140 min, consisting of bonded
crystals as the solid skeleton and interconnected macropores inside the
fiber. When the calcination time is extended to 180 min, the thermo-
dynamically more stable rutile crystals rapidly increase in size by
consuming the amorphous and small TiO, crystallites, diminishing the
macropores and densifying the fiber structure [51].

The distinct morphology and significantly enhanced porosity of HP-
TiO4 are explained by a joint of Ostwald ripening and Kirkendall effect.
Ostwald ripening refers to the growth of larger crystals or sol particles at
the expense of the dissolution of small crystals or sol particles [52]. This
process occurs during fiber calcination because the outer fiber surface is
crystallized first and transformed into more stable crystalline phases,
while the amorphous component (mainly at the fiber core) remains out
of equilibrium and has higher solubility [53]. Upon increasing calcina-
tion time, the amorphous regions are progressively dissolved and
depleted, generating cavities at the fiber interior. The Kirkendall effect
refers to the phenomenon that when a net directional matter flows
through an interface, an opposite vacancy flow compensates for the
nonequilibrium diffusion and creates voids near the interface [54].
During the crystallization and crystal growth of TiO, Ti atoms direc-
tionally diffuse from the amorphous region to the crystal, leaving
vacancy-generated micro-voids. Due to the high surface-to-volume ratio
of nanoscale materials, the voids can easily reach the material boundary
and coalesce with the others, forming the interconnected pores in HP-
TiOs. The amorphous component between TiO5 crystals provides a fast
transport path for surface diffusion [55].

The effects of PTFE loading level were also evaluated by varying the
PTFE weight content from 0 to 40 wt%. O wt% PTFE gives MP-TiOs,
while 10 wt% PTFE generates macroporous TiOy fibers with higher
crystallinity and larger crystallite sizes (Fig. 3¢, d, Figure S11). This is
because the thermal decomposition of PTFE exposes more inner surfaces
of fibers and enables faster pyrolysis. Increasing PTFE loading to 20-40
wt% yields TiOy fibers with similar crystallite sizes but gradually
reduced pore size and decreased anatase weight fraction. We postulate
that the thermal decomposition of PTFE liberates gaseous products CoF5
that etches SiO, and leaches out the Si elements [45]. As a result, the
residue amorphous SiOs is less effective in retarding TiO; crystal growth
and phase transformation [38]. This is supported by the XPS elemental
composition analysis, revealing the decrease of Si atomic percentage
from 12.62 at% to 4.88 at% upon increasing PTFE content (Figure S12,
Table S1).

TiOs fibers resulting from 20 to 40 wt% PTFE-loaded precursor fibers
present enhanced visible light absorption compared to MP-TiO2
(Figure S13). To explore the light-harvesting mechanisms, we built 3D
models of HP-TiO5 and MP-TiOs fibers for FDTD simulation (Figure S14,
S15). A plane wave source with normal incidence was used, and the
background material was either vacuum or water. The summation of
reflection (R) and transmission (T) was plotted as a function of wave-
length, and the absorption (A) is 1-R-T (Fig. 3e). The simulated spectra
demonstrate that HP-TiO3 has nearly doubled the light absorption in the
visible light range, matching the experimental result. The oscillating
feature of MP-TiO, spectra is due to the interference effect induced by
the mesopores parallel to the fiber axis and the surface roughness. The
total absorbed light remains similar in air and water, but the absorption
peaks in water are red-shifted due to the decreased wavelength. To
understand the reason behind the variation of the light absorption, we
compared the electric field intensity distribution at the fiber cross sec-
tions in either vacuum or water at two chosen wavelengths: 412 nm,
with significant absorption differences among the four simulation con-
ditions (i, ii, iv, v); and 500 nm, with MP-TiO; showing an R + T peak
and optical absorption 25% lower than HP-TiO, (iii, vi) (Fig. 3e,
Figure S16, Movie S1-S4). It can be observed that light travels inside the
HP-TiO; fiber through the open pores at the fiber surface, and intense
fields appear in between the macropores. The interconnected
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macropores reflect and scatter light, thereby extending the optical path.
Consequently, the maximum electric field intensity in the HP-TiOq
model is approximately ten times higher than that of MP-TiO,, It should
be noted that this strategy of using pores to enhance light capture has
mostly been adopted in substrate-supported photocatalyst design, e.g.,
TiOy nanotube arrays [56], because they have tunable light depth
penetration. Our HP-TiO, has similar benefits but can easily disperse in
water, which makes it more effective and practical for harvesting solar
irradiance energy.

3.3. Plasmonic Au/HP-TiOz composite fiber

Aiming to improve photocatalytic performance, we coupled the TiO,
fibers with plasmonic Au NPs using a citrate reduction method, ie.,
Turkevich Method [41]. Au is chosen in our design due to their better
chemical stability than Ag [29,57] and well-defined resonance peak
compared to Pt [58]. During the synthesis, TiO, fibers were dispersed in
0.5, 1.0, and 1.5 mM HAuCly solutions, and excessive sodium citrate was
added to reduce AuCl* into metallic Au under boiling conditions [41].
The as-obtained composite fibers are Augs/HP-TiO3, Auy o/HP-TiOo,
and Au; 5/HP-TiOg, respectively. Due to the porous structure, Au NPs
are homogeneously distributed on both the outer and inner surface of
HP-TiO5 and remain well-separated (Fig. 4a, b and Figure S17). EDS
mapping of Ti, O, Cu, and Au suggests that Cu is doped into TiO, lattice
while Au NPs are attached to the TiOy fiber surface (Fig. 4c). The high-
resolution TEM image in Fig. 4d displays that the chemically reduced Au
NPs are polycrystalline with a hemispherical shape. The d-spacing on an
Au NP is indexed as the (111) and (200) crystal planes of Au, and the
lattice fringe on the fiber surface matches the (004) plane of anatase
TiOy. Comparing three Au/TiO, samples, both Au content and the
average size of Au NPs increase with the AuCly concentration, from 0.7
at% to 0.96 at%, and from 10.5 nm to 19.2 nm, respectively (Fig. 4e and
Table S2). We additionally explored 0.1, 0.25, and 2 mM HAuCly solu-
tions for this synthesis, but the resultant Au NPs were too small to
display any red color or underwent severe agglomeration.

The light-matter interaction of Au/HP-TiO, was investigated. The
composite fibers have less visible light absorption than HP-TiO5 due to
the reflective nature of Au NPs, but the optical absorption thresholds
remain the same, suggesting the band gap is unaltered (Fig. 4f). Auj o/
HP-TiO5 and Au; 5/HP-TiO; show broad Au NP surface plasmon bands
between 500 and 600 nm. The band position of Au; 5/HP-TiOs is rela-
tively red-shifted because of the larger NP size [59]. FDTD method was
used to simulate the local electric field at the Au NP/TiO, interface
under 543 nm laser excitation, c.a., the LSPR absorption peak position of
Au NPs (Fig. 4f inset, Figure S18, S19). A significant enhancement of the
local field can be observed at the close interface of Au NP/TiO5. With the
diameter of Au NPs is increased from 10.5 to 14.0 and 19.2 nm, the
highest electric field intensity is 5.1, 7.8, and 10.3 times respectively ci
that in the bare TiO, crystals, respectively. This explains the Raman
spectra of fibers shown in Fig. 4g, in which the excitation of surface
plasmons results in 4 to 7 times amplifying the intensity of the promi-
nent Raman peak, i.e., E; mode of anatase TiO, [32].

XPS was used to examine the surface composition and electronic
structure of the Au/TiOy composite fibers. XPS spectra were aligned by
calibrating the Si** 2p peak to 102.8 eV to remove any the charging
effects on peak positions. As shown in Fig. 4h, anchoring Au NPs on the
surface of TiO; results in a negative shift of Ti 2p binding energy by 0.48
eV, which indicates the electron transfer from Au NP to TiO,. Fig. 4i
suggests that three Au/TiO, materials have Au 4f;,5and Au 4f 5,5
binding energies of 84.0 eV and 87.7 eV, respectively, matching that of
metallic Au [60]. Note that Aug s5/HP-TiO; contains Au®t at the surface
attributed to the particle size effect, i.e., Au>" is more stable when the Au
NPs are smaller [61,62]. Such unreduced Au>* species and the large
population of relatively small Au NPs (<6 nm) on Aug 5/HP-TiO5 explain
why it shows an insignificant Au plasmon band despite having similar
Au at% as the other composite fibers (Table S2).
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As the control, The same chemical reduction was used to deposit
attach Au NPs on the surface of MP-TiO5 as a controltha. Only very
sparse Au NPs were attached regardless of the HAuCl4 concentration
(Figure S20). One reason is that the large number of —-OH groups on the
MP-TiO; surface results in a negative surface potential of —59.6 mV,
more negative than HP-TiO5 (-38.7 mV) (Figure S21). The strong elec-
trostatic repulsion between MP-TiO5 and AuCly inhibits the adsorption
of AuCly on the fiber surface, preventing their nucleation into Au NP.

3.4. Evaluation fo the Photocatalytic performance and recyclability
evaluation

We evaluated the photocatalytic activity of our composite fiber
materials in the degradation of two types of model dyes, cationic methyl
blue (MB) and anionic methyl orange (MO), and one colorless organic
pollutant, phenol. Fig. 5a displays the color change of solutions when
Au; o/HP-TiO; is used as the photocatalyst. The dye concentration was

determined by measuring the UV-vis absorbance intensity at 664 cm™*

for MB and 464 cm™! for MO (Fig. 5b, ¢). The photocatalytic perfor-
mance of various TiO; fibers in decomposing MB is summarized in
Fig. 5d, using commercial P25 as the reference material. All samples
show neglectable dye adsorption before irradiation. After 90 min illu-
mination, MP-TiO, decomposes 33.5 % of MB, and HP-TiO3 removes 73
%. Auy o/HP-TiO2 and Au; 5/HP-TiO; have an initial photodegradation
rate slower than P25 due to the smaller surface area, but both composite
fibers can fully decompose MB within 80 min, which is as fast as P25.
The plasmonic effects on improving the photocatalytic activity are sig-
nificant in HP-TiO», yet it is minor for Au; 5/MP-TiO; due to the insuf-
ficient surface attachment of Au NPs. The concentration profiles within
the first 50 min are fitted using the Langmuir-Hinshelwood pseudo-first-
order kinetics equation (Fig. 5e)
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is monitored every 30 min (i, k).

where Cy is the dye concentration after equilibrium absorption, C is the
concentration at time t, and k is the rate constant [63,64]. The obtained
k values and correlation coefficients (R?) are listed in Table S3. Auy o/
HP-TiO5 and Au; 5/HP-TiO, have significantly higher rate constants
around 0.027 min~'. The MB degradation rate using composite fibers is
only 22 % lower than for P25 under UV light, despite its surface area of
ca. 45-55 m? g~! being three times higher than that of the composite
fibers. TiOy-catalyzed photodegradation of MB and MO is normally re-
ported to follow the first-order kinetics for irradiation times < 60 min.
P25, MP-TiO2, and Au/MP-TiO; fit the first-order reaction profile with
correlation coefficients R > 0.998, whereas HP-TiO, and Au/HP-TiO,
deviate from the Langmuir-Hinshelwood model. The reasons behind
such deviations could be their dissimilar pathways in organic dye
degradation, during which the generated intermediates modify the
surface properties of TiO; fiber and regulate the reaction rate [65,66].
The plasmonic effects are also significant in the photodegradation of
MO (Fig. 5f, g). MP-TiO, only removed 12 % MO (k = 0.001 min’l) in
90 min, while HP-TiO; reduced the amount of MO by 21.6 % (k = 0.002
min~1). Augs/HP-TiO, presents 90.6 % degradation of MO within 90

min (k = 0.005 min~!), while Au; o/HP-TiO5 and Au; s/HP-TiO, ach-
ieve full elimination (k = 0.012 min~1). The MO degradation rate of P25
is 9.2 % higher than composite fibers at the first 50 min, yet the rate
decreases with time and leaves 34 % residue MO after 90 min irradia-
tion. Overall, in our design, anchoring Au NPs at low surface loading of
< 1 at% increases the dye degradation rate of HP-TiO; fiber up to 4.5
times for MB and 6.6 times for MO. In comparison, Yang et al. func-
tionalized TiO nanofibers by 4 wt% 10 nm-Au NPs and reported a 1.67
times improvement in the MB degradation rate [67]. Nalbandian et al.
embedded Au NPs inside TiO, nanofibres and found that NPs offer no
noticeable improvement, even deteriorating the photocatalytic perfor-
mance at high loading levels [68]. Kochuveedu et al. decorated different
sizes of Au NPs on SiO,@TiO spheres, observing that the enhancement
of MB decomposition is significant when Au NPs have 15 nm in diameter
and are loaded at a high number density of > 700/pm? [69]. Therefore,
a rational design of the Au NP/TiO, configuration, as shown in this
study, enables efficient enhancement of the photocatalytic efficiencies
with lower Au content, i.e., lower costs.

We also evaluated the photodegradation of colorless phenol in a
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neutral aqueous solution using Au; o/HP-TiO; (Figure S22). Au; o/HP-
TiO4 and Degussa P25 exhibit 70 % and 79 % phenol removal under 120
min UV light irradiation. P25 possesses a higher reaction rate of 0.0089
min~! versus 0.0068 min~! of composite fiber due to the nanosized
powder and larger specific surface area. The photodegradation was also
tested under visible light by applying a 400 nm long-pass optical filter
(Figure S23). HP-TiO9 resulted in negligible MB degradation, while
Auj o/HP-TiO5 showed > 37 % MB reduction within 3 h. Although the
decomposition rate of visible-light-driven photocatalysis is much lower,
these results are in agreement with the conclusions of previous studies,
suggesting that the attachment of plasmonic NPs contributes to photo-
activity through two mechanisms: (i) enhancing visible light response
through LSPR-induced light absorption and charge injection and (ii)
improving the UV-light activity by forming Schottky barrier at the Au/
TiO4 interface that separates the charge carriers and increases their
concentration and lifetime [68,70,71].

To tackle the poor recyclability of most nanostructured TiO5 mate-
rials, we show that our fiber-based photocatalysts can be recycled by a
straightforward sedimentation method, i.e., leaving the solution to settle
for 2 h, extracting the supernatant as purified water, and drying the
remaining solution to restore the solid materials. As shown in Fig. 5h-k,
the supernatants collected from Auj ¢/HP-TiO5 solutions are colorless
and transparent, suggesting that gravitational force is enough to drive
the complete sedimentation of the photocatalyst. The recycled material
also maintains high photocatalytic performance during six cycles. The
XRD spectra and SEM images of the recycled Au/HP-TiOz show no
observable change in the size and distribution of Au NPs, and no phase
transformation or morphological change of the TiOx fibers (Figure 524,
$25). Moreover, the fiber length was barely reduced after six cycles of
vigorous stirring during photoreaction, proving the mechanical robust-
ness of our composite fibers (Figure S26).

In contrast, commercial P25 nanopowder and anatase TiOs nano-
powder (both with < 25 nm particle size) show evident loss of photo-
catalytic efficiency upon recycling, even though the sedimentation time
has been extended overnight. This is ascribed to the loss of material and
the aggregation of nanoparticles. As shown in the upper panels of
Fig. 5h, 5j, the supernatants collected and removed from the first two
cycles are translucent because the negatively charged TiOy nano-
particles form a relatively stable suspension. The supernatant of P25 in
MB solution is clear, but it is because positive MB ions absorb onto the
negative surface of P25 and increase the surface potential close to 0,
which hugely destabilizes the primary particles and causes aggregation
[72]. The anatase nanopowders, despite their more negative surface
charge, also aggregate in the following recycling cycles and are further
welded together (Figure S27). This morphology change severely reduces
the number of active surface sites and causes the decline of photo-
catalytic activity upon recycling and reuse. Therefore, Au/TiO5 com-
posite fibers with excellent recyclability are more promising for long-
term use in industrial and municipal water treatment facilities.

4. Conclusion

In this work, we reported the synthesis and characterization of a new
photocatalyst material by design — hierarchical porous TiO fibers (HP-
TiO3) decorated with plasmonic Au NPs. The distinct hierarchical
porosity was created by combining the dual-polymer templating method
with sol-gel electrospinning, which offers tremendous advantages in
boosting light absorption and facilitating mass transport. HP-TiOy was
subsequently coupled with plasmonic Au NPs of controlled sizes. The
resulting Au/HP-TiO, composite microfibers show highly competitive
photodegradation efficiency to P25 nanopowders in degrading MB and
phenol, outperforming P25 in eliminating MO, and, more importantly,
they are highly recyclable. Separating these fibers from water can be as
simple as by natural sedimentation only, without any filtration or
centrifugation step. The successful design and fabrication of such ma-
terials reveal the potential of fiber materials in aiding the transfer of
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photocatalytic technology from lab-scale to industrial water treatment.
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