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In this work, the preparation of homogenous TiO3 nanotube (TNT) layers with different thicknesses via anod-
ization on Ti substrates with a large geometrical area of two times 5 cm x 10 cm (i.e. both sides of the Ti
substrate) is shown for the first time. TNT layers with four different thicknesses of ~0.65 pm, ~1 pm, ~7 pym, and
~14 pym were prepared with excellent conformality and homogeneity over the anodized area. These TNT layers
were successfully employed as photocatalysts for the degradation of hexane and benzene as model compounds in

the gas phase under ISO standards, showing an increase of the conversion for both model compounds with the
TNT layer thickness. While a stable hexane conversion was observed for all TNT layers during the measuring time
of three hours, in case of benzene degradation an initial conversion decrease was monitored before the con-
version stabilized. Despite this trend, SEM and XPS analyses did not reveal any significant amount of reaction
products on the TNT layer surface.

Introduction

TiO4 is considered as one of the most promising photocatalysts due to
its excellent photocatalytic performance, its high stability, non-toxicity,
and availability, though it is just active under UV irradiation due its wide
band gap of 3.2 eV for anatase phase and ~3.0 eV for rutile phase [1-4].
The photocatalytic activity stems from the formation of electron-hole
pairs upon light illumination resulting in the creation of highly reac-
tive radicals which can be used for the decomposition of pollutants, in
the liquid as well as in the gas phase [5-7]. Rationally, a higher surface
area of the photocatalyst will lead to an increase of electron-hole pairs
formed and thus to higher pollutant degradation rates. Therefore, within
the last two decades several different TiOy nanostructures have been
prepared and employed for photocatalysis, such as TiO, nanoparticles
[6,8-10], TiO5 nanorods [10-12], TiO5 nanowires [13,14], or TiOo
nanotubes [7-16]. Due to their extremely high surface area inside and
outside their walls, particularly TiO» nanotubes are of high interest.

TiO4 nanotubes can be produced by a variety of different approaches
[17,18], among which the use of electrochemical anodization belongs to
the most widely explored. The advantage of anodic over TiOy nanotubes
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prepared by other methods is that anodic TiO5 nanotubes grow verti-
cally on a Ti substrate with the nanotube openings on the top and closed
nanotube bottoms adhered to the Ti substrate. Thus, no further immo-
bilization on a substrate with a binder is needed. Such TiO, nanotube
layers (TNT layers) are highly ordered, resulting in a straight diffusion
way [19,20]. Additionally, if needed, the TNT layers can be removed
from the underlying Ti substrate and used as powders [21]. Another
advantage is the control of nanotube layer thickness and nanotube
diameter by adjusting anodization electrolyte, potential, and time [18].

Many reports on the use of anodic TNT layers for photocatalytic
degradation of pollutants can be found in the literature, however, the
majority of these reports is still on photocatalytic degradation of pol-
lutants in the liquid phase [15-18]. Reports on gas phase photocatalysis
are available but still scarce, reporting on the degradation of different
gaseous pollutants (e.g. toluene [5-23], benzene [5], 2,3-butanedione
[24], hexane [25,26], NOx [27,28] or acetaldehyde [29]) employing
TNT layers of different length [5-31], or different light intensity [22].

Nevertheless, in all these reports TNT layers on the lab scale were
used with geometric surface areas up to ~10 cm? [5,27]. Only two
publications from our team can be found in the literature, dealing with
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Table 1

Dimensions and anodization conditions of the employed TNT layers.
Thickness Inner diameter Aspect ratio Electrolyte Anodization potential Anodization time Cathode
~0.65 pm ~55 nm ~12 270 mM NH4F, 50 vol% H,O, glycerol 20V 100 min Pt-foil
~1 pm ~75 nm ~13 270 mM NH4F, 50 vol% H,O, glycerol 20V 100 min Ti-foil
~7 um ~160 nm ~44 150 mM NH4F, 10 vol% H50, ethylene glycol 80V 4 h Ti-foil
~14 ym ~110 nm ~127 170 mM NH4F, 1.5 vol% H,0, ethylene glycol 60V 4h Ti-foil

the use of TNT layers grown on planar Ti substrates for the gas phase
photocatalysis with larger geometric area (50 cm?) under ISO standards
[25,26]. Additionally, one publication on the use of an anodized Ti mesh
with the same geometric area for NOy oxidation exists [28]. The reason
for this limited literature lays in difficulties appearing when anodizing
large Ti substrates: due to high currents flowing between the electrodes,
the electrolyte heats up and there is a high possibility of dielectric
breakdown to occur [25,32,33]. To circumvent this problem, different
approaches exist. For instance, Lincho et al. carried out anodization in
electrolytes with a volume of 8 L at a relatively low potential of 40 V for
1 h to avoid high increase of the electrolyte temperature [34]. Other
approaches include intensive cooling of the electrolytes before and
during the anodization process [25,35], using low anodization poten-
tials [35,36] or using short anodization times [37]. The key is to find
anodization conditions, including electrolyte temperature and compo-
sition, anodization potential and anodization time, in which the increase

in electrolyte temperature is only moderate and the dielectric break-
down is avoided.

In this work, for the best of our knowledge, we demonstrate for the
first time the preparation of TNT layers with a large geometric area of
two times 5 cm x 10 cm with different TNT layer dimensions, i.e. TNT
layer thickness and nanotube diameter, received by anodization at po-
tentials up to 80 V and anodization times up to 4 h. All TNT layers are
very homogenous in layer thickness and diameter over the whole geo-
metric surface area. These TNT layers were further employed for the
photocatalytic degradation of hexane and benzene in the gas phase
under ISO standards. The results are correlated with the specific surface
area obtained from Kr isotherms by using Brunauer-Emmett-Teller
(BET) evaluation.

Cross section

Fig. 1. SEM images of the four different TNT layers prepared with average layer thicknesses of ~0.65 ym, ~1 um, ~7 um, and ~14 pm.
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Experimental

TNT layers were produced by anodization as described below. Ti foils
(Sigma-Aldrich, 127um thick) were cut to a size of 5 cm (width) x 12
(height) cm and immersed into the electrolyte using a crocodile clip so
that 10 cm of height were soaked and 2 cm were used for the clip. It must
be noted that both sides of the Ti foils were anodized during the process,
making an anodized area of 100 cm?. The backsides of the Ti foils were
not masked during the anodization to avoid any contamination of the
electrolytes. Before anodization the Ti foils were cleaned via sonication
in isopropanol and acetone for 1 min each, rinsed with isopropanol and
dried in air.

Anodization was carried out in a beaker containing the electrolyte
(~700 ml) which was cooled to 10°C in case of ethylene glycol-based
electrolytes and to 16°C in case of glycerol-based electrolytes using a
thermostat before and during anodization. A high voltage potentiostat
(PGU-200V, IPS Elektroniklabor GmbH) was used to apply a potential.
The Ti foils were used as anode. As cathode either a thick Ti foil (Sigma-
Aldrich, 250um thick) of the same size, i.e. 5 cm x 10 cm, or a Pt foil of
the size 1 x 2 cm? (in case of 0.65 pm thick TNT layers with a nanotube
diameter of ~55 nm) were employed. TNT layers with four different
nanotube dimensions were prepared. The approximate TNT dimensions
and exact anodization conditions are given in Table 1. Before use, the
TNT layers were annealed in a muffle oven at 400°C for one hour using a
heating rate of 2.1°C min~! to convert the amorphous TNT layers to
anatase phase.

Texture analysis was carried out using the Brunauer-Emmett-Teller
(BET) model. The specific surface area (Spgr) was measured using the
krypton (purity 4.0) sorption method (ASAP 2020, Micromeritics, USA).
The samples were degassed at 200°C for 12 hours prior to measurement.
The equilibration time in between the measurement steps was 20 s.

A field-emission scanning electrode microscope (SEM, JEOL JSM
7500F) was used to characterize the surface morphology of the TNT
layers. TNT layer dimensions (i.e. nanotube diameter and layer thick-
ness) were evaluated using proprietary Nanomeasure software.

X-ray diffraction (XRD) measurements (Panalytical Empyrean) were
carried out at 45 kV using a Cu X-ray tube and a scintillation detector
Pixcel3D.

The gas phase photocatalysis set-up was built according to ISO
standards (ISO 22197) with a photocatalyst area of 50 cm?. A scheme of
the set-up is shown in Fig. S1 and in our previous publication [25]. Two
different model gases were employed for degradation, namely hexane
and benzene, as examples for aliphatic and aromatic hydrocarbons. For
the experiments, a calibrated gas mixture of 100 ppm hexane or benzene
in N2 (Linde gas) was the pollutant source and diluted with humidified
air to a final concentration of 5 ppm admitted to the reactor with a flow
rate of 1 L/min. In the reactor the relative humidity (RH) was set to 50
%. The gas mixture was analyzed using a gas chromatograph equipped
with a flame ionization detector (GC 7890B (Agilent) with capillary
column HP Plot U (15 x 0.25) Agilent).

The composition of the TNT layers after their use for the photo-
catalytic degradation of benzene was determined by X-ray photoelec-
tron spectroscopy (XPS) (AXIS SupraTM, Kratos) using a monochromatic
Al Ka (1486.7 eV) source. The binding energy scale was referenced to
adventitious carbon (284.8 eV). The quantitative analysis was carried
out using the elemental sensitivity factors provided by the manufac-
turer. Evaluation was performed with Casa XPS software.

Results and Discussion

Four TNT layers on Ti foils with a geometric area of two times 5 cm x
10 cm, i.e. TNT layers on both sides of the Ti foils, with different di-
mensions were employed in this study, as mentioned in Table 1. Fig. 1
shows SEM images of these TNT layers. To prove the homogeneity of the
TNT layers and avoid any concerns about dimensional fluctuations and
differences at different places of the layers, proper statistics were carried
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out on all layers. Measurements of the layer thicknesses were carried out
at seven different places along each layer and diameters were measured
on four different places. On each place at least four images were used to
evaluate the layer thickness and at least five images were evaluated to
determine the diameter of the nanotubes. A scheme of the TNT layers
showing the places where SEM images were taken is depicted in Fig. S2.
Exact statistics for all four different TNT layers on the frontside of the Ti
foils are shown in Tables S1-S4. As one can see, for all TNT layers very
homogenous layer thicknesses and diameters were found. The little
decrease in layer thickness on the lower part as well as a little increase
on the upper part of the TNT layers can be explained by a more effective
cooling of the electrolyte towards the bottom of the electrochemical cell
compared to the top of the cell [38]. This is because the cooling coil is
fully immersed in the electrolyte, however, the air above the electrolyte
is not cooled. The TNT layer dimensions were also stochastically eval-
uated on the backside of the Ti foils with the values given in
Tables S1-S4. With exception of the thickness of the ~14 ym thick TNT
layers, the TNT layer thicknesses and nanotube diameters on the back-
side of the Ti foils are comparable with the ones measured at the
frontside. Even though the electrical field on the backside of the Ti foils
must be different than on the frontside, the TNT dimensions are com-
parable. In case of the very thick TNT layers, however, for the case that
both sides of the Ti foils should be used for an application, an anod-
ization using a cylindrical counter electrode might be of advantage to
achieve similar dimensions on both sides.

It must be noted here that the thickness of the TNT layers is mainly
affected by following four parameters: the electrolyte composition and
temperature, the anodization potential and time. These parameters must
be carefully optimized for a successful anodization of large area Ti
substrates, i.e. to avoid dielectric breakdown, which occurs especially
when high current densities are operative during anodization. However,
all these parameters go hand in hand and influence each other and
therefore need to be optimized for every electrolyte separately.

Considering the electrolyte composition, one must keep in mind that
the electrolyte composition changes with every anodization run. This
translates to lower current densities in older (i.e. more often used)
electrolytes than in fresh ones [33,39]. The rate of electrolyte aging,
however, is as well influenced by the laboratory humidity as ethylene
glycol is hygroscopic. Thus, in laboratories with higher relative hu-
midity the electrolytes age differently (with the assumption of operating
with open electrochemical cells). For the study herein, we used fresh
glycerol-based electrolytes as low anodization potentials were applied,
but the ethylene glycol-based electrolytes were aged before their use.
Thus, the electrolyte for ~7 um thick TNT layers was used for 112 h for
the anodization small area Ti substrates at 100 V, and the electrolyte for
~14 pm thick TNT layers was used for 36 h for the anodization small
area Ti substrates at 60 V before the anodization of large Ti foils.

The anodization potential has a strong influence on the received
current densities and its upper limit depends strongly on the electrolyte
composition. Thus, for older electrolytes higher potentials can be
applied without the occurrence of dielectric breakdown.

Additionally, electrolyte temperature plays a role by affecting the
growth rate of the TNT layers [38]. This means that higher electrolyte
temperatures result in higher TNT layer growth rates and thus in thicker
TNT layers during a constant anodization time. However, higher elec-
trolyte temperatures also increase the possibility of the occurrence of
dielectric breakdown during the anodization process [25-33].

The electrolyte temperature can be influenced by effective cooling
before and during the anodization process. Nevertheless, it is also
strongly influenced by the current flowing between the electrodes dur-
ing anodization, meaning that higher currents increase the electrolyte
temperature. This limits the size of the Ti foil to be anodized as well as
the applied potential, as higher potentials lead to higher currents. Thus,
to receive homogenous and thick TNT layers on large areas without
dielectric breakdown, a balance must be found between the electrolyte
age and composition, applied potential, cooling and the Ti foil size. This
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Fig. 2. XRD patterns of the annealed TNT layers of different thicknesses. A —
anatase, Ti — titanium.

Table 2
Crystallite sizes, porosity, and BET specific surface areas measured using Kr for
all TNT layers.

TNT layer Crystallite size Porosity  Sger / m? Areal Sggr /
thickness / pm /A g ! em? cm ™2
~0.65 427 0.56 44 44.4

~1 458 0.65 50 55.5

~7 456 0.76 44 260

~14 430 0.76 50 675

balance has to be optimized for each electrolyte separately, as these
parameters influence each other. This limits the TNT layer thickness on
such large Ti foils as used herein — 5 cm x 10 cm anodized on both sides —
to ~14 pm yet.

Before further use, the as-prepared amorphous TNT layers were
annealed at 400°C for 1 h. As shown in Fig. 2 all annealed TNT layers
revealed anatase phase. The Ti signals stem from the underlying Ti
substrates. Rationally, these Ti signals are higher for the thinner than for
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the thicker TNT layers while anatase signals show a higher intensity for
thicker TNT layers due to the more or less equal X-ray penetration depth
for all TNT layers. The crystallite sizes of anatase were calculated for all
TNT layers using Scherrer equation [40] and the values are given in
Table 2. As can be seen, the crystallite sizes of all TNT layers are very
similar and not influenced by the TNT layer thickness or the anodization
conditions.

The specific surface areas for the TNT layers were evaluated using Kr
isotherms. Frequently, N is used as adsorbate. For low surface areas,
however, more accurate values are usually obtained when using Kr
instead of No [41] due to the lower vapor pressure of Kr at the adsorption
measurement temperature of 77 K compared to Nj. The Kr adsorption
isotherms are shown in Fig. 3. The specific surface areas per mass and
per area of each TNT layer are given in Table 2.

As the TNT layers were composed of anatase TiO5 and annealed at
the same temperature, the specific surface area per mass is very similar
for all TNT layers. However, naturally the specific surface area per
geometric area increases with TNT layer thickness as the mass per cm?
increases. Thus, the specific surface area per geometric area increases
from ~44 cm? cm ™2 for the thinnest TNT layer to ~675 cm? cm ™2 for the
thickest one. Obviously, the increase of the specific surface area per area
is not linear with the TNT layer thickness. Therefore, the porosity of the
TNT layers was estimated using the following equation [42] and the
values are given in Table 2:

2zw(w + D)

p=1- T 1
V3(D +2w)’ W

with w being the wall thickness and D the inner diameter of the
nanotubes.

Thus, the non-linear increase can be explained by a difference in
porosity of the TNT layers due to variations in nanotube diameter and
wall thickness, as can be seen in Fig. 1, Table 1 and Tables S1-S4.

Finally, the TNT layers with different thicknesses were used for
photocatalytic application in the gas phase under ISO standards.

Fig. 4 shows the gas phase photocatalytic results for the degradation
of hexane and benzene as model pollutants of the aliphatic and aromatic
nature, respectively. For both compounds the same trend can be
observed, namely an increase in the conversion with increase of the TNT
layer thickness and specific surface area per geometric area. For the two
thinnest TNT layers the conversion of each compound was almost
identical. This can be explained with a very similar specific surface area
per geometric area. For the two thicker TNT layers with ~7 ym and ~14
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Fig. 3. Krypton adsorption isotherms for TNT layers of all thicknesses.
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Fig. 4. Gas phase photocatalysis under ISO standard (ISO 22197): Changes in the concentration of hexane (A) and benzene (B), conversion of hexane (C) and benzene
(D) for TNT layers with different thicknesses and the dependence of hexane (E) and benzene (F) conversion upon the specific surface area per area TNT layer.

um, however, the differences are more pronounced. This indicates that
at least in case of the 7 um thick TNT layers the whole surface area of the
TNT layers is used, from the top to the bottom of the nanotubes with the
UV light and pollutant compounds entering the depth of the TNT layers.
Additionally, a significant increase in photocatalytic conversion was
found when the TNT layer thickness was increased from 7 ym to 14 pm,
indicating that the UV light penetration and pollutant diffusion depth is
significantly larger than 7 um. Kontos et al. [27] reported on the influ-
ence of the TNT layer thickness for the photocatalytic degradation of
nitrogen oxide and found that 14 pm was the limit for UV light pene-
tration and pollutant diffusion depth on TNT layers with a geometrical
area of 10.7 cm?, as the nitrogen oxide conversion did not increase for
thicker TNT layers. This is in accordance with the results in this study.

Two distinct differences can be observed for the photocatalytic
degradation of hexane and benzene. First of all, the conversion of hexane

is higher for TNT layers of all thicknesses than the conversion of ben-
zene, though the degradation of both compounds is initiated by an
attack of -OH radicals [43,44]. This can be explained by an easier
oxidation of the aliphatic hexane than of the aromatic ring of benzene
[6].

The second difference is that the photocatalytic degradation of
hexane is very stable over the whole degradation time of three hours. On
the other hand, for benzene a high degradation was observed at the
beginning of the measurements, while very soon the conversion of
benzene decreases. This phenomenon was already described for the
photocatalytic degradation of benzene and toluene on TiO5 nanoparticle
layers [43,45] as well as for toluene for TNT layers [23]. -OH radicals
attack the aromatic ring of benzene, the resulting intermediate products
are then further decomposed to CO2. No intermediate product of ben-
zene oxidation in the gaseous phase were found, on the other hand after
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extraction from the used photocatalyst, traces of phenol, hydroquinone
and 4-benzoquinone were observed [45]. Some of these intermediates
(especially in the form of radicals) might also polymerize and then de-
posit on the TNT layer surface. Deposited hydrocarbon compounds may
thus block the photocatalyst surface and the degradation rate decreases
over time. However, as the conversion of benzene for all TNT layers
reaches a steady value after about 3 hours of irradiation, it can be said
that the presence of deposited intermediate products does not
completely stop the photocatalytic degradation but only decrease it to
ca. 50 % of the initial value (see Fig. 4B).

To get an insight on a presence of any species on TNT layers after the
benzene photocatalytic experiments, post-mortem analyses were carried
out. Since SEM did not reveal any obvious deposits on the surface of
nanotubes, XPS analyses were carried out to analyze the carbon content
on the top of the thickest TNT layer and the results were compared to a
fresh TNT layer, i.e. not used for the photocatalytic degradation of
benzene. The C 1s spectra are shown in Fig. S3, tables S5 and S6 sum-
marize the elemental composition of the TNT layers as well as the
different carbon species found. As can be seen, the composition of both
TNT layers was almost identical, with a slight decrease in carbon species
for the TNT layer used for benzene degradation. However, if carbon
compounds were deposited on the TNT layer surface during benzene
degradation, one would expect an increase in the carbon content.
Interestingly, in case of the TNT layer used for benzene degradation, a
very small signal at 280.2 eV could be assigned to titanium carbide [46].
However, the concentration of titanium carbide in the sample is too low
to be confirmed by the Ti 2p Hi-res spectrum. Furthermore, Dronov et al.
[47] found titanium carbide also within as-prepared TNT layers due to
the decomposition of ethylene glycol during the anodization process.
Thus, a direct conclusion on the deposition of carbon species on the TNT
layer surface cannot be drawn from the XPS results.

Conclusions

In conclusion, the preparation of homogenous TNT layers with
different thicknesses on the large scale was shown for the first time in
this study. In particular the thickest prepared TNT layers show excellent
performance for the degradation of hexane and benzene in the gas phase
under ISO standards with an increase of conversion with the TNT layer
thickness. However, a decrease in the benzene conversion was observed
over time. Although in the literature this is explained by the deposition
of carbon compounds stemming from the degradation of benzene on the
surface of the TNT layers, no suspicious carbon species were observed by
post-mortem SEM and XPS analyses of the TNT layers used in this study.
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