Received: 17 September 2023

Revised: 20 October 2023

Accepted: 30 October 2023

DOI: 10.1002/nano.202300140

REVIEW

Recent advances in TiO; nanotube layers — A mini review of
the latest developments in nanotube preparation and
applications in photocatalysis and microwave sensing

Hanna Sopha'? | Mahnaz Alijani® | Marcela Sepulveda’ | Jan M. Macak'’

ICenter of Materials and
Nanotechnologies, Faculty of Chemical
Technology, University of Pardubice,
Pardubice, Czech Republic

2Central European Institute of
Technology, Brno University of
Technology, Brno, Czech Republic

Correspondence

Hanna Sopha, Center of Materials and
Nanotechnologies, Faculty of Chemical
Technology, University of Pardubice,
53002 Pardubice, Czech Republic.
Email: hannaingrid.sopha@upce.cz

Funding information
Ministerstvo Skolstvi, Mladeze a
Télovychovy, Grant/Award Number:
LM2023037

1 | INTRODUCTION

Abstract

Self-organized anodic TiO, nanotube (TNT) layers prepared by anodization of
Ti substrates have attracted great interest within the last 20 years, due to their
unique properties and low-cost synthesis. This mini review article aims to shortly
summarize the most recent developments in the TNT layer synthesis and appli-
cations. It presents the synthesis of high aspect ratio (HAR) TNT layers in a
short time by accelerating the TNT layer growth rates in lactic acid contain-
ing electrolytes. Furthermore, the etching of TNT layers towards TNT bundles
of homogeneous size and single tube powders is discussed, as well as the possi-
bility to grow TNT layers on non-planar Ti substrates, which cannot be directly
connected to the potentiostat (e.g., Ti spheres or 3D Ti meshes). As a relatively
new application, the employment of TNT layers in microwave resonator sensors
isintroduced. Last, but not least, approaches of upscaling the TNT layer size from
the laboratory scale towards significantly larger scale are outlined and reviewed.

KEYWORDS
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Nanostructured TiO, is of special significance as it pro-
vides extremely high surface area and many active sites.

Since the first report in 1972 on the use of TiO, for photo-
catalytic water splitting by Fujishima and Honda,!'! TiO,
gained high scientific and technological interests due to
its possible employment in a plethora of applications,
including photocatalysis,[z] solar energy conversion,[3]
sensors,|*! or biomedicine (e.g., as implants).l°! The rea-
son for the use of TiO, in these applications is related to its
beneficial chemical and physical properties: its wide band
gap (between 3.0 eV for rutile and 3.2 eV for anatase phase),
its good ion intercalation and its biocompatibility.[>*!

It is therefore not surprising that over the last decades
extensive research efforts have been carried out to pro-
duce nanostructured TiO, in different shapes, as, for
instance, nanoparticles,'°! nanorods,!'°! nanofibres,!"'! or
nanotubes.[">*] The most widely used TiO, nanostruc-
tures up to today are industrially produced nanoparticles,
which can be found, for example, in sunscreen, paint,
self-cleaning windows, or solar cells.

However, due to their hollow structure resulting in an
enormous available surface area, TiO, nanotubes belong
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to the most interesting shapes and can be produced via
different approaches, such as hydrothermal methods,!*]
template assisted approaches,!”®! electrospinning,!'®! and
anodization.!'>!”] Most approaches result in the formation
of nanotube powders, however, by anodization continuous
TiO, nanotube (TNT) layers can be produced, which are
directly connected to the anodized Ti substrates. Such TNT
layers consist of vertically aligned nanotubes with strong
interconnections and are highly self-ordered, which leads
to an uni-directional charge transport along one direction
(i.e., the nanotube walls) and therefore improved charge
separation, as well as to directional diffusion profiles.!'8]
Due to the connection to the underlying Ti substrate, no
additional immobilization of nanotubes is required for
their further application.

Within the last 15 years, various review articles summa-
rized the newest advancements in the field of TNT layers at
the time of the publication; the first one published in 2007,
reviewing the early research efforts, TNT layer properties
and their applications.'”! In 2014, Lee et al. summarized
practically all work carried out on TNT layers until then
in an exhaustive review article.?! Additionally, several
smaller review articles were published on rather recent
developments in the field being focused on special topics,
such as the nanotube formation mechanism and nan-
otube structure!?-28] or nanotube functionalization, %’
or certain applications as for instance photocatalysis,!*?}
photoelectrocatalysis,l*!]  energy storage,’>**  solar
energy conversion,*>3°! biomedical applications,*’~*0]
supercapacitors,*!} or sensors.!*2]

This mini review aims to give a brief overview on
the most recent research efforts, new synthesis methods
and applications raised within the last 3 to 5 years. This
includes the synthesis of high aspect ratio TNT layers
in a very short time, the use of bipolar electrochem-
istry to produce TNT layers on non-planar Ti objects,
which cannot be connected directly to the potentiostat,
and etching of TNT layers to single tube powders for
an even increased surface area. Furthermore, the appli-
cation of TNT layers in microwave sensors as a recent
application will be discussed. Finally, upscaling of the
TNT layers from the laboratory scale to large- or full-
scale synthesis will be discussed, paving the way for
industrial production of TNT layers for their commer-
cial employment in conventional photocatalytic and other
applications. Though also many other interesting studies
were carried out within the last ~3-5 years for the use of
TNT layers in different application, for instance on further
improvement on photoelectrocatalysis (PEC)[**~4! or Li-
ion batteries,!*’°°] deeper investigations on cell response
on TNT layers, [°'-5*] or the use of TNT layers as ion sieves
for Li extraction,!*®! this review does not focus on these
applications. The reason is that many other recently pub-

lished review articles, as mentioned above, are focused on
them.

1.1 |
layers

High aspect ratio TiO, nanotube

While the first publication on TNT layers dates back to
1984,1121 enormous research efforts on their development
were carried out in the early 2000s. In this time, special
attention was drawn to the optimization of the electrolyte
composition and especially towards the thickening TNT
layers, as it was foreseen that this leads to a boosting of
their performance. As a result, anodization electrolytes
are nowadays classified into three different generations:
(i) aqueous, acidic electrolytes, in which TNT layers with
a thickness of up to ~500 nm can be prepared,>®>7! (ii)
aqueous, neutral electrolytes, in which TNT layers with
thickness up to ~4 um can be prepared,*°° and (iii)
organic viscous electrolytes (usually glycerol- or ethylene
glycol-based), in which TNT layers with a thickness of
several hundreds of um can be prepared.!'”.0"-%*] All elec-
trolyte generations have the addition of small amounts of
a F~ source in common, most frequently in the form of
NH,F or HF.[%62]

Nowadays, the most commonly used electrolytes are
based on ethylene glycol and glycerol, as thicker TNT lay-
ers exhibit higher surface area, which is advantageous for
many applications.[02648] The reason why thicker TNT
layers can be received in ethylene glycol- and glycerol-
based electrolytes compared to their aqueous counterparts,
is the lower TiO, dissolution (etching) rate on their tops in
these electrolytes as local concentration and pH fluctua-
tions are suppressed due to the high viscosity.[°"] However,
the TiO, dissolution in these electrolytes is not only
reduced on the nanotube tops but also on their bottoms,
which means that long anodization times are required to
receive thick TNT layers with a high aspect ratio (HAR),
meaning the ratio between the nanotube layer thick-
ness and the nanotube diameter. Depending on the final
thickness of the TNT layers, the anodization time may
take between several hours and several days.[01-63:68:6%]
Such long anodization times are neither economical nor
environmentally friendly and must, therefore, be signifi-
cantly reduced, to make the anodization process useful for
industrial applications.

The path to receive HAR TNT layers within a reason-
able time is obviously to increase their growth rate, which
can be solved by increasing the anodization potential
(or in the case of galvanostatic anodization the anodiza-
tion current density). Nonetheless, this approach is not
as straight forward as it appears on the first glance,
as a higher electric field promotes the occurrence of
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dielectric breakdown, resulting in a “burning” of the
Ti substrate by locally significantly increased current
densities and temperatures, hampering the TNT layer
synthesis.!”’! The dielectric breakdown is an autocat-
alytic, avalanche reaction, triggered by the injection and
further multiplication of electrons from the electrolyte
species into the oxide conduction band.!”72] Therefore,
once the dielectric breakdown commenced, it cannot be
stopped. Consequently, the anodization conditions must
be carefully adjusted and optimized to receive high TNT
layer growth rates without the occurrence of dielectric
breakdown. This can for instance be achieved by fur-
ther optimizing the anodization electrolyte by adding
surfactants.

One of the first reports on the increase of the TNT
layer growth rate investigated the addition of H,O, to
the electrolyte.!”! The H,0, accelerated the growth rate,
which was attributed to the formation of HOe and HO,e
radicals controlling the oxidation and dissolution pro-
cesses. However, due to the short lifetime of H,0,, the
growth rate increased just for a short time at the begin-
ning of the anodization and slowed down in the frame of
time.[ 73]

On the other hand, it is known that the breakdown
potentials can be shifted towards higher potentials by
the addition of weak chelating organic acids into the
electrolyte.l%°] The accelerated growth rate was first shown
by Banerjee et al. for the use of the disodium salt of
ethylene diaminetetraacetic acid (Na,[H,EDTA]), as addi-
tion to an ethylene glycol-based electrolyte, resulting in
~41 pum thick TNT layers produced within 1 hour of
anodization.!’*] Deeper investigations on the addition of
other chelating agents, that is, lactic acid (LA), citric acid,
glycolic acid, and EDTA, were further carried out by So
et al.l%] It was found that the highest TNT layer growth
rates were obtained upon the addition of LA. The addition
of LA allowed to apply a potential about twice as high as in
an LA-free electrolyte, without the risk of dielectric break-
down. Detailed x-ray Photoelectron Spectroscopy (XPS)
and Time of Flight-Secondary Ion Mass Spectroscopy
(ToF-SIMS) investigations confirmed the adsorption of LA
from the electrolyte on the TiO, surface, preventing the
dielectric breakdown during the anodization process. By
employing an anodization potential of 120 V and addi-
tionally increasing the electrolyte temperature to 60°C,
TNT layers with a thickness of ~150 um were achieved
within only 1 hour of anodization.[%°! Furthermore, it must
be noted that the TNT layers of 15 and 30 um thickness,
obtained on LA-containing electrolytes within only a few
minutes, showed a significantly enhanced adherence to
the underlying Ti substrate upon annealing compared to
the TNT layers of similar thickness prepared in an LA-free
electrolyte.[ 0]

To avoid the uneconomical and energy consuming heat-
ing of the electrolyte, Alijani et al. recently optimized the
LA-containing electrolyte further.l”>7°! It was shown that
the aging of the electrolyte plays a significant role to receive
HAR TNT layers within a very short time. Similarly, as
for anodization in LA-free electrolytes,|””] LA containing
electrolytes need to be aged. With aging the anodization
of dummy Ti substrates is meant, which are not further
used. By doing this, the electrolyte composition slightly
changes by the electrode reactions. This results in the
presence of Ti-F species (e.g., [TiF¢]*"), therefore a small
decrease in free F~ ions, and a slight increase in the H,O
concentration in the electrolyte. An additional use of the
electrolyte, especially for short times, does not result in sig-
nificant electrolyte changes afterwards for a certain time of
electrolyte use.l””] By optimizing the electrolyte age, TNT
layers with a thickness of ~80 um could be obtained within
15 and 30 minutes by applying anodization potentials of 160
and 140 V, respectively.! 7’| By using galvanostatic anodiza-
tion and applying a current density of 55 mA cm™2, a
TNT layer thickness of ~44 ym could be reached within
15 minutes.!®! It is important to note that no additional
tedious heating or cooling of the electrolyte was employed
in these studies.!”!

Overall, these most recent studies show the possibility
of producing thick HAR TNT layers with AR up to ~450
in a reasonable short time of 30 minutes,!”>°] making
the process economically realistic for a possible industrial
application. Figure 1 gives an overview on AR and growth
rate of TNT layers received in the different aqueous (a) and
viscous (b) electrolytes.

1.2 | Etching of TiO, nanotube layers
towards nanotube bundles and single tube
powders

As described in Chapter 1.1, nowadays ethylene glycol and
glycerol-based electrolytes with low water content are most
commonly used to receive thick TNT layers. However, it
was found that in such electrolytes nanotubes with a dou-
ble wall (DW) structure are produced.!7#°! Figure 2 shows
a scheme and a Scanning Electron Microscope (SEM)
image of the DW structure after annealing treatment at
400°C at the bottom of a TNT layer prepared in an ethy-
lene glycol-based electrolyte containing 150 mM NH,4F and
10 vol% H,0. As during anodization a chemical etching
takes place on the top of the TNT layers, the DW struc-
ture is not visible at the top of the layers. Furthermore,
it becomes thicker towards the bottom of the TNT layers,
forming a V-shape.!””!

DW TNT layers consist of two distinctly different
regions: an outer shell (OS) and an inner shell (IS) of the
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FIGURE 1 Aspectratio and growth rate of TNT layers
produced in (A) aqueous electrolytes (aqueous acidic electrolytes:
diluted HE,””! H,S0,/HF,!**l H;PO,/HF,|7*! and aqueous neutral
electrolytes: (NH,),S0O,/NH,F,[**] (NH,)H,PO,/NH,F,[?]
Na,S0,/NaF),[**] and (B) organic viscous electrolytes
(Gly/NH,F,* EG/NH,F,[] EG/HF,[*! EG/H,0/NH,F,""]
EG/H,0/NH,F/EDTA,!"] EG/H,0/NH,F/LA).”] Gly = glycerol,
EG = ethylene glycol. TNT, TiO2 nanotube.

nanotubes. The reason for this can be explained by the TNT
layer formation mechanism!®'! and was in detail described
in a recent book chapter.[”*! In brief, during anodiza-
tion the TiO, formation takes place on the metal-metal
oxide as well as on the metal oxide-electrolyte interface.
Simultaneously ethylene glycol or glycerol decompose in
the high electrical field, applied for anodization. Thus, C-
species from the decomposition are adsorbed on the metal
oxide-electrolyte interface and consequently incorporated
into the newly formed metal oxide. On the metal-metal
oxide interface rather pure TiO, is formed. Considering
the plastic flow model for the TNT layer formation, 8521
the formed TiO, layer moves upwards with the pure TiO,
layer, which was formed at the metal-metal oxide interface,
building the OS of the formed nanotubes. The C-species
rich layer, formed at the metal oxide-electrolyte interface,

builds the IS. The enrichment of C-species from the elec-
trolyte within the IS of the DW TNT layers was proven by
two studies, deeply investigating the composition of the
DW TNT layers.[53#] The OS on the other hand was found
of almost pure TiO,, while F-species stemming from the
electrolyte were mainly found between the individual nan-
otubes and between the TNT layer and the underlying Ti
substrate.[8354]

An pioneering study revealed that in comparison to sin-
gle wall (SW) TNT layers (prepared in a dimethyl sulfoxide
(DMSO)-based electrolyte), the DW TNT layers prepared
in ethylene glycol-based electrolytes show a lower per-
formance, as conductivity or electron transport times in
DSSCs, layers as the carbon-containing IS has a negative
influence on the charge recombination.[%*] However, TNT
layers grow extremely slow in DMSO.!31:8>80] Furthermore,
TNT layers produced in ethylene glycol-based electrolytes
are more homogeneous and of higher order,®>%] and
therefore the ethylene glycol-based electrolytes are still the
most common.

Therefore, a chemical treatment of TNT layers prepared
in ethylene glycol-based electrolytes was suggested, allow-
ing the selective dissolution of the IS. As a result, SW TNT
layers can be obtained.[®*-"?! This etching is carried out in
piranha solution at elevated temperature after a mild pre-
annealing at low temperatures of the TNT layers. A scheme
and a SEM image of such a SW TNT layer obtained after
chemical etching is shown in Figure 2.

As a consequence of the removal of the IS, SW
TNT layers possess enhanced properties such as con-
ductivity, carrier transport and a lower on-set temper-
ature during annealing, due to the lower amount of
impurities.[°>9*°4] This results in improved photoelec-
trochemical and photocatalytic performances, compared
to the DW ones.[3890:9295] Recently it was shown that a
further reconstruction of the SW TNT layers by a thin
TiO, coating, obtained by Atomic Layer Deposition (ALD)
additionally improved the photoelectrochemical perfor-
mance and photocatalytic activity of the SW TNT layers
by a passivation of surface states within the TNT lay-
ers and an enhanced utilization of photogenerated charge
carriers.!%°]

By optimizing the etching process for SW TNT layers
and, in particular, applying a prolonged ultrasonication
step, the DW TNT layers can be etched to powders of TNT
bundles. This process can be used to obtain TNT bun-
dles of more homogenous size than obtained by bending
of the Ti substrates. Figure 2 shows the scheme and a
SEM image of TNT bundles obtained by etching of TNT
layers. Furthermore, the C-rich IS should be removed
from this TNT bundles. The application of such TNT
bundles of more homogenous size was shown for photocat-
alytic active microrobots used for biofilm removal.l®’] An
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Scheme of different morphologies of TiO, nanotubes received via etching of DW TNT layers and corresponding SEM images

revealing the real morphology: DW TNT layer, (Scanning Electron Microscope (SEM) image taken from the TNT layer bottom part), SW TNT
layer after chemical etching time t; (SEM image taken from the TNT layer bottom), TNT bundles received after chemical etching time t, and

sonication time t;, and TiO, single tube powders received after chemical etching time t, and sonication time t;. TNT, TiO, nanotube.

additional decoration of the TNT bundles with CdS using a
hydrothermal method assured their photocatalytic activity
in the visible light.[7]

Etching the DW TNT layers even longer leads to powders
of individual TiO, nanotubes (single nanotubes, ST), also
depicted in Figure 2.1 ST powders revealed an excel-
lent photocatalytic performance in the liquid phase due
to the largest available area in comparison with DW and
SW TNT layers!®! and thus the number of active sites.
However, the small size of STs complicate the separation
of ST powders from the liquid phase after the photo-
catalytic degradation. Therefore, a decoration of the ST
powders with Fe;O4 was suggested, resulting in magnet-
ically guidable ST powders, which can be advantageously
used as movable photocatalysts. Furthermore, due to the
bandgap of Fe;0,, a photocatalytic activity of such pho-
tocatalysts in the visible light was revealed.[®’] A recent
follow-up study!*®! on this work studied the crystallinity of
ST powders, showing that the combined effects of anneal-
ing, the size of crystallites, and the specific surface area
enhance the photocatalytic activity of these materials. This
study also revealed the interesting fact that upon anneal-
ing of the ST powders up to 800°C pure anatase phase is
formed, which is unique among TiO, nanostructures. %!
Only upon annealing at 900°C x-ray diffraction measure-
ments showed the formation of rutile phase, confirming
that ST powders crystallize completely differently than
TNT layers attached to Ti substrates, where rutile phase is
usually found upon annealing at ~500°C.[9%100]

1.3 | Bipolar electrochemistry for TNT
layer preparation

Most frequently, TNT layers are produced in a two-
electrode set-up, using the Ti substrate as anode. The
cathode can be made of any suitable material, for example,
Pt, graphite, or a second Ti substrate. The easiest possibil-

ity to build the electrochemical cell is to take a beaker with
the electrolyte and immerse anode and cathode into it,
connected to the potentiostat. Such a typical two-electrode
set-up (further denoted as “conventional”) is shown in
Figure 3A. It can be used to grow TNT layers over the
whole area of the Ti anode immersed into the electrolyte.
A more advanced conventional set-up is the use of home-
designed electrochemical cells, with the Ti anode in form
of a Ti foil or sheet being pressed against an O-ring from
outside the cell, leaving an area of pre-defined size in con-
tact with the electrolyte. These cells are usually employed,
when only a certain area of the Ti substrate or just one
side of it should be anodized. In such conventional set-ups,
TNT layers with homogenous thickness and diameter are
produced over the complete area of the Ti substrate being
in contact with the electrolyte. On the other hand, it is not
possible to produce TNT layers with a gradient in nanotube
diameter and thickness in a conventional set-up. Further-
more, it is limited to Ti substrates that (i) can be connected

(A) (B)

®

Ti

©)

FIGURE 3 Scheme of (A) a conventional anodization set-up,
(B) an open bipolar set-up, (C) potential distribution in an open
bipolar set-up, and (D) a closed bipolar set-up.
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to the potentiostat, and (ii) do not need to be anodized over
the complete surface as a connection to the potentiostat
must be established.

However, the preparation of TNT layers with a gradient
in layer thickness and nanotube diameter can be of inter-
est, for instance for a fast screening of optimal nanotube
dimensions for specific applications without the need of
producing several TNT layers with different dimensions
to be tested for applications one by one, resulting in a
time consuming and expensive procedure. To overcome
this issue, bipolar electrochemistry!’-193] can be used,
which is until now the only method that offers the possi-
bility of producing gradient TNT layers. A scheme of an
open electrochemical cell for the anodization of Ti sub-
strates using bipolar electrochemistry (further denoted as
“open bipolar cell”) is shown in Figure 3B. In a bipolar cell,
the Ti substrate is polarized in the electrical field between
two so-called feeder electrodes, which are connected to
the potentiostat. The Ti substrate itself is not connected
to the potentiostat but fixed in the middle between the
feeder electrodes, with the positively polarized side fac-
ing the feeder cathode and the negatively polarized side
facing the feeder anode. The feeder electrodes should be
made of an inert material, for instance Pt, to avoid side
reactions. If the potential between the feeder electrodes
is high enough, reactions can be driven on the Ti sub-
strate, meaning, if a proper electrolyte is employed, it will
be anodized towards TNT layer formation. The polariza-
tion potential, which arises at the Ti substrate, changes
along the Ti substrate, with the highest polarization being
on its extremities, while it gradual decreases towards the
middle of the Ti substrate—see Figure 3C.I'3] However,
the anodization potential influences the nanotube diame-
ter and growth rate.['”! Thus, when using an open bipolar
cell, the TNT layers prepared will have a gradient in TNT
layer thickness and nanotube diameter. The thickest nan-
otubes with the largest diameter grow on the edges or
extremities of the Ti substrate, while thinner nanotubes
with smaller diameter can be found towards its middle.!'**]
Simultaneously, hydrogen evolution occurs on the posi-
tively polarized extremity of the Ti substrate, as well as
on the feeder cathode, due to reduction of the electrolyte.
On the feeder anode oxygen is produced stemming from
the oxidation of water, assuming inert feeder electrodes are
employed.!'°]

Although the concept of bipolar electrochemistry is
known for several decades,!'%19°] the use of an open bipo-
lar cell for anodization of Ti substrates towards TNT layers
was shown for the first time only in 2014 by Loget et al.[1%]
In this proof-of-concept study it was shown that the gra-
dient in nanotube dimensions can be influenced by the
potential applied between the feeder electrodes and the
anodization time. Furthermore, the TNT layers with gra-

dients in dimensions were employed for a fast screening
of optimal TNT layer dimensions for photocurrent mea-
surements and, after sensitization with a ruthenium-based
dye, for dye sensitized solar cells (DSSCs).['*! Since then,
several publications reported on the optimization of gra-
dient TNT layer preparation, by evaluating the influence
of the potential applied between the feeder electrodes, 7!
by anodizing several Ti substrates simultaneously,'*¢! or
by superimposing the TNT layer formation on a conven-
tional electrode set-up with a bipolar set-up, resulting in a
linear gradient of nanotube layer thickness and diameter
along the Ti substrate.l'”] A study calculating the polar-
ization potential on different places along the Ti substrate
was recently published by Zhang et al.l'%] As mentioned
above, the gradient TNT layers have been used for high-
throughput screening of the optimal nanotube dimensions
for their use in different applications; in DSSCs,!'*¢] H,
evolution on Pt-loaded TNT layers,!"!°] Li-ion batteries! 7!
and cell proliferation and adhesion for the possible implant
modification with TNT layers.["""12] Additionally, it was
shown that gradient TNT layers perform better in Li-ion
batteries at high C-rates, compared to homogeneous TNT
layers.[107]

As the development of the 3D printing technology pro-
ceeds, the preparation of more complicated and individual
Ti substrates also becomes more feasible. Meanwhile
metallic 3D Ti and Ti alloy substrates can be printed.[*-12!]
A photograph of such Ti substrates is shown in Figure 4A.
This is especially of interest, as in the recent years a trend
was seen towards the anodization of Ti substrates with
higher surface area, such as planar meshes,!'?2'2*] as they
show a superior photocatalytic performance than planar,
solid Ti substrates, such as foils, due to their increased
surface area and the possibility of employing them in
flow-through reactors. As the anodization in a bipolar cell
is wireless, meaning no connection between the Ti sub-
strate and the potentiostat needs to be established, it is
definitively very suitable for the TNT layer preparation
on Ti substrates which cannot be directly connected to
the potentiostat, as for instance small Ti spheres or more
complicated 3D printed Ti substrates.!'?*12] Inspired by
the earlier work from Asoh et al. on porous Al,O5 layer
preparation,'?"2°] TNT layers were be prepared over the
whole surface of such more complicated substrates by
applying an alternating instead of a direct potential.l'24-120]
Using an alternating potential, the polarization of the Ti
substrate changes its direction by a given frequency, alter-
nating the side of the Ti substrate which is positively
polarized and therefore anodized. Meanwhile, a reduction
reaction happens on the negatively polarized side, mean-
ing H, evolution, and, if the side was anodized previously,
the prepared TNT layer will be reduced.l'**! Depending
on the potential applied between the feeder electrodes and
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FIGURE 4 (A) Photograph of 3D printed Ti meshes, (B) photoreactor for photocatalysis in the liquid phase, (C) photocatalytic
degradation kinetic curves of methylene blue using 3D printed Ti meshes with different surface modifications.

the distance of the feeder electrodes to the Ti substrate,
TNT layers with different thickness and nanotube diame-
ter can be obtained. However, one must note that rationally
also under the application of an alternating potential, TNT
layers with gradients in thickness and diameter are pro-
duced. In this case, if the anodization was carried out with
an alternating potential of equal amplitude and an equal
distance of the Ti substrate to both feeder electrodes, TNT
layers with a homogenous gradient from the Ti substrate’s
extremities to its middle are produced.!'>*!

The application of Ti spheres!'**] and 3D Ti and Ti alloy
meshes!2>126] modified with TNT layers by bipolar elec-
trochemistry under alternating potentials has been shown
for photocatalysis in the liquid!'>*'>] as well as in the gas
phase.[’°] A scheme of a photocatalytic reactor for pol-
lutant degradation in the liquid phase, using anodized Ti
meshes as photocatalyst, is shown in Figure 4B.1'>] Com-
pared to their counterparts modified with thin thermal
TiO, layers or TiO, nanoparticles, the TNT layer modified
Ti meshes revealed significantly increased photocatalytic
degradation rates, due to the highly increased surface area
- see Figure 4C.[124125]

Instead of using the above-described open bipolar set-
up, also a closed bipolar set-up can be employed for the
anodization of Ti substrates. The scheme of a closed bipo-
lar set-up is shown in Figure 3D. The set-up consists of
two half cells with the Ti substrate as separator. Each half
cell contains one feeder electrode. Compared to the open
bipolar set-up, the closed set-up has the advantage that the
potential at the Ti substrate is the same as the potential
applied at the feeder electrodes, as the entire current must
flow through the Ti substrate. This results in the possibility
of applying much lower potentials between the feeder elec-
trodes, than in an open bipolar set-up.[3%1*!] Additionally,
the polarization of the Ti substrate occurs homogeneously
without any gradient in the potential, resulting in Ti lay-
ers with homogeneous thickness and diameter on the Ti
substrate’s surface.!3>133]

An easy way to build a closed bipolar set-up for the
anodization of Ti, as well as of Al was shown by Chen
et al.l"** and Xu et al.,[**] respectively, who used two
beakers as half cells and the Ti or Al substrate, respectively,
as bridge between the beakers. A more elegant set-up was
used by Sopha et al.,l'*2] who designed a two-compartment
cell allowing the Ti substrate to be fixed between two O-
rings in its middle. Naturally, applying a direct potential
to a closed bipolar set-up leads to TNT layers on one side
of the Ti substrate, while applying an alternating poten-
tial to TNT layers on both sides. The TNT layer dimensions
are the same as for TNT layers prepared in a conventional
set-up under the same anodization conditions.!'*!

However, the closed bipolar set-up becomes an exciting
choice for the modification of Ti substrates with differ-
ent dimensions on both sides. This can be done by using
alternating potentials of different amplitude in both half-
cells or even by using completely different electrolytes
in both half-cells.l'*?] This can be interesting for applica-
tions, in which different TNT layers on one Ti substrate
are needed. In comparison, in a conventional set-up, one
side of the Ti substrate must be protected from contact with
the electrolyte during anodization and both sides must be
anodized after each other to receive the Ti substrates with
TNT layers of different dimensions on both sides, making
it tremendously more tedious.

1.4 | Application of TNT layers in
microwave sensors

Although microwave resonator sensors are known
for a long time,'*! the use of TNT layers as sensing
material for them is less explored. The principle of
microwave resonator sensors is based on the interaction
of the electromagnetic waves with the tested matter.
Due to this interaction, changes in the permittivity
of the material can be detected, which manifest as a
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frequency change or amplitude attenuation of the
microwave signal.l*¢]

Microwave resonator sensors are employed in dif-
ferent applications (e.g., medicine or environmental
monitoring),'*’! as they can be used for real-time moni-
toring, reveal a high resolution and can accurately identify
various solids, liquids and gases. One possible application
is the detection of ultraviolet (UV) light, which has cap-
tured considerable significant interest,!'**40] due to the
potential health risks by excessive UV irradiation, leading
for instance to premature skin aging and skin cancer.!'*!]
UV sensors are frequently needed in different sectors of
industry.["*2144] For this, planar microwave resonator sen-
sors have demonstrated a compelling performance, due to
a high sensitivity, inexpensiveness, and robustness. Fur-
thermore, they possess a high signal-to-noise ratio (quality
factor), real-time responsiveness, and a simple operation in
an electrode-less design. It is possible to miniaturize these
sensors, and they are compatible with the complementary
metal-oxide-semiconductor (CMOS) technology.[ 1361451461

In a pioneering proof-of concept study, Zarifi et al.l'*%]
demonstrated for the first time the possibility of integrat-
ing freestanding TNT layers, obtained by delaminating the
TNT layers from the underlying Ti substrates, into pla-
nar microwave resonator sensors for the aim of UV light
sensing. A persistence of charged pair states within the
freestanding TNT layers for several hours was observed, as
well as a dependency of changes in the dielectric properties
(as permittivity and electrical conductivity) on both the UV
light's wavelength and intensity of the incident light.['**]
The changes of the dielectric properties lead to an observ-
able shift in the sensor response, either in the resonant
amplitude or in the resonant frequency. A typical exper-
imental set-up for such freestanding TNT layer integrated
planar microwave resonator sensors is shown in Figure 5A.

Subsequently, follow-up studies were focused on
increasing the sensitivity and lowering the detection
limits of the freestanding TNT layer integrated microwave
resonator sensors towards the UV light.[#-4] This
was carried out either by optimizing the sensor design
and operation parameters (i.e., operating frequency and
amplitude) 78] or by decorating the freestanding TNT
layers with Au nanoparticles.['*] It was found that the
use of a high-frequency resonator offers several advan-
tages, including the ability to mitigate noise caused by
water vapor and environmental contaminants, making
it a promising candidate for sensitive and accurate UV
detection.!'8] In case of Au nanoparticle decorated free-
standing TNT layers, a significantly increased temporal
microwave response was recorded upon UV light irradi-
ation compared to blank freestanding TNT layers, which
was attributed to the a faster and more persistent charge
separation at the Au/TiO, heterojunction.l*®l Addi-

tionally, it was shown that such freestanding TNT layer
integrated microwave resonator sensors can be employed
also in the liquid phase for UV light detection.!'*]

While in these mentioned pioneering studies!'3¢:145-148]
the sensor design and the operation parameters have
been optimized, the influence of the freestanding TNT
layer thickness and the aspect ratio of the TNTs has not
been investigated. The thickness of the employed free-
standing TNT layers was mainly ranging between 13 and
20 um, revealing relatively low aspect ratio. Only one
study employed HAR freestanding TNT layers (thickness
115 um, AR 920), with the aim to distinguish between
deep trapping transients of electrons and holes in the free-
standing TNT layers.!'*’ However, no optimization of the
freestanding TNT layer thickness or its AR was carried out.

Therefore, a recent study by Alijani et al.'**! inves-
tigated the impact of HAR freestanding TNT layers on
the microwave-photoresponse using planar microwave
resonator sensors to optimize the sensor performance.
Freestanding TNT layers with different thicknesses (i.e., 15,
50, 80, and 110 um; AR between 60 and 733) were employed.
The results revealed that the microwave response was
notably influenced by the layer thickness, with the 80 um
thick freestanding TNT layers being the most responsive
ones to UV light - see Figure 5B. The differences were
attributed to trapped electrons interacting with electro-
magnetic waves. A scheme illustrating the patterns of UV
adsorption and the penetration of microwave signals for
freestanding TNT layers with different thickness is shown
in Figure 5C. This work enhanced the understanding of
the thickness-dependent microwave photoconductivity in
TNT layers, leading to an improvement of the UV sensing
device.l!"]

In another study,!”>!] the optimal 80 um thick freestand-
ing TNT layers were integrated into a passive split-ring
resonator (SRR) tag, which was coupled with an active
feedback-assisted SRR reader, enabling high-resolution
UV detection. It was found that by combining the pas-
sive tag with active SRR reader losses were mitigated and
the sensitivity of the sensors was significantly improved,
leading to very accurate UV detection. This study offers a
robust solution for high-resolution UV detection in diverse
industrial and biomedical applications.

The results showed that the freestanding TNT layer-
integrated microwave resonator sensors are a promising
option for UV sensing applications. Their high sensitiv-
ity, accuracy, repeatability, and ability to operate at high
frequencies make them suitable for diverse fields such as
medical, environmental, and process monitoring.

Light detection is not just relevant in the UV but also
in the visible light spectrum, as it may be used in quality
or purity analyses for health and safety applications.'>!
However, due to the wide bandgap of TiO, of 3.2 eV,
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A, Instrumentation and experimental setup of a microwave resonator sensor. The inset shows the positioning of

free-standing TNT layers within the ring gap of the resonator; (B) Measurement of resonant amplitude shift for different freestanding TNT
layer thicknesses (15, 50, 80, 110 um); (C) Scheme of the patterns of UV absorption (purple) and penetration of microwave signals (yellow
dashed line), illustrating their interaction zones for different freestanding TNT layer thicknesses (15, 50, 80, 110 um). TNT, TiO, nanotube.

the freestanding TNT layers themselves cannot be used
as sensing layer for visible light detection. To overcome
this challenge, freestanding TNT layers with a 5 nm thin
coating of CdS prepared by ALD were employed as sens-
ing layer in planar microwave resonator sensors./'*! This
setup yielded in a high sensitivity to green and red light,
while also enhancing response rates and reducing recov-
ery durations after the light exposure. The study suggested
promising future directions, including refining the func-
tional coating and nanotube geometry to further enhance
the sensor’s performance.

Although the freestanding TNT layers integrated
microwave sensors were mainly used for the detection
of light, it was also shown by Zarifi et al.l'**] that such
sensors can be used for the detection of analytes in the
liquid phase. This study demonstrated that in aqueous
solutions KOH concentration as low as 0.1 mM can be
detected.

1.5 | Upscaling of the nanotube layers -
Towards real-life applications

Though the applications of TNT layers are widely exploited
and discussed in the literature, surprisingly small efforts
were spent in the last 20 years to produce them on Ti
substrates larger than a few cm?. While TNT layers on
small areas may be sufficient for some applications, such
as for instance sensing devices, TNT layers produced on

much larger area substrates are required for other applica-
tions, as for photocatalytic devices or solar cells. However,
though the initial tests and optimization of the TNT lay-
ers’properties may be carried out on the laboratory scale,
for an application in industrial produced devices used in
real-life it must be possible to produce TNT layers on Ti
substrates of larger area than a few cm?.

Especially for their use in the photocatalytic degrada-
tion of pollutants in the liquid as well as in the gaseous
phase, TNT layers showed superior results compared to
their nanoparticulate counterparts, which are frequently
used (see Figure 6).[°>1%] Therefore, within the last

years, several reports on upscaling of TNT layer size were

(A)
34
=
=S
@
c
% 21
£
°
Qo
>
21
¢
’ TNT layer P25 layer
Catalyst layer
FIGURE 6 A, Photocatalytic hexane removal in the gas phase

using either a TNT layer or a nanoparticle layer of P25 as
photocatalyst, and the corresponding cross-sectional SEM images of
the (B) TNT and (C) nanoparticle layers. TNT, TiO, nanotube.
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FIGURE 7
size, demonstrating the development of Ti substrate sizes over the

Tllustrative photographs of TNT layers of different

years. The dimensions of nanotube layers on individual samples are
not necessarily the same. TNT, TiO, nanotube.

published, mainly for their possible use in photocatalytic
applications.[122125126,156-166] ]]ystrative photographs of
TNT layers prepared on Ti substrates from 1 to 50 cm? are
shown in Figure 7, showing the upscaling of the Ti sub-
strate size within the years. However, increasing the Ti
substrate’s surface for TNT layer production turned out to
be more difficult than expected. The main problem is the
high absolute current flowing between the two electrodes
which increases with the area to be anodized, leading to
Joule heating and an increase in electrolyte temperature.
This enhances the likelihood of the occurrence of dielec-
tric breakdown,!”72] hampering the TNT layer synthesis,
as explained before in chapter 1.1.[7%]

To overcome this problem, different approaches have
been applied. One of the most obvious approaches is
stirring of the electrolyte during anodization, resulting
in a transport of the heat generated at the anode (at
the growing TNT layer) into the entire electrolyte vol-
ume. This stirring could for instance be carried out by
magnetic or mechanical stirring, although this easiest of
all approaches has not been published for the anodiza-
tion of large substrates. Mena et al.l'® however stirred
the electrolyte by a continuous circulation from a reser-
voir through the electrochemical cell by employing a
pump. The design of electrolyte circulation by a pump
additionally has the advantage of a possible continuous

supply of fresh electrolyte, if required.['®>] Additionally,
in such an anodization set-up the electrolyte in the reser-
voir has the possibility to cool down, while not being
used or even might be actively cooled externally. How-
ever, stirring of the electrolyte also increases the current
density recorded compared to anodization in a non-stirred
electrolyte,!'97-1%°] a5 the movement of ions is not solely
due to diffusion and might therefore be counterproductive.

Another approach is to use electrolytes, which require
rather low anodization potentials, such as aqueous elec-
trolytes or electrolytes with a high water content.[15.161.160]
In such electrolyte usually a low potential is applied
and due to the high etching rates the anodization times
are comparably short, as described in Chapter 1.2. Alter-
natively, comparably low anodization potentials for a
relatively short time can be applied for highly viscous
electrolytes, which usually used with high anodization
potentials and long anodization times to receive relatively
thick TNT layers.[122157160.162-165] A5 a result, the current
flowing between the electrodes is comparably low and/or
just flowing for a short time, which results in a low tem-
perature increase of the electrolyte and therefore reduced
possibility of dielectric breakdown. On the other hand,
under these conditions, the received TNT layers are rel-
atively thin, between approximately 500 nm and a few
um (AR between ~6 and ~65).[122157.158.161.163-166] Addition-
ally to a low anodization potential and short anodization
time in a viscous ethylene glycol-based electrolyte, Lincho
et al.'"] also used an extremely high electrolyte volume
of 8 L to disperse the Joule heat generated during the
anodization of a 600 cm? large Ti substrate.

However, experiments on the laboratory scale have
shown that for instance for the photocatalytic degradation
of pollutants, thicker TNT layers show superior degrada-
tion rates compared to thinner layers.['>70-171] Therefore,
also on the large scale thicker TNT layers must be pre-
pared with the motivation to improve their photocatalytic
performance. Recently, the preparation of TNT layers of
different thicknesses up to 14 um (AR up to ~107) on 100
cm? large Ti substrates was shown.[">°] In this publication,
the electrolytes were significantly cooled during anodiza-
tion to countervail the temperature increase due to the
Joule heating and additionally the electrolyte age was care-
fully optimized for electrolytes with different composition
individually.!"®] The key is that the electrolyte composi-
tion changes with every time it was used for anodization
(see also Chapter 1.1), resulting in lower current densi-
ties recorded during anodization.!”>””] Therefore, in older
electrolytes higher potentials can be applied with a lower
possibility of dielectric breakdown. These higher anodiza-
tion potentials lead to a faster growth rate and therefore
to thicker TNT layers. However, laboratory conditions also
play a significant role in the aging of an electrolyte. For
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instance, if the electrolyte is hygroscopic, the water content
increases with time when it is in contact with air, resulting
in an overall change of its composition. This is especially
the case for ethylene-based electrolytes and could only be
completely circumvented by working in air-tight condi-
tions (e.g., in a glove box). Thus, a balance must be found
for the preparation of thick TNT layers on the large scale
between electrolyte age and composition, and the anodiza-
tion potential for each electrolyte individually, taking the
laboratory conditions into account.!’°] Nonetheless, the
mentioned study shows that this is possible.!'"]

Overall, the recent studies show, that the TNT layers on
the large scale (considered as opposite to small, a few cm?
sized TNT layers on the laboratory scale) have the potential
to be employed in real-life applications, particularly for the
photocatalytic degradation of pollutants. Under ISO stan-
dards applied for photocatalytic degradation of pollutants
in the gas phase, TNT layers outperformed P25 nanoparti-
cle layers!*® and the by now thickest prepared and applied
TNT layers of 14 um thickness on large Ti substrates clearly
revealed the highest degradation rates.!'>! This shows that
still some research is needed to optimize the TNT layer
preparation on large areas and increase their thickness for
optimal performance in real-life applications. However, a
first step was made, paving the way.

2 | CONCLUSION

In this mini review, an overview of the recent develop-
ments in the TNT layer research was given. It seems
to be clear that many aspects of the TNT layer synthe-
sis and their general applications are deeply investigated
meanwhile. Nonetheless, new application possibilities, as
the use of TNT layers in microwave sensors, are still
to be exploited in more detail. Meanwhile, the synthe-
sis by means of bipolar electrochemistry opens the doors
towards the growth of TNT layers on more complex, such
as 3D printed, Ti substrates and their possible use in new
applications.

Additionally, it must be pointed out that the application
of TNT layers and their ST powders in the photocat-
alytic degradation of pollutants, in the liquid as well as in
the gas phase, is meanwhile very well studied, frequently
showing a superior performance of TNT layers compared
to nanoparticulate layers, which are the most frequently
used TiO, based photocatalysts. It is therefore of high
interest that the possibilities of upscaling the TNT lay-
ers from the laboratory scale to the full scale for real-life
applications are properly investigated. Though the cited
initial studies may pave the way towards the full scale,
deeper investigations and more research efforts are still
necessary.
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