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Facile, single-step, and scalable fabrication of large-area (ie., ~20 cm?) TiO, nanostructures (TNS) with
excellent photocatalytic activity under UVA light was carried out via electrochemical anodization.
Anodization in a glycerol-based electrolyte containing fluoride ions was conducted at applied potentials of
20-80 V (20 V per step) for 100 min. Anodization at 20 V (TNS-20) and 40 V (TNS-40) led to formation of
nanotubular TiO,, whereas, at 60 V (TNS-60) and 80 V (TNS-80) porous TiO, was obtained. The highest
caffeine photodegradation rate was obtained using TNS-20 (rate constant; k = 0.0069 min™Y) and TNS-60
(rate constant; k = 0.0067 min™Y). Moreover, hydrogen production by decomposition of methanol on
large-area anodized Ti is reported here for the first time. The highest hydrogen production rate was
observed using TNS-20 (production rate of ~6200 ppm, ie., 25.83 ppm min™Y), followed by TNS-60
(production rate of ~5900 ppm, i.e., 24.58 ppm min™Y). The efficiency of these two materials is due to the
interplay of the structure, morphology, and HO® radical generation that favor TNS-20 and TNS-60 for both
photocatalysis and hydrogen production. This work shows a potential strategy to synthesize large-area
anodic TNS efficient for photocatalysis and hydrogen production. Synthesis of large-area materials is
crucial for most real (photo)electrochemical applications where TNS of several cm? in macroscopic surface
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nowadays used in a plethora of (photo)electrochemical
applications®” including photocatalysis, solar cells, and water

1. Introduction

TiO, has gained considerable attention ever since the
pioneering work of Fujishima and Honda in 1972 (ref. 1) on
the use of TiO, as a catalyst for water splitting under UV light.
Due to its exceptional physicochemical properties, TiO, is
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splitting. For the majority of these applications, a high
specific surface area is advantageous, thus, nanostructured
TiO, is often used in the form of nanotubes® or the frequently
used commercially available nanoparticles. In particular,
anodic TiO, nanotube (TNT) layers offer a high surface-to-
volume ratio.” The synthesis of TNT layers via electrochemical
anodic oxidation was first reported in 1984.° The advantage
of TNT layers compared to nanotubes prepared via different
techniques (e.g., hydrothermal, electrospinning), as well as
compared to nanoparticles or nanofibers, is their direct
growth on the Ti substrate in a suitable electrolyte.” This
leads to good electrical connection and strong mechanical
adhesion between the nanotubes and the underlying Ti
substrate without the necessity of any further immobilization.
Such TNT layers are highly ordered and uni-directional
shaped as their known sister material - porous alumina.®
Compared to the non-ordered TiO, nanostructures, TNT
layers show improved charge carrier separation and transport
that stems from the vectorial charge carrier transport along
the nanotube walls’ which is responsible for enhanced
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performance in (photo)electrochemical applications including
photocatalysis in both liquid and gas phases.'*™**

Despite the great number of reports published in the last
two decades regarding the synthesis and application of
anodic TNT layers, only a few reports can be found on the
synthesis of TNT layers on a scale larger than a few
em?'>3719 This relates to specific synthesis challenges that
occur when a potential is applied to larger Ti substrates
during anodization, e.g., when larger areas are anodized, the
absolute current flowing between the Ti working electrode
and the counter electrode is much higher than that for
smaller areas. This leads to an increase in the electrolyte
temperature and leads to the so-called dielectric
breakdown.'” A new electrolyte composition and a possible
efficient cooling system will be necessary for the synthesis of
TNT layers with a large area of several cm® with properly
adjustable dimensions. Indeed, electrolytes based on viscous
organic compounds (e.g., glycerol, ethylene glycol) containing
small amounts of distilled H,O and NH,F are promising for
the synthesis of large area TNT layers.'>"” On the other hand,
by anodization of Ti (besides TNTs) porous TiO, can be
formed. The mechanism involved in field-assisted dissolution
supported by fluoride ions (so called from top to bottom) is
as follows (eqn (1)-(3)).

Oxidation of Ti: Ti — Ti*" + 4e” (1)
Formation of TiO,: Ti*" + 2H,0 — TiO, + 4H" (2)
Dissolution of TiO,: TiO, + 6F + 4H" — [TiFe| > + 2H,O0 (3)

There is a thin line for the change of the morphology
between the nanotubes and nanostructures (porous ones)
during anodization. Indeed, the potential- and current-
induced dissolution of the formed TNTs in the presence of
fluoride ions is well known,>?! ie., the formed TNTs are
destroyed, and a rather porous structure is formed. Although
the porous TiO, is often overlooked in the literature as it is
considered as “unsuccessful synthesis” of TNT layers, the
formed porous TiO, possesses a high specific surface area
and a sufficient number of active sites that are crucial for
(photo)electrochemical applications. Therefore, it is of high
interest to study also the formed porous TiO, during
anodization, not only the TNTs. The preparation of large area
TiO, nanostructures (TNS) is crucial as for most real-life
(photo)electrochemical applications (e.g., photocatalytic air
and water cleaners or hydrogen production on a big scale)
materials of several cm® in macroscopic surface area are
necessary. There are several reports that show the
photocatalytic activity of TNS (in particular nanotubes)
prepared via anodization of large area Ti (>1 cm?);"*™"°
however, to the best of our knowledge, there is no report on
hydrogen production.

In the present study, an accelerated synthesis approach is
reported for the synthesis of large-scale (e.g., ~20 cm?) TNS.
Both TNT layers and porous TiO, were prepared via
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anodization in an organic-based electrolyte containing
fluoride ions. TiO, shows characteristic solar absorption and
significantly higher photocatalytic activities to produce
hydrogen from methanol under sunlight and aid in photo-
oxidization of organic pollutants in wastewater. TNS were
characterized using relevant techniques to ensure the
crystallographic information, electronic transitions
(absorption), and morphology through X-ray diffractometry
(XRD), UvV-visible spectroscopy, and scanning electron
microscopy (SEM), respectively. In addition, caffeine was
employed as a model organic pollutant to ensure the
photocatalytic activity of the prepared TNS. Thus, the present
work highlights a remarkable mechanism to synthesize TNS
applicable to practical photocatalytic activities.

2. Experimental section
2.1 Synthesis of TNS

Titanium foil (TF, Sigma-Aldrich, 99.7% purity, 5 x 5 cm®
square with 0.127 mm thickness) was utilized as a precursor
substrate for the growth of TNS. A circle of 5 cm in diameter
was drawn on the square (TF) and cut out into three corners
to make a “drop” shape which was used as the working
electrode. A similarly shaped TF was used as the counter
electrode. One corner was utilized as a handle to fasten the
electrode. The distance between the electrodes was kept at
1.6 cm. Therefore, the reaction area for the formation of TNS
was approx. 20 cm?. Electrochemical anodization was
performed from 20 to 80 V (20 V per step) for 100 min in a
glycerol-based electrolyte (Central-Chem, Slovakia),
containing 270 mM NH,F in 100 mL glycerol and 100 mL
distilled H,0. The anodization was performed in a 250 mL
glass beaker. To avoid overheating of the electrolyte, cooling
with an ice bath was conducted to achieve a constant
temperature of the electrolyte during the anodization - 8 °C.
During the whole experiment, the current varied during the
anodization process (Table S1t), and the electrolyte was kept
under stirring using a magnetic stirrer. The current was
adjusted to Iyax = 5 A with a variable voltage range of 20-80
V (20 V per step), respectively, and the following
abbreviations were used for the anodically prepared materials
TNS-20, TNS-40, TNS-60, and TNS-80, respectively, as shown
in Fig. S11 along with TF (not anodized). After anodization,
the as-prepared TNS were immersed for 5 min in
isopropyl alcohol (IPA) to remove the adsorbed electrolyte
from the surface of TNS. Subsequently annealing was
conducted in a muffler furnace at 400 °C for 1 h in an
air atmosphere (2.21 °C min'). Fig. 1
schematic illustration of TNS and their degradation in a

shows the

caffeine environment along with the photocatalytic
conversion of methanol (CH3;OH) to hydrogen (H,),
respectively.

2.2 Materials characterization

The grazing incidence mode was operated in an X-ray
diffractometer (XRD, PANalytical, Cu Ka radiation, 1 = 1.5418
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Fig. 1 Schematic illustration of the fabrication of large area TNS
(approx. 20 cm?) and the mechanism of caffeine degradation and H,
production.

A) to study the crystal structure of TNS. The morphology was
acquired through a scanning electron microscope (SEM, Lyra
3 Tescan, at 10 kV). To obtain deeper insight into the
influence of surface roughness and skewness of the different
TNS, atomic force microscopy was conducted (AFM, NT-MDT
NTegra Aura) in semi-contact tapping mode using standard
silicon AFM probes (NT-MDT, HA-NC ETALON series). UV-vis
diffuse reflectance spectra (DRS) were obtained using a

Shimadzu UV-2600 spectrometer (Shimadzu, Japan),
equipped with an integrating sphere 2600 Plus.
Photogeneration of hydroxyl radicals (HO’) was

determined via a fluorescence spectrophotometer (RF-6000,
Shimadzu). Detection of HO" was performed in a solution
containing TNS using coumarin as a probe molecule (0.5
mM). In the presence of HO', coumarin formed a fluorescent
compound (hydroxycoumarin) which was detected at Aep, =
456 nm (lex = 325 nm). Standard curves were plotted with
known concentrations of hydroxycoumarin (+99%, Alfa Aesar)
to quantify the amount of generated HO" under UVA
irradiation.

2.3 Photodegradation of caffeine

Photocatalytic degradation of caffeine was carried out in a
self-constructed photocatalytic ~reactor.>> This reactor
consisted of a flat-bottomed glass bowl with a volume of 80
ml which was placed on a magnetic stirrer. A low cylinder of
titanium mesh was placed vertically in the center around the
magnetic stirrer to serve as a support for materials. The

This journal is © The Royal Society of Chemistry 2022
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titanium mesh was chosen for its strength, inertness, and
also porosity so that the entire volume of liquid can be mixed
during the reaction due to the stirrer inside as shown in Fig.
S2.F The materials were placed on the pedestal and 50 ml of
a 20 ppm aqueous caffeine solution (ReagentPluss, Sigma-
Aldrich) was poured into the assembled apparatus. The
titanium nanotube plate was kept at a sufficient height at all
times to allow sufficient circulation of the solution around
the entire surface due to agitation. The entire assembly was
placed in the dark for 30 min to eliminate the effect of
sorption early in the reaction. Afterwards, the system was
placed on a magnetic pad sampled (time = 0 min) and
irradiation began. A halogen lamp (metal-halogen arc-lamp,
HQI TS-OSRAM 400 W/D6500K with a UVB pyrex filter) with a
maximum intensity of 0.73 mW cm™ in the 365 nm (230-350
nm) region was used as the radiation source. From the
system, 0.3 ml of solution was withdrawn using a
micropipette at regular intervals (20 min) for 2 h. The
collected solutions were kept in the dark and then diluted
with 0.5 ml of distilled water. The concentration of caffeine
was evaluated from the absorbance via UV spectroscopy
(Jasco V530).>*** To investigate the stability of the samples,
the photocatalytic measurements were performed 3 times.
Generally, the differences between the repeated
measurements did not exceed +5%.

2.4 Hydrogen production

Hydrogen production was carried out in a stainless-steel
batch photoreactor (volume 305 ml, Fig. S31). The batch,
comprised of 100 ml of 50% methanol and our material, was
bubbled with helium (He) for 30 minutes before the reaction
started (i.e., light irradiation), after which the reactor was gas
sealed. An 8 W mercury (Hg) lamp with maximum intensity
at 254 nm (Ultra-Violet Products Inc.) was chosen as the
radiation source and was placed vertically in a quartz tube
passing through the reactor. The reaction mixture was
irradiated for 4 h and gas was collected with a septum gas
syringe at 0, 1, 2, 3, and 4 h, respectively. The gas was
immediately analyzed after collecting using a gas
chromatograph (Shimadzu Tracera GC-2010Plus) equipped
with a BID (barrier ionization detector). The hydrogen
production measurements were performed 3 times for each
sample to ensure the stability of the materials. Generally, the
differences between the repeated measurements did not
exceed £5%.

3. Results and discussion
3.1 Synthesis, structure, and morphology

Anodization of large area (20 ¢cm®) Ti was conducted in a
glycerol-based electrolyte to obtain the here presented
material. There are various adjustable parameters during
anodization (e.g., applied potential, current, temperature)
that affect the resulting materials' morphology.>>>’ In this
report, constant temperature using different applied
potentials was studied. As discussed later in this work, our
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Fig. 2 X-ray diffraction patterns of different TNS (TF, TNS-20, TNS-40,
TNS-60, and TNS-80, respectively). The diffractions labeled A and T
are assigned to TiO, anatase and titanium, respectively.

anodization conditions led to the formation of TNT layers
and also porous TiO, - to avoid any confusion, we named the
prepared materials as TNS.

Fig. 2 shows the XRD patterns of annealed TNS prepared
at different potentials (20 V, 40 V, 60 V, and 80 V, labelled
TNS-20, TNS-40, TNS-60, and TNS-80, respectively) along with
annealed TF (used as a reference material). Two different
crystalline structures were detected in all NSs: i) tetragonal
anatase TiO, (P4,/mmm; ICCD 01-086-1157)%** and ii)
hexagonal metallic Ti (P6sz/mmc; ICCD 00-044-1294) that
stemmed from the underlying Ti substrate.”>*° In the case of
TF, only the metallic Ti was identified although a thin layer
(a few tens of nanometers) of TiO, anatase was certainly
present as TF was annealed similarly to TNS. However, it was
not detected by XRD.

Catalysis Science & Technology

Representative SEM images of the annealed TF and TNS
are shown in Fig. 3. Anodically prepared TNS are 1.5-2.5 um
thick. Annealed TF (Fig. 3a) possesses a typical surface
morphology of an initial Ti substrate.*" For the sample
anodized at 20 V (TNS-20), a nanotubular morphology was
observed (Fig. 3b and f) with an inner diameter of the tubes
of approx. 50 nm and a layer thickness of approx. 1.5 um. By
anodization at 40 V (TNS-40, Fig. 3c and g), a nanotubular
structure was observed (cross-section Fig. 3g); however, the
surface of the tubes was destroyed (Fig. 3c) due to the
voltage/current induced dissolution of the formed tubes in
the presence of fluoride ions.*”*' Thus the mechanical
stability of the tubes was disturbed and as a result a rupture
of the tube mouth was observed.**” Approx. 1.7 pum thick
layers were formed in TNS-40. Anodization at 60 V (TNS-60,
approx. 1.7 pum thick; Fig. 3d and h) and 80 V (TNS-80,
approx. 2.5 pm thick; Fig. 3e and i) led to the formation of
porous TiO,. The complete distortion of the nanotubular
structure and formation of a porous one are due to increased
applied potential (thus increased current) that led to this
outcome. Nevertheless, the porous TiO, shows similar
adhesion to the wunderlying Ti substrate and overall
mechanical stability to the nanotubular structure, ie., the
formed layers do not peel off the substrate.

Additional information about the surface morphology
alterations of TF and TNS was acquired by AFM (Fig. 4). The
relevant nanoscale roughness was determined on the area of
10 x 10 um®. Although the AFM scans of the used area (100
um?®) cannot be considered as an entirely whole-surface
representative, such AFM analysis is beneficial to study the
proceeding changes (ie., roughness) in the different TiO,
materials (TF and TNS in this work). Complete data obtained
by AFM are summarized in the ESIT (Table S2). The surface
of TF (Fig. 4a) shows cracks with typical widths of tens/
hundreds of nanometers minimizing the stress induced by
the welding production processes of the Ti substrates

500 nm

1.75 pm

.

500 nm

Fig. 3 Representative top and cross-sectional SEM images of different TNS: (a) TF, (b and f) TNS-20, (c and g) TNS-40, (d and h) TNS-60, and (e
and i) TNS-80 along with the insets of top view at higher magnification of the corresponding material.
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Fig. 4 AFM topography images of different TNS: (a) TF, (b) TNS-20, (c)
TNS-40, (d) TNS-60, and (e) TNS-80, respectively.

(commercially available TF). An absolute root mean square
(RMS, Sq in nm) value of ~56 nm was obtained for TF. After
anodization at 20 V (TNS-20, Fig. 4b), the RMS value
increased to Sq ~ 92 nm. This is due to the formation of the
nanotubular structure which intrinsically increases the
surface roughness of TiO,.*” A sudden decrease to Sq ~ 78
nm was observed in TNS-40 due to the following reason.
Although TNS-40 possesses a nanotubular structure (Fig. 3e),
the surface of the layers is disrupted due to the potential/
current induced etching of tubes in the presence of fluoride
ions.”®?! Therefore a decrease in S, was observed in TNS-40
compared to that in TNS-20. In the case of TNS-60 and TNS-
80, after the full collapse of the tubes and formation of
porous TiO,, an increase to Sq ~ 102 nm and Sy ~ 150 nm
was determined, respectively. Hence, the roughness of the
porous TiO, is increased compared to that of nanotubular
TiO, prepared via anodization. Finally, the optical properties
of TNS were measured by UV-vis DRS. The optical bandgap
(Eg) of TNS-20, TNS-40, TNS-60, and TNS-80, respectively, was
determined from the UV-vis DRS spectra (Fig. S4at) using the
Tauc's plot (Fig. S4bf) for indirect transition. The E, was
calculated to be between approx. 3.1 eV to 3.2 eV for all TNS.
This is in agreement with previous reports on anodic TiO,

nanostructures.>* >’

3.2 Photodegradation of caffeine

TF and TNS were explored for the photocatalytic degradation
of caffeine under UVA light irradiation. Fig. 5a and S51 show
the corresponding photocatalytic degradation rates and
degradation of caffeine. The highest degradation rate was
obtained using TNS-20 and TNS-60 which showed similar
efficiency. The photocatalytic degradation of caffeine follows
the first-order reaction.®®*” Thus its kinetics can be
expressed from the linear variation of In C/C, (C, and C is the
initial and after the time concentration, respectively) as a
function of time (). The obtained photodegradation rates
indicate that both materials prepared via anodization, ie.,
nanotubular TiO, (TNS-20, k = 0.0069 min ") and porous TiO,

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Photodegradation of caffeine and (b) formation of HO’
radicals by coumarin assay using different TNS (TNS-20, TNS-40, TNS-
60, and TNS-80, respectively).

(TNS-60, k = 0.0067 min"), show an increased degradation
rate of caffeine compared to TNS-40 (k = 0.0057 min™") and
TNS-80 (k = 0.0044 min™"). Not surprisingly, nanotubular
TiO, showed an efficient photodegradation rate of caffeine
which is in good agreement with previous reports on
photocatalytic activity of nanotubular TiO, layers.>**® For
sample TNS-20, the total organic carbon analysis (performed
using TOC-L, Shimadzu) showed a mineralization extent of
about 7% after 2 h irradiation which is a satisfactory value
for such a short irradiation time. However, a similar
photodegradation rate was also obtained using porous TiO,
(TNS-60). Indeed, although the original nanotubular
morphology is lost due to anodization conditions, the formed
porous TiO, layers possess a highly porous structure that
provides enough active sites for caffeine to adsorb and
subsequently degrade the pollutant. A decrease in the
photodegradation efficiency was observed using TNS-40 and
TNS-80, respectively, and the reasons are described as
follows. In the case of TNS-40, although a nanotubular
morphology is present, the top of the tubes is disturbed.
Thus, the overall surface area is decreased compared to that
of TNS-20. Indeed, the decrease in the number of active

Catal. Sci. Technol,, 2022, 12, 5045-5052 | 5049
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surface sites of TNS-40 that adsorb caffeine resulted in lower
photodegradation efficiency. On the other hand, a full
collapse/distortion of tubes was present in TNS-80 and a
rather porous structure was formed. Compared to TNS-60,
the pores are denser thus providing fewer active sites for
caffeine to be adsorbed, i.e., the photodegradation efficiency
decreased. The clear difference in the density of the pores is
visible on the cross-sectional SEM images for TNS-60
(Fig. 3h) and TNS-80 (Fig. 3i). As the photodegradation of
caffeine proceeds at the material/pollutant interface, porosity
(or specific surface area) is a crucial factor. Both SEM (Fig. 3)
and AFM (Fig. 4) confirmed the presented statements. Here,
the Brunauer-Emmett-Teller (BET) theory®® is not applicable
as it is challenging to measure BET on our samples, ie., to
remove the layers from the underlying substrate and proceed
with BET measurements. Although it is possible to remove
the nanotubular structure from the underlying substrate as
reported previously,’”*" the porous structure shows improved
adhesion to the substrate compared to the nanotubular one,
thus removing the porous structure, without completely
destroying it, is highly challenging and was not successfully
conducted yet. Nevertheless, to support our bold explanation
statements regarding the photodegradation efficiency of our
materials, HO" radical production was conducted (Fig. 5b).
Indeed, the amount of generated HO' radicals is another
factor for a material to possess efficient
photodegradation properties. Generation of HO™ radicals
proceeds at the materials' interface induced by the incident
light irradiation and depends on the materials' surface area,
i.e., on the number of active sites. The amount of generated
HO' radicals gives an insight into the surface area, although
indirectly. Here, enhanced generation of HO' radicals was
observed in TNS-20 and TNS-60 compared to TNS-40 and
TNS-80. Considering all the presented data, i.e., XRD (Fig. 2),
SEM (Fig. 3), AFM (Fig. 4), and HO’ radical generation
(Fig. 5b) which support each other, the reason for the
increased photodegradation efficiency of TNS-20 and TNS-60
is unambiguous. The interplay of the structure, morphology,
and HO' radical generation is in favor of the
photodegradation efficiency of the herein presented TNS-20
and TNS-60 more than those of TNS-40 and TNS-80.
Additionally, photocurrent transients of TNS were recorded
in the wavelength range from 300 nm to 420 nm and the
results are summarized in the ESIf (Text S1 and Fig. S6).
Typical photocurrent transients for TiO, were obtained with a
pronounced increase in photocurrent at A = 350 nm.**** The
obtained photocurrent trends correlate with the obtained
photocatalytic results and HO' radical generation.

crucial

3.3 Hydrogen production

Hydrogen production (by decomposition of methanol) using
TNS was conducted to determine the efficiency of the
presented materials. Methanol in a water/alcohol mixture
acts as a hole scavenger and undergoes irreversible
oxidation.**™*® As reported,***® the methanol decomposition

5050 | Catal Sci. Technol, 2022, 12, 5045-5052
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Fig. 6 Time dependence of hydrogen yields during photocatalytic
decomposition of methanol in the presence of the investigated
photocatalysts.

reactions are as follows:

CH;0H()—~HCHO(,) + Hyq) AGY =64.1kJmol™'  (4)

HCHO<g) + HZO(I)HHCOZH(I) + Hyg (5)

AGS = 47.8 k] mol ™

HCO,H ) —~COy) + Hyg) AG3 = —95.8kJmol™  (6)

With the overall reaction being:
CH3;0H(j) + H,O() — COyg) + 3Hy AG° =16.1kJmol™ (7)

The H, production rate is summarized in Fig. 6, i.e., the
dependence of the H, yield (in ppm) vs. the irradiation time.
The highest H, production was obtained using TNS-20
(approx. 6200 ppm) followed by TNS-60 (approx. 5900 ppm),
TNS-80 (approx. 5700 ppm), and TNS-40 (approx. 5500 ppm).
Two crucial factors affect the hydrogen production rate: i) the
amount of generated HO' radicals and ii) the number of
active sites. Indeed, the photoinduced methanol
decomposition proceeds at the TNS/methanol interface.
Thus, a large specific surface area is necessary for efficient
hydrogen production. Moreover, as methanol is primarily
decomposed by HO' radicals, the amount of generated
radicals is also a significant parameter. Based on the here
presented data (Fig. 3-5), the above two crucial factors are
intrinsic for TNS-20 and TNS-60. The hydrogen production
was also present (and was efficient) for TNS-40 and TNS-80,
although their photocatalytic activity (Fig. 5a) was decreased
compared to that of TNS-20 and TNS-60. Indeed, the
adsorption properties of a material significantly affect the
overall (photo)efficiency of the material. Methanol is a
substantially smaller molecule than caffeine, thus its

This journal is © The Royal Society of Chemistry 2022
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adsorption on the TNS surface is enhanced compared to
caffeine - and is similar in all TNS. As all TNS generate a
great amount of HO' radicals (Fig. 5b), the hydrogen
production rate is efficient for all TNS.

We somehow tried to compare our obtained results in
photocatalysis and hydrogen production of large-area
anodized Ti to other reports (summarized in ESL} Table S3).
However, it is tricky to conclude due to the following factors:
i) not all reports show rate constants for photocatalytic
measurements, ii) the concentration and nature of a studied
organic pollutant differ (the majority of reports show results
for organic dyes which are not suitable for photocatalytic
measurements),*’ iii) the total anodized Ti area differs (from
10 cm?® to 50 cm?), and iv) there is a lack of information on
the conditions used during the measurements, i.e., intensity
of the used light source, wavelength, etc. As for hydrogen
production, to the best of our knowledge, there is no report
on the hydrogen production rate on large-area anodized TNS.
Thus, we could not compare it at all as we show such results
for the very first time. All in all, the herein presented large-
area anodic TNS show an efficient photodegradation rate of
caffeine and hydrogen production rate.

Conclusions

In this work, electrochemical anodization of Ti was
performed by applying potentials from 20 V to 80 V for 100
min in a glycerol-based electrolyte containing fluoride ions to
obtain large area TNS (~20 ¢cm?), ie., nanotubular TiO, and
porous TiO,. The prepared TNS were annealed at 400 °C to
obtain crystalline TiO, anatase. The thickness of the obtained
TNS was in the range from 1.5 to 2.5 pum. The surface
roughness of TNS increased with increasing applied potential
from Sq; ~ 55 nm to S; ~ 150 nm. The highest caffeine
photodegradation extent was obtained using nanotubular
TiO, anodized at 20 V (TNS-20, k = 0.0069 min™") and porous
TiO, (TNS-60, k = 0.0067 min™"). The highest hydrogen
production rate was obtained using TNS-20 (approx. 6200
ppm, ie., 25.83 ppm min~') and TNS-60 (approx. 5900 ppm,
ie., 24.58 ppm min'). To summarize, we have shown a
potential strategy to prepare large-area TNS via anodization
for real (photo)electrochemical applications including
photocatalytic degradation of aqueous pollutants and
hydrogen production. We present novel aspects for the
development of large surface area TiO, nanostructure layers
prepared by anodization, since macroscopic surface area is
necessary for scale-up to industrial applications.
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