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A sustainable approach is proposed to prepare hollow titanium oxide
nanostructures. Pullulan electrospinning is coupled with titanium
magnetron sputtering to create organic—inorganic fibers. Through
water solubilisation of the pullulan core, hollow titanium oxide nano-
structures were obtained. The fibers were embedded in a thermo-
plastic matrix to form composites in which channels can be created.

Inorganic nano- and microfibers hold significant potential for
applications in catalysis, electronics, photonics, sensing, and
medicine.” Electrospinning, an industrially scalable tech-
nique to prepare polymeric micro- and nanofibers,>* has
become an advantageous method for producing continuous
inorganic fibers through two main approaches. The first strat-
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egy, commonly employed for the production of ceramic
structures,”™ involves electrospinning an organic polymeric
solution with an inorganic sol or precursor, followed by heat
treatment to convert the precursors into a ceramic phase,
while simultaneously removing the organic components.'®"?
This method requires precise control over solution compo-
sition, rheology,"®'* and heat treatment conditions."”"® The
second approach uses electrospun polymeric fibers as sacrifi-
cial templates for deposition of inorganic materials, either
metals or ceramics, through vapor phase deposition processes
like atomic layer deposition (ALD) and magnetron sputtering
from ceramic precursors and metal targets, respectively.'”>°
The polymer template is then thermally removed to form
hollow inorganic structures.

Among inorganic electrospun fibers, hollow titanium oxide
(TiO,) fibers are particularly noteworthy due to their distinctive
structural, chemical, and physical properties. Their hollow struc-
ture offers a substantially increased specific surface area,
making them highly appealing for various advanced applications
in catalysis, photocatalysis, and energy storage. Jafri et al. devel-
oped TiO, hollow structures through electrospinning, starting
from an 8 wt% polyacrylonitrile solution in dimethylformamide.
The resulting fibers were dip-coated in a TiO, sol-gel containing
titanium(iv) isopropoxide, acetic acid, distilled water, and nitric
acid. The composite was then dried at 90 °C and subsequently
calcined at 400-600 °C for 4 h. The hollow structure formation
depended on the calcination temperature, with no hollow struc-
tures observed below 500 °C.>' Kim proposed co-axial electro-
spinning using a shell solution of PVP and titanium(iv) butoxide
in ethanol/acetic acid and a core solution of paraffin emulsion.
The electrospun fibers were subsequently calcined at 550 °C for
1 h, yielding TiO, fibers with mesoporous walls composed of
anatase and rutile phases.*” Previous attempts to obtain pure
anatase TiO, microtubes also include the ALD process per-
formed on polyvinyl acetate fibers>*** using titanium(iv) isoprop-
oxide and pure water as precursors, which were separately intro-
duced into the ALD growth reactor maintained at 130 °C and 0.1
Torr. The conversion of the completely amorphous TiO, coating
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into a pure crystalline phase was achieved through a calcination
process at 500 °C, which also resulted in the removal of the
sacrificial electrospun template.>*** Compared to conventional
sputtering methods, magnetron sputtering offers advantages
such as higher deposition rates, the production of high-quality,
uniform, thin film coatings on various substrates, and the depo-
sition of materials at relatively low substrate temperatures,
thereby preserving the properties of the underlying substrate.
Although TiO, thin films have been previously deposited
through magnetron sputtering on silicon and glass
substrates,>?*® to the best of our knowledge, no studies have
reported using this technique to prepare hollow TiO,-based elec-
trospun fibers. To obtain fully inorganic hollow structures, the
heat treatment for removing the polymeric template is energy-
intensive, requiring prolonged high temperatures. To develop
environmentally friendly hollow inorganic structures, selecting
an appropriate polymeric template for inorganic thin film depo-
sition is essential. Water-soluble polymers offer a promising
alternative by allowing polymer removal through solubilization,
eliminating the need for energy-intensive heat treatments. This
approach aligns with the growing interest in sustainable
materials and environmentally friendly processing methods.>”*

Here, we present a facile and environmentally friendly fabri-
cation process to prepare hollow inorganic TiO,-based fibers
using a template of continuous polymer nanofibers assembled
in random networks produced by electrospinning. The free-
standing polymer nanofiber networks are coated with a thin
layer of Ti/TiO, using magnetron sputtering (Fig. 1).

The deposition process was designed to coat only one or
both faces of the nanofibrous mat and the resulting samples
were labelled “one-side sputtered mats” and “two-side sput-
tered mats”, respectively. We demonstrate the feasibility of
removing the polymer material through water solubilization to
obtain hollow fibers and compare this process with a conven-
tional thermal degradation protocol. We also demonstrate the
possibility of embedding TiO,-based fibers in a thermoplastic
polymer matrix to prepare an organic-inorganic composite,
where the hollow fibers may create empty channels.

ONE-SIDE
SPUTTERED MAT

TWO-SIDE
SPUTTERED MAT

POLYMER
COMPOSITE

HoLLOW
INORGANIC FIBERS

*PRODUCED

FIBERS
Fig. 1 Schematic representation of pullulan electrospinning and Ti
magnetron sputtering on the nanofibers for obtaining one-side and
two-side sputtered mats. The as-produced fibers were embedded in a
thermoplastic matrix for the development of polymer composites and
also exploited for the development of hollow inorganic fibers.
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Pullulan was chosen in this work as a sacrificial fiber
material since it is a commercially available natural polysac-
charide highly soluble in water*® and easily electrospun with a
scalable and environmentally friendly process. Moreover, water
solubility can be exploited in the stage of polymer template
removal, eliminating the need for energy-consuming pro-
cesses, such as the thermal degradation of the polymer and
the use of organic solvents.*® In addition to their biobased
nature and water solubility, pullulan nanofibers have an exten-
sive temperature range of applicability,’’ as evidenced by a
temperature of thermal degradation above 300 °C (Fig. S17),
significantly higher than the temperature reached by the sub-
strate during the magnetron sputtering process, which is a few
tens of degrees above room temperature. The as-spun electro-
spun nanofibers were characterized by a bead-free, regular,
and smooth morphology, featuring a similar mean diameter
for the upper face of the mat (0.54 + 0.15 um) and the lower
face in contact with the grounded metal plate during electro-
spinning (0.45 + 0.08 um) (Fig. 2a).

Following Ti sputtering, a significant change in the color
(from white to dark grey) of the exposed face of the mat was
observed, together with a notable increase in the diameter of
fibers exposed to the Ti target in both one-side (Fig. 2b, fiber
diameter: 1.53 + 0.30 pm) and two-side (Fig. 2c, fiber diameter
of the upper face: 1.35 + 0.15 um and fiber diameter of the
lower face: 1.29 + 0.7 um) sputtered mats, highlighting the
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Fig. 2 Macroscopic views and SEM-FEG imaging of the two mat faces
(upper one on the left and lower one on the right) of the as-spun mat
(@), one-side sputtered mat (b), and two-side sputtered mat (c). AFM
characterization of the as-spun mat (scale bar 100 nm) (d) and the Ti-
sputtered face of the one-side sputtered mat (scale bar 200 nm) (e).

This journal is © The Royal Society of Chemistry 2025
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repeatability of the deposition process (see also fiber diameter
distribution reported in Fig. S2f). Moreover, the mean dia-
meter of the fibers on the non-sputtered face of the one-side
sputtered mat (0.45 + 0.10 um) remained practically the same
as the value obtained for the as-spun mats. The result demon-
strated the incomplete penetration of Ti atoms through the
entire thickness of the mat during one-side sputtering, as also
confirmed by the white color of the non-sputtered face of the
mat (Fig. 2b). A significant increase in the root mean square
roughness of the surface of the fibers from 1.35 nm (Fig. 2d)
to 25.70 nm (Fig. 2e) was also observed by AFM measurements
after the sputtering processes. The results of EDS analysis,
reported in Table S1,} agreed with the SEM-FEG results, con-
firming the absence of Ti atoms in the as-spun mat and on the
non-sputtered surface of the one-side sputtered mat.

The presence of Ti atoms was evident on the coated faces of
both the one-side and two-side sputtered mats, constituting
approximately 60-70 atomic%, along with a notable decrease
in atomic carbon concentration. The significant reduction in
carbon concentration occurred alongside a less substantial
decrease in oxygen atomic concentration, suggesting partial
oxidation of the sputtered Ti. The presence of the inorganic
component in one-side and two-side sputtered mats was also
confirmed by TGA results (Fig. 3a). The analysis was performed
in a N, atmosphere to minimize oxidation of metal Ti atoms
present in the sputtered coating, which would increase the
residual weight. Nevertheless, a distinctly different trend was
observed for the two-side sputtered mat compared to the other
two samples in the temperature range of 430 °C-700 °C.
Indeed, a slight increase in weight was detected for this
sample, likely attributable to the occurrence of the nitriding of
titanium during the measurement. Indeed, although generally
performed at higher temperatures (i.e., 800 °C-1100 °C),**"
the formation of titanium nitride (TiN) in pure nitrogen shows
a highly negative standard free energy over a broad tempera-
ture range, and it has been demonstrated to occur through the
chemisorption of nitrogen on the surface of Ti independently
of the nitriding method.?* As expected, the morphology of the
as-spun nanofibers was completely lost after the TGA analysis
(Fig. 3b), while no significant differences can be observed
between the one-side (Fig. 3c) and two-side sputtered mats
(Fig. 3d), whose residues were mainly composed of nanotubes.

The XPS analysis of the two-side sputtered mat showed the
presence of carbon (peak centered at ~285 eV), oxygen (peak
centered at ~532 eV), and titanium (peak centered at ~460 eV)
on the outer surface of the two-side sputtered mat (widescan in
Fig. 3e). Their atomic abundances calculated from the areas
under each peak were: C = 60.7 + 3.0%, O = 30.4 + 1.5%, and Ti
= 8.9 + 0.44%. From the study of each atomic region, further
information can be derived. Curve fitting of the C,s peak
(Fig. 3f) revealed the presence of adventitious carbon, typically
found on the surface of most samples exposed to air. Its pres-
ence on insulating surfaces provides a convenient reference for
calibrating binding energies. A value of 285 eV was assigned to
this hydrocarbon contamination. Alongside this component,
there were other peaks due to the presence of carbon atoms with

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) TGA curves of the as-spun mat, one-side sputtered mat, and
two-side sputtered mat. SEM-FEG images of the residues of the pullulan
mat (b), one-side sputtered mat (c) and two-side sputtered mat (d) after
TGA in a N, atmosphere. XPS analysis of the two-side sputtered mat (e—
h): widescan spectrum collected at a take-off angle of 45° (e); narrow
scan spectra of the C 1s region (f); Ti 2p region (g); O 1s region (h) (XPS
measurements were carried out on both faces of the mat and the same
results were obtained). XRD pattern of the two-side sputtered mat
(i). Resistivity measurements performed on the surface of the two-
side coated electrospun mats (similar results were obtained for both
faces) (j).

higher oxidation states (centred at 286.5, 288, 289.5, and 291
eV), hypothesized to originate from a mixture of pullulan, acidic
products, and carbonates resulting from degradation processes.
The titanium region (445-470 eV) in Fig. 3g showed signals
derived from titanium in different oxidation states. Due to spin—
orbit coupling, each Ti,, peak was split into two signals (Tisps/>
and Tiypq0). Curve fitting of these signals produced different
peaks attributable to Ti,ps/, (centred at about 454.1, 456.2, and
459.1 eV) and Ti 2,4, (centred at about 459.6, 462.2, and 464.6
eV). The binding energies associated with these contributions
were in agreement with the presence of metallic Ti (454.1 eV),
Ti,O3 (456.2 eV), and TiO, (459.1 eV) (Fig. 3g). The relative
atomic abundance of the three titanium oxidation states, calcu-
lated from the area under the respective peaks, was as follows:

Nanoscale, 2025, 17,10589-10594 | 10591
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3.8 + 0.2% metallic Ti, 45.1 + 2.2% titanium in Ti,O3, and 51.1 +
2.5% titanium in TiO,. The Oy, region (Fig. 3h) showed, in
addition to components derived from oxygen bonded to carbon
atoms due to pullulan, acidic products, and carbonates, a clear
component (centred at ~530.4 eV) due to the combination of
oxygen with titanium, resulting in an O/Ti ratio of 1.51, close to
the O/Ti ratio of 1.69 calculated based on the relative abundance
of the components of the Ti, 3/, peak.

The investigation of the fiber crystallographic structure using
XRD (Fig. 3i) highlighted the presence of the typical triplet (35°,
38°, and 40°), indicative of a hexagonal close-packed crystal
structure, suggesting the presence of the o-Ti -crystalline
phase.?**® However, minor peaks at 53° and 63° were undetect-
able. The highest intensity of the peak at 38° might suggest a
preferential (002) orientation of the titanium crystals.>® Notably,
the crystalline form of titanium dioxide was not detected, as evi-
denced by the absence of its representative peaks (25° and 37°
for anatase and 28° and 42° for rutile),*” indicating that the tita-
nium oxide phase layer was predominantly amorphous, as
expected since the substrate was heated at a relatively low temp-
erature during the sputtering deposition. Finally, the wide signal
between 10° and 25° was attributed to the amorphous phase of
the pullulan nanofibers’ substrate. Taken together, the EDS, XPS
and XRD analyses suggest the presence of crystalline metal Ti, in
a low percentage, and of amorphous Ti,O3 and TiO, in the sput-
tered coating. The presence of Ti oxides was further confirmed
by the resistivity measurements through the four-point probe
method (Fig. 3j), highlighting a decrease in resistivity with
increasing temperature, which suggests a semiconductor-like be-
havior. As temperature rises, more electrons are excited from the
valence band to the conduction band, promoting conduction by
the increased availability of intrinsic charge carriers (electrons
and vacancies).?® TiO, is a typical n-type semiconductor,* diver-
ging from pure Ti metal, which would typically exhibit enhanced
resistivity with increased thermal energy. Recently, Ti,O; thin
films deposited via magnetron sputtering were reported to show
a gradual decrease in resistivity with increasing temperature,*’
similar to the behaviour observed for the two-side coated mats.
Therefore, the n-type semiconductor properties of the mats were
influenced by the formation of both TiO, and Ti,Oj3 in the sput-
tered coating. EDS analysis of the cross-sections of both one-side
and two-side sputtered mats qualitatively showed that Ti atoms
penetrated about 100 pm into the mats under the given magne-
tron sputtering conditions. The Ti concentration decreased with
depth (Fig. 4), indicating that the two-side sputtered mat likely
consists entirely of fibers coated with Ti/TiO,, although the
fibers in the inner region may be only partially coated. This
observation is further supported by SEM imaging of the cross-
sections. In the case of the one-side sputtered mat, a noticeable
charging effect is observed in the cross-section area containing
non-coated fibers. In contrast, no charging effect is seen in the
two-side sputtered mats, confirming that all fibers in the latter
are coated with Ti/TiO,.

Hollow structures were generated from two-side sputtered mats
using two distinct methods, as illustrated in Fig. 5a and b:
thermal degradation and water solubility of the pullulan template.
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Fig. 4 EDS analysis along the thickness of the one-side and two-side
coated mats.

The first procedure was carried out in air and it led to nano-
tubes (Fig. 5¢ and d) showing a comparable morphology to
those obtained after TGA in nitrogen (Fig. 3d). The thermal
degradation of the polymeric template was conducted in air to
prevent the presence of organic pullulan residue at the end of
the measurement. However, in air, fiber oxidation inevitably
occurred, resulting in the formation of hollow structures
mostly consisting of TiO,. More interesting was the second
method, water solubilization, which involved soaking the two-
side sputtered mat in distilled water. The successful removal
in water of the polymeric template was confirmed by compar-
ing the TGA curves of the mats before and after pullulan solu-
bilization (Fig. S31). Indeed, the characteristic degradation
step of pullulan was not detected for the hollow nano-
structures, indicating the complete removal of the polymeric
template. SEM-FEG and TEM analyses of the fibers after pullu-
lan solubilization showed hollow structures (Fig. 5e, f, i and j)
with a wall thickness of 0.32 + 0.18 um, similar to those
obtained through thermal degradation (Fig. 5¢, d, g and h),
with the added advantages of a more effective preservation of

Fig. 5 Schematic representation of (a) pullulan thermal degradation
and (b) solubilisation procedures for the obtainment of hollow struc-
tures. SEM-FEG (c—f) and TEM imaging (g—j) of hollow structures
obtained from two-side sputtered mats after the pullulan thermal degra-
dation (c, d, g and h) or solubilisation procedure (e, f, i and j).

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 SEM imaging of the two-side sputtered mat coated with polya-
mide: top-view (a and b) and cross-section (c and d). SEM imaging of
the cross-section of the two-side sputtered mat coated with polyamide
after water immersion at different magnifications (e—h).

the nanostructures’ chemical composition and an estimated
higher sustainability of the whole process (ESIf).

The presence of the TiO, phase, likely retained in its orig-
inal amorphous state due to the absence of additional thermal
treatments, makes the resulting hollow structures suitable for
various applications.*’ Their disordered atomic arrangement
enhances light harvesting in the visible and near-infrared
regions.*” Additionally, amorphous TiO, serves as an excellent
substrate for surface-enhanced Raman scattering (SERS) due
to its characteristic energy band structure.*®> Furthermore, it
functions as a protective coating for photoelectrodes in photo-
induced water splitting applications, preventing corrosion. The
structural disorder of amorphous TiO, reduces the energy
required for oxygen vacancy formation, increasing the abun-
dance of these vacancies compared to crystalline TiO,. These
vacancies act as deep donors, facilitating hole transport and
enhancing conductivity.*"**

Finally, to further explore the application of the obtained
TiO,-based hollow fibers, two-side sputtered mats were incor-
porated as fillers into a thermoplastic polyamide 6,6 matrix
using a simple room-temperature mat impregnation process.

SEM images (Fig. 6a-d) confirmed the successful inte-
gration, with fibers uniformly coated with a thin polymer layer
that preserved their rough morphology. Cross-sectional ana-
lysis showed well-embedded fibers within the matrix, and after
water immersion, hollow fibers became clearly visible due to
the dissolution of pullulan nanofibers (Fig. 6e-h).

Conclusions

In summary, we presented an environmentally friendly
approach for realizing TiO,-based hollow fiber networks,
thanks to the use of a sacrificial template of continuous pullu-
lan nanofibers produced by electrospinning and magnetron
sputtering techniques. Compared to the most established
methods, the proposed approach offers advantages, particu-
larly in terms of sustainability and scalability. One of the key
benefits of this approach is its eco-friendly nature. With
respect to the procedures exploiting the electrospinning for
the fabrication of sacrificial polymeric templates, our method

This journal is © The Royal Society of Chemistry 2025
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replaces fossil-based polymers and toxic solvents with a
natural polysaccharide and water, respectively, reducing the
environmental impact and enhancing the safety and cost-effec-
tiveness of the process. Another significant advantage is the
sustainable template removal in water, preventing the use of
organic solvents for its dissolution. Additionally, magnetron
sputtering eliminates the need for toxic chemical precursors,
also preventing waste generation. Moreover, the process is per-
formed at room temperature, further increasing its
sustainability.

The Ti-sputtered fibers can be extremely attractive for
different applications since they can be used as organic-in-
organic fibrous networks, as hollow titanium oxide fibers, or
as structural/functional fibrous elements in composites with
thermoplastic or thermoset matrices, where they can generate
empty channels. Moreover, the potential applications of the
produced hollow titanium oxide fibers can extend to fields
such as light-harvesting devices and protective coatings for
photoelectrodes in photo-induced water splitting applications.
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