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entrifugally spun polymeric fibers
and postannealing: case study for nanotubular TiO2

photocatalyst†

Martina Rihova, a Oksana Yurkevich, b Martin Motola, ‡c Ludek Hromadko, ab

Zdenek Spotz, a Raul Zazpe, ac Mato Knez bd and Jan M. Macak *ac

This work describes the synthesis of highly photocatalytically active TiO2 tubes (TiTBs) by combining

centrifugal spinning and atomic layer deposition (ALD). Poly(vinyl pyrrolidone) (PVP) fibers were first

produced by centrifugal spinning and subsequently coated with TiO2 with various film thicknesses in

a fluidized bed ALD reactor. After annealing of the TiO2 ALD coated PVP fibers, TiO2 tubes (TiTBs) with

excellent textural properties and diameters in the range from approx. 170 to 430 nm were obtained. The

morphology and structure of all TiTBs were investigated by scanning and transmission electron

microscopy (SEM and TEM), X-ray diffraction (XRD), and Brunauer–Emmett–Teller analysis (BET). Liquid

phase photocatalysis was conducted to determine the photocatalytic activity of the TiTBs. The

photocatalytic activity of the TiTBs obtained after 50 TiO2 ALD cycles (degradation rate 0.123 min�1) was

twice that of the reference TiO2 P25. The underlying reasons for the remarkable photocatalytic

performance were textural properties of the resulting tubes along with suitable crystallinity, embedded

within the 1D tubular morphology. The herein presented proof-of-concept approach paves a way for the

processing of various polymeric fibers into various tubular nanostructures.
Introduction

Over the last decade, the development of one-dimensional (1D)
titanium dioxide (TiO2) nanostructures has attracted consider-
able attention.1,2 Their unique geometry and physico-chemical
properties such as high surface area, tunability of dimen-
sions, and strong incident light absorption are highly suitable
for advanced applications (e.g., electrochromic devices, solar
cells, batteries, and biomedical applications). TiO2 nanotubes
(TiNTs) are among the most sought aer 1D materials due to
their low cost, non-toxicity, high chemical stability,2,3 and
photo-electrochemical and photocatalytic properties based on
their suitable bandgap energy for the incident UV light
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utilization (3.2 eV and 3.0 eV for the most common anatase and
rutile phase, respectively).4

During the last 15 years, electrochemical anodization of Ti
foil in organic-based uoride-containing electrolytes has
become the most common method for the preparation of
TiNTs.5,6 This method allows the preparation of self-organized
1D TiNTs structures with a high aspect ratio and tunable
dimensions.5–7 An alternative approach for the synthesis of 1D
materials relies on thin lm coating of preformed nano-
structures such as bers, arrays, or tubes.8,9 For example,
nanobers are oen used as substrate for metal oxide deposi-
tion, as they can be easily produced and efficiently coated.10–13

Electrospinning14,15 is one of the current state-of-the-art tech-
niques to prepare polymeric nanobers. However, this method
possesses several drawbacks, such as a decent production rate
and the application of a high electric eld (in the order of kV)
within a highly ammable solvent (with implications on re
hazards). An alternative approach to circumvent these major
shortcomings is the synthesis through centrifugal ber spin-
ning, formerly also called forcespinning.16,17 The process allows
high throughput and can be roughly compared with a cotton
candy maker. During the centrifugal spinning process, the
bers are expulsed as a result of a strong centrifugal force acting
on the precursor in the rotating spinneret and the airow in the
spinning chamber. The subsequent evaporation of the solvent
leaves behind the bers, which are collected on the ber
collector. Due to the nature of the formation, centrifugal
Nanoscale Adv., 2021, 3, 4589–4596 | 4589

http://crossmark.crossref.org/dialog/?doi=10.1039/d1na00288k&domain=pdf&date_stamp=2021-07-24
http://orcid.org/0000-0002-4815-9374
http://orcid.org/0000-0001-5841-8125
http://orcid.org/0000-0001-7394-9944
http://orcid.org/0000-0001-9540-5833
http://orcid.org/0000-0002-4108-2669
http://orcid.org/0000-0003-0017-2323
http://orcid.org/0000-0002-9850-1035
http://orcid.org/0000-0001-7091-3022
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00288k
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA003015


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 5
:2

9:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
spinning produces bers with larger diameters (from several
hundreds of nanometers up to very few micrometers) than
electrospinning.18

Atomic Layer Deposition (ALD) is a technique for the
controllable deposition of various materials, including metal
oxides.19 ALD is based on sequential self-limited adsorption of
vapors of compatible precursors on surfaces and their reactions
to atomic layers.20 The main advantages of ALD are the great
control over the composition, thickness, conformality and
homogeneity of the resulting coating. It is a non-line-of-sight
deposition method, which allows the use of various porous
materials with high aspect ratios as templates for ALD coatings
besides its traditional application to coat at substrates. The
ALD coatings contain a low amount of contaminants and
adhere very well since they are chemisorbed to the underlying
substrates. More importantly, some ALD processes enable the
deposition of coatings at lower temperatures (<100 �C),
compatible with temperature-sensitive substrates, such as bio-
organic species, organic media and polymers.11,12,20,21 The type
of the polymer is a crucial factor for the use as a substrate for
ALD as it denes the ALD temperature range and availability of
the functional groups needed for successful chemisorption.
Many reports have already shown nanotubes with metal oxide
coatings prepared by a combination of electrospinning and
ALD. The coatings of metal oxide were applied both on natural
cotton bers22 and synthetic polymer bers obtained by elec-
trospinning, such as poly(acrylonitrile),23–26 poly(vinylidene
uoride),27 poly(methyl methacrylate),27 polysulfone,28 poly(-
ether sulfone),29 nylon 6,6,30–34 nylon 6 (ref. 35–37) and poly(-
butylene adipate terephthalate).38

Among the synthetic polymers, poly(vinyl pyrrolidone) PVP
and poly(vinyl alcohol) PVA are most widely used due to their
facile preparation in water as solvents.39–41 The electrospun
polymer bers were subsequently coated by ALD with
TiO2,11,42–46 Al2O3 (ref. 10, 47–49) or ZnO.44,50–53

In all aforementioned reports the diameters of the electro-
spun bers were limiting the diameters of the resulting nano-
tubes to the range between tens and few hundreds of nm. No
report employed bers with larger diameters, up to the sub-
micron scale. There are several reasons, why tubes with larger
diameters would be benecial: (1) larger crystals within the tube
walls with more degrees of freedom for growth and orientation,
(2) higher yield, and (3) safety issues (i.e., larger diameter
nanobers can possess a lower health risk compared to low
diameter ones). Overall, a robust synthesis protocol to produce
such tubes is desirable, but missing.

In this work, the centrifugal spinning of bers and ALD are
combined for the rst time to a robust synthesis protocol for
efficient TiO2 photocatalyst tubes (TiTBs). In order to achieve
TiTBs, poly(vinyl pyrrolidone) (PVP) bers, fabricated via
centrifugal spinning, were subsequently coated with TiO2 by
ALD. The resulting core–shell structure underwent thermal
post-treatment rendering hollow TiTBs upon annealing of the
polymeric ber core. The morphology, structure, and specic
surface area of the prepared TiTBs were characterized by scan-
ning electron microscopy (SEM), high-resolution transmission
electron microscopy (HRTEM), X-ray diffraction (XRD), and
4590 | Nanoscale Adv., 2021, 3, 4589–4596
Brunauer–Emmett–Teller (BET) analysis. The photocatalytic
properties of the TiTBs were evaluated under UV light irradia-
tion, showing photocatalytic activities that outperform those of
the reference TiO2 nanoparticles (P25) and yielding a very
promising material for photocatalytic applications.

Experimental
Centrifugal spinning

Poly(vinyl pyrrolidone) with commercial name K-90 (PVP,
average molecular weight Mw z 600 000 g mol�1) was
purchased from Prochema (Austria). Based on our previous
work,18 the PVP solution was prepared in distilled water with
a concentration of 22 wt%. Polymer bers were prepared from
this solution using the centrifugal spinning pilot tool Cyclon
Pilot G1 (Pardam Ltd., Czech Republic). The bers were
prepared with the following processing conditions: rotational
speed of the spinneret 11 000 rpm, temperature 40 �C, and
relative humidity 15%.

Atomic layer deposition

The ALD process was carried out in a home-built uidized bed
reactor using TiCl4 and H2O as precursors. The reactor
temperature was maintained at 85 �C. High-purity nitrogen
(99.9999%) with a ow of 200 standard cubic centimeters per
minute (sccm) was used as a carrier and purging gas. The PVP
bers were coated by TiO2 applying various numbers of ALD
cycles (12, 25, 50, 100, and 200). Aer each precursor pulse an
exposure time of 5 s was allowed for both TiCl4 and H2O, fol-
lowed by a nitrogen purge of 60 s. The extended exposure of the
substrates to the precursors in the chamber was needed to
ensure diffusion and the complete coverage of the bers, due to
their high surface area. The post-annealing treatment of the as-
coated bers was carried out at 500 �C in air for 4 h in a muffle
oven, rendering hollow TiO2 tubes (TiTBs).

Material and photocatalytic characterization of TiTBs

The morphology of the PVP bers and TiTBs was characterized
by scanning electron microscopy (FE-SEM JEOL JSM 7500F) and
selected samples also by high-resolution transmission electron
microscopy (HRTEM, FEI Titan Themis 60, operated at 300
keV). The structure of the TiTBs was analyzed by X-ray diffrac-
tometry (XRD, SmartLab 3 kW from Rigaku) set up in Bragg–
Brentano geometry using Cu-Ka radiation (l ¼ 1.54 Å) and
equipped with the Dtex-Ultra 1D-detector. The Cu lamp was
operated at a current of 30 mA and a voltage of 40 kV. The phase
analysis was performed based on the chemical composition
using the databases PDF2 and ICSD. Quantitative phase anal-
ysis was calculated by Rietveld renement. Crystallite size was
nd out from diffraction peak broadening based on Scherrer
formula. The textural properties (specic surface area and pore
size distribution) of TiO2 bers and reference TiO2 P25 nano-
particles were determined from the N2 adsorption isotherms.
The isotherms were acquired using an ASAP 2020 instrument
(Micromeritics) and evaluated by its MicroActive soware.
Before the adsorption measurement, the materials were
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00288k


Fig. 1 SEM images of PVP fibers coated with TiO2 by applying 12, 25,
50, or 100 ALD cycles (upper row) and TiTBs (lower row) after
annealing of the respective fibers.
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carefully degassed to allow a quantitative removal of the pre-
adsorbed H2O.

The photocatalytic activities of the TiTBs were evaluated
using photocatalytic degradation of aqueous methylene blue
solution (MB; initial concentration ¼ 1 � 10�5 M). Prior to all
measurements, to achieve the dye adsorption/desorption equi-
librium, 5 mg of the samples were immersed into the MB
solution (Vtotal ¼ 150 mL) for 1 h under constant stirring. Aer
reaching the equilibrium, the samples were separated from the
MB solution by centrifugation at 15 000 rpm for 3 min at 25 �C
using a xed angle rotor (MLA-50). Subsequently, 5 mg of the
sample was immersed in the MB solution (Vtotal ¼ 150 mL) and
irradiated by a LED lamp (UV lamp; l¼ 365 nm� 5 nm) and the
absorbance of the MB solution was periodically (10 min steps)
measured by a UV-VIS spectrophotometer (S-200, Boeco) at
a wavelength of 670 nm to monitor the degradation rates.
Repeatedly, before the absorbance measurements, 30 mL of MB
solution were taken out of the reaction solution and the sample
was separated from the MB solution by centrifugation at
15 000 rpm for 3 min at 25 �C using an MLA-50 rotor. This
approach was used due to: (1) dispersed photocatalyst would
disrupt the absorbance measurements of the MB and (2) the
maximum amount of solution that can be put into ultracentri-
fuge is 30 mL. Aer the absorbance measurements, the sepa-
rated photocatalyst along with the solution were put back into
the original MB solution (i.e., the total amount of 150 mL was
preserved during the entire photocatalytic activity
measurements).

Results and discussion
Morphology and structure

The morphologies of the submicron sized TiO2-coated PVP
bers, aer applying 12, 25, 50, and 100 ALD cycles, and TiTBs,
prepared by annealing, are shown in Fig. 1. The morphologies
of all PVP bers with TiO2 coatings were very similar and the
TiO2 coatings could not be discerned by the SEM at low
magnication. Fig. S1† shows a cross-sectional view of a PVP
ber with a TiO2 coating aer 200 ALD cycles, which shows the
homogeneity of the coatings and its thickness. The measured
thickness of the TiO2 coating was approximately 27 nm
(Fig. S1†), which translates to a growth rate of 0.135 nm per
cycle.

The as-spun PVP bers had diameters of approx. 790 nm.
However, the morphology and diameters dramatically changed
aer annealing, by which distinct hollow shapes were formed,
as shown in Fig. 1. The TiTBs showed diameter values of approx.
168 nm, 234 nm, 234 nm, and 434 nm resulting from the initial
PVP bers coated with 12, 25, 50, and 100 ALD cycles,
respectively.

These results contrast with the early reports for coated
electrospun bers, where the annealing process of ALD TiO2

coated polymeric bers did not yield such a signicant change
in the diameter of the resulting hollow tubular structures.11,42–46

Namely, Kim et al.11 coated electrospun PVP bers with diam-
eters of around 500 nm with TiO2 by ALD applying 1000 cycles
and the resulting TiTBs largely maintained the initial diameters
© 2021 The Author(s). Published by the Royal Society of Chemistry
with a wall thickness of z60 nm. De Dicastillo et al.45 coated
electrospun PVA bers with TiO2 by ALD by applying 250 and
500 ALD cycles and annealed them at temperatures of 400 �C
and 600 �C. The resulting tubes showed a slight increase of
diameters from approximately 200 nm to some 210–230 nm.
Finally, Choi et al.42 also reported similar diameters of PVA
bers and TiTBs (approximately 240 nm) before and aer
annealing. Their tubes had very thick side walls (75 nm). To sum
up, all TiTBs obtained aer 250 or more ALD cycles have
a sufficiently high wall thickness to withstand annealing
without losing the integrity of the tubes. At the same time, this
indicates a low porosity, which suppresses the photocatalytic
activity. However, an exact comparison of our results to the
mentioned publications cannot be easily made. Except for the
different polymeric bers used (PVP vs. PVA), the authors either
did not indicate the number of ALD cycles applied for the ALD
coating, or used signicantly higher cycle numbers. The
resulting wall thicknesses were considerably larger and the
coatings were less porous than in the presented research. In
addition, the annealing conditions (i.e. temperature, duration,
heating, and colling rates) were very different. Overall, the TiTBs
obtained in this work were prepared with a lower number of
ALD cycles (i.e., 12, 25, 50, and 100 cycles) than in these reports
and possess a porous surface, which is desired for an efficient
photocatalysis and diffusion.
Nanoscale Adv., 2021, 3, 4589–4596 | 4591
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The tubes resulting from the sample with 12 TiO2 ALD cycles
(Fig. 2) were fragile and prone to collapse. With z1.6 nm
thickness, the tube walls were obviously too thin to carry the
own load and maintain the tubular shape. With increased
numbers of ALD cycles (i.e., 25, 50, 100) TiTBs with a more
stable tubular morphology were obtained. Their average wall
thicknesses were approx. 3.4 nm, 6.8 nm, and 13.5 nm for the
three different cycle numbers, respectively. Interestingly, the
TiTBs obtained aer annealing of the 50 ALD cycle coated bers
showed a brush-like tubular morphology. The reason for this
brush-like morphology lies in the crystallization of the TiO2

coating during annealing. As the amorphous mass crystallizes,
the side walls of the material thin down because atoms migrate
from the original disordered mass to the crystal lattice. Such
mass rearrangements are usually accompanied with compres-
sion of the material. For TiTBs prepared upon 12, 25, and 50
TiO2 ALD cycles, the wall thicknesses of the forming tubes were
reduced during the annealing and the crystallization resulted in
a partial rupture of the initially uniform coating along with the
formation of distinct aky TiO2 crystals. A more detailed
information regarding the morphology can be obtained from
additional TEM and HRTEM images shown in Fig. S2.† Therein
the ber walls show a high degree of porosity and the individual
bers are connected by TiO2 crystals, which stem from the
crystallization of the amorphous TiO2 coating upon subsequent
annealing. With 100 ALD cycles a coating thickness threshold
was exceeded and the tube wall crystallized without signicant
morphological changes, as it occurred aer fewer ALD cycles. In
other words, the wall was able to disperse compression and
expansion events during annealing and arrange the crystals
without major cracks. The uniformity of the tube was also much
higher in comparison with the other samples, as shown in
Fig. 2d.

The specic surface areas (SBET) of the TiTBs were evaluated
by Brunauer–Emmett–Teller (BET) analysis and are
Fig. 2 TEM images of TiTBs obtained with: (a) 12, (b) 25, (c) 50, (d) 100
TiO2 ALD cycles.

4592 | Nanoscale Adv., 2021, 3, 4589–4596
summarized in Table 1. The SBET of the TiTBs were increasing
with increased number of ALD cycles from �3.21 m2 g�1 (12
ALD cycles) to �37.57 m2 g�1 (50 ALD cycles). This is attributed
to the increased porosity and the brush-like morphology of the
TiTBs at ALD 50 cycles, as seen in Fig. 1. Interestingly,
increasing the number of ALD cycles from 12 to 25 resulted in
a remarkable growth of the SBET by one order of magnitude. In
contrast, doubling the number of ALD cycles from 25 to 50 did
not further increase SBET but even decreased it to �22,7 m2 g�1

aer 100 ALD cycles. This is ascribed to the morphological
differences between TiTBs aer 50 and 100 ALD cycles, as
previously discussed (Fig. 1 and 2). The SBET was also measured
for the standard P25 commercial TiO2 nanopowder, (SBET ¼
�54.9 m2 g�1). Unlike TiTBs, the commercial P25 powder is
formed of spherical particles, which caused a higher SBET.

The PVP bers with as-deposited TiO2 ALD coatings were
amorphous, as conrmed by X-ray diffraction (XRD). The
representative XRD pattern of a 200 ALD cycle sample is shown
in Fig. S3.† With the amorphicity of the coatings aer deposi-
tion with the highest number of ALD cycles used in this study, it
is safe to state that any other thinner coating must be amor-
phous as well. On the one hand, aer annealing at 500 �C, three
different crystalline phases were identied in the TiTBs, as
shown in Fig. 3. Namely, tetragonal anatase TiO2 with the space
group P42/mnm (ICCD 01-086-1157), tetragonal rutile TiO2 with
the space group I41/amd (ICCD 00-021-1276), and orthorhombic
brookite TiO2 with the space group Pbca (ICDD 01-076-1937).
However, brookite diffractions were only observed in TiTBs
fabricated aer 25 and 50 ALD cycles. On the other hand, pure
anatase was identied in TiTBs aer 100 ALD cycles. This is
consistent with earlier ndings,11 indicating that exceeding
a specic wall thickness will result in pure anatase upon
annealing. However, there is no clear trend in the overall results
that could be easily explained, especially for the appearance of
the high temperature phases rutile and brookite at low coating
thicknesses. Crystallization is a complex thermodynamic
process and is inuenced by numerous factors.54

In general, phase transformation of TiO2 (from amorphous
to crystalline) is primarily inuenced by the annealing
temperature and time.45,55 Additional factors that inuence the
amorphous to crystalline TiO2 transformation include the
aspect ratio, the surface to volume ratio, morphology, and/or
stoichiometry. Amorphous TiO2 thin lms are prone to crys-
tallize into stable (rutile) and metastable TiO2 polymorphs
(anatase, brookite) upon annealing.56 Even though the exact
mechanism, especially for brookite formation, is not clear, the
stoichiometry, amount of oxygen vacancies, and the total
thickness of the TiO2 are important factors regarding the
amorphous to crystalline transformation of TiO2.

The crystallite size, calculated by Scherer's formula, was
applied to estimate the TiO2 crystallite form (Table 1). A clear
trend was observed for anatase, where the crystallite size grew
from approx. 16 nm to 63 nm with increasing the number of
ALD cycles. The fact that crystallites have a larger average size
than the actual thickness of the ALD coating can be explained
with asymmetric elongated crystals, viz. platelets, that compose
the crystalline tube wall. For the rutile phase, the crystallite size
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Specific area (SBET), diameters, crystallite size and quantitative ratio between TiO2 phases (A: anatase, R: rutile, B: brookite) of TiTBs
obtained after 12, 25, 50, and 100 TiO2 ALD cycles

TiO2 ALD
cycles SBET [m2 g�1]

Outer diameters
of TiTBs [nm]

Crystallite size (Scherrer
method) [nm]

Quantitative ratio between
phases (A : R : B)Anatase Rutile

12 3.21 � 0.02 168 � 54 16 26 85.6 : 14.4 : 0
25 32.85 � 0.27 234 � 41 18 28 68.8 : 30.2 : 1.0
50 37.57 � 0.29 234 � 69 23 19 86.5 : 10.7 : 2.8
100 22.7 � 0.90 434 � 188 63 — 100 : 0 : 0
P25 54.9 � 0.52 — 28 48 85.6 : 14.4 : 0

Fig. 3 X-ray diffraction patterns of TiTBs obtained with 12, 25, 50, and
100 TiO2 ALD cycles.
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of approx. 26 nm, 28 nm, and 19 nm for TiTBs with 12, 25, and
50 TiO2 ALD cycles was determined, respectively, showing an
opposite trend to the anatase crystallites: smaller anatase crys-
tallites are accompanied with larger rutile crystallites and vice
versa. This indicates again a correlation of lower wall thickness
with the formation of higher energetic phases.
Fig. 4 Photocatalytic degradation rates of methylene blue for TiTBs
under UV light irradiation. “Xc” specifies the number of applied ALD
cycles prior to annealing and k represents the kinetic rate constant.
Photocatalytic activity

All TiTBs were evaluated for their photocatalytic properties by
means of degradation of aqueous methylene blue (MB) solution
under irradiation with UV light (l ¼ 365 � 5 nm). Nano-
particulate P25 served as a reference TiO2 photocatalyst. Fig. 4
shows the degradation rates of MB with the various TiO2

materials. The photocatalytic degradation of organic dyes in
aqueous solutions typically follows the rst-order reaction
kinetics:4,57

ln c/c0 ¼ �kt (1)

where c0 and c are the initial concentration and the concen-
tration aer time t, respectively, and k is the kinetic rate
constant. The obtained photocatalysis results indicate that
under UV light irradiation the TiTBs obtained aer 12, 25, and
50 TiO2 ALD cycles show higher degradation rates of MB (k ¼
© 2021 The Author(s). Published by the Royal Society of Chemistry
0.109 min�1, 0.119 min�1, 0.123 min�1, respectively) than P25
(k ¼ 0.075 min�1). The highest degradation rate was obtained
with 50 ALD cycles TiTBs.

The reasons behind these results are very complex and will
be further discussed. It is well known that the specic surface
area, phase composition, and morphology of TiO2 are crucial
parameters for the material's photocatalytic activity.4,57 The SBET
of the samples are shown in Table 1. Indeed, the obtained SBET
correlate with the photocatalytic activity trend of TiTBs with 50c
(SBET ¼ �38 m2 g�1) > 25c (SBET ¼ �33 m2 g�1) > 12c (SBET ¼ �3
m2 g�1). The specic surface area increased signicantly
(approx. 10 times) for TiTBs aer 50 ALD cycles compared to
that of TiTBs aer 12 ALD cycles. As discussed earlier (SEM
Fig. 1 and TEM Fig. 2), this is due to the brush-like morphology
of the 50 ALD cycle TiTBs where the ber walls show a high
degree of porosity. TiTBs aer 12 and 25 ALD cycles are
composed of rather small TiO2 nanocrystals with an overall
lower active surface area for photocatalysis. Interestingly, TiTBS
aer 12 ALD cycles show a relatively high photocatalytic activity,
although they possess the lowest specic surface area, as they
don't have the brush like morphology as the 50c samples. In
addition, they have smaller diameter and slightly different size
Nanoscale Adv., 2021, 3, 4589–4596 | 4593
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of crystals. However, it is not just the available surface area that
is decisive for the photocatalytic performance. In this particular
case, the interplay between all parameters yields the photo-
catalytic activity quite high. On the other hand, TiTBs aer 100
ALD cycles have a rather low porosity with SBET ¼ �23 m2 g�1

that overall show a rather poor photocatalytic activity. As dis-
cussed earlier (SEM, Fig. 1; TEM Fig. 2), TiTBs with different
morphologies were obtained aer applying different numbers
of ALD cycles due to morphological changes during annealing
that affected their total specic surface area. Interestingly,
although P25 possesses the highest SBET ¼ �55 m2 g�1, the
photocatalytic activity was lower than that of 50, 25, and 12 ALD
cycles TiTBs.

The present work is not the rst example of nanobers
showing a better performance than the corresponding nano-
particles. There are numerous papers dealing with either dye-
sensitized solar cells or various photocatalytic systems with
the same tendency.58–61 At the rst glance, it is the dimension-
ality of the materials (0D for nanoparticles, 1D for nanobers)
that is responsible for such an outcome. All these papers
commonly assign this effect to a better charge separation and
transport in 1D materials (nanobers or nanotubes) than in 0D
nanoparticles.58 In other words, more conduction band elec-
trons are photogenerated within nanobers and therefore more
conduction band electrons are available in TiTBs than in P25.
Consequently, the photoinduced degradation rates of MB are
higher in TiTBs.

Moreover, several other aspects favor 1D materials over 0D
ones for photocatalysis: (1) increased number of active sites on
the surface of 1D compared to 0D materials, (2) enhanced
conductivity and electron mobility that facilitate the transfer
and separation of e�/h+ in 1D materials, and (3) increased
contact surface and charge transfer rate.

However, there are also textural, optical and crystalline
properties that come into play. The mesoporosity of the nano-
bers, along with their suitable 1D geometry, has a positive
effect on the enhanced number of adsorption/desorption sites
compared to that in P25, which are three-dimensionally con-
nected and do not necessarily offer so many reaction sites and
good diffusion of the species.58,62 One has also to consider that
within 1D structures, there are multiple light scattering events
that provide a higher number of photons utilized for the UV
charge separation.63–65 These events also contribute to an
enhancement of the photocatalytic reactions at the ber/dye
interface and result in an increased photocatalytic activity.

Last, but not least, also the crystallinity of the TiO2 matters.
P25 contains small amounts of rutile in predominantly anatase
TiO2 which is suitable for the charge carrier separation. Such
a phase composition is considered optimal for photocatalysis.66

Interestingly, the crystallinity of the best performing sample
(TiTBs with 50 ALD cycles), has a similar anatase:rutile ratio.

Considering all these various aspects, one can state that the
interplay of structure and composition is in favour of the pho-
tocatalytic properties of the herein presented TiTBs (in partic-
ular those produced with 50 ALD cycles) more than those of the
reference P25 nanoparticles.
4594 | Nanoscale Adv., 2021, 3, 4589–4596
Conclusions

In summary, titania tubes (TiTBs) were developed by coating of
centrifugally spun PVP bers with TiO2 by ALD, applying 12, 25,
50, or 100 ALD cycles and subsequent annealing. A tubular
morphology was obtained in all cases with the tubewall thick-
nesses being a function of the applied number of ALD cycles.
Themechanical integrity of the tubes notably increased with the
coating thickness. Interestingly, a very pronounced texture with
high porosity was observed in TiTBs obtained aer 50 ALD
cycles (with wall thicknesses of about 7 nm). The TiTBs were
found to be polycrystalline with varying ratios of anatase, rutile
and brookite. Pure anatase was observed only in tubes with
a TiO2 coating formed aer 100 ALD cycles. Besides morpho-
logical analyses, the specic surface area and photocatalytic
activity were determined for the various tubes. The photo-
catalytic tests against reference TiO2 P25 nanoparticles showed
an outstanding performance of the TiTBs. In particular the 50
ALD cycle TiTB yielded the highest photocatalytic degradation
rates of methylene blue, owing to combination of the large
surface area, efficient charge separation and also suitable
crystallinity. The herein presented approach offers manifold
opportunities for lab scale as well as industrial scale production
of various metal oxide nanotubular structures.
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