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Muhammad Bilal Hanif, a Guru Karthikeyan Thirunavukkarasu, a

Viktoriia Liapun,a Hryhorii Makarov,b Maros Gregor,b Tomas Roch,b Tomas Plecenik,b

Karol Hensel,c Marcel Sihor, d Olivier Monfort a and Martin Motola *a

TiO2 nanotube (TNT) layers are generally prepared in fluoride-based electrolytes via electrochemical ano-

dization that relies on the field-assisted dissolution of Ti metal forming nanoporous/nanotubular struc-

tures. However, the usage of fluoride ions is considered hazardous to the environment. Therefore, we

present an environmentally friendly synthesis and application of TNT layers prepared in fluoride-free nitrate-

based electrolytes. A well-defined nanotubular structure with thickness up to 1.5 µm and an inner tube dia-

meter of ∼55 nm was obtained within 5 min using aqueous X(NO3)Y electrolytes (X = Na+, K+, Sr2+, Ag+). For

the first time, we show the photocatalytic performance (using a model organic pollutant), HO• radical pro-

duction, and thorough characterization of TNT layers prepared in such electrolytes. The highest degradation

efficiency (k = 0.0113 min−1) and HO• radical production rate were obtained using TNT layers prepared in

AgNO3 (Ag-NT). The intrinsic properties of Ag-NT such as the valence band maximum of ∼2.9 eV, surface

roughness of ∼6 nm, and suitable morphological features and crystal structure were obtained. These results

have the potential to pave the way for a more environmentally friendly synthesis of anodic TNT layers in the

future using the next generation of fluoride-free nitrate-based electrolytes.

Introduction

The synthesis of TiO2 nanotube (TNT) layers via anodization
was first reported in 1984.1 This discovery was initially over-
looked, but after pioneering works conducted in 2005–2007,2–4

anodic TNT layers have received significant attention. Indeed,
due to their unique 1D morphology and exceptional physico-
chemical properties,5–8 TNT layers are nowadays used in
various applications including photocatalysis,9 solar cells,10

and biomedicine.11 Anodic TNT layers can be grown directly
from Ti substrate in suitable aqueous- or organic-based

electrolytes.2,12 In the last two decades, a plethora of different
Ti substrates have been used as a starting material for TNT
preparation including Ti foil,4 Ti mesh,13 Ti spheres,14 Ti
wires,15 Ti alloys,16–18 deposited Ti on Si, ITO,20 FTO,21 and
electrodeposited Ti on Ni.22 In most of the currently popular
electrolytes, fluoride ions5 (or halogen ions in general, such as
chloride23,24 and bromide24) are considered necessary to form
the nanotubular structure in TNTs. The scientific community
has generally adopted field-assisted dissolution supported by
fluoride ions (so-called top-to-bottom synthesis) for TNT layer
formation. Based on this theory, the following reactions (eqn
(1)–(3)) occur in electrolytes containing fluoride ions:5

Oxidation of Ti : Ti ! Ti4þ þ 4e� ð1Þ

Formation of oxide layer : Ti4þ þ 2H2O ! TiO2 þ 4Hþ ð2Þ

Dissolution of oxide layer : 4Hþ þ F� þ TiO2

! ½TiF6�2 þ 2H2O ð3Þ

Fluoride (or halogens in general) is considered an essential
irreplaceable ingredient of the electrolyte for TNT layer syn-
thesis. However, the replacement of fluoride ions would poten-
tially provide: (i) less hazardous alternatives to highly toxic flu-
oride-containing compounds (e.g., HF, NH4F) and (ii)
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enhanced interfacial adhesion between the nanotubes and the
underlying substrate. Indeed, TNT layers formed in fluoride-
containing electrolytes are prone to peeling off from the under-
lying Ti substrate due to weak interfacial nanotube/substrate
adhesion.25 As alternatives, fluoride-free nitrate-based electro-
lytes (e.g., NaNO3, KNO3, AgNO3) seem promising. In fluoride-
free electrolytes, the field-assisted dissolution by fluoride ions
is not applicable. The second theory of nanotubular formation
has been reported wherein the nanotubular structure forms
around generated oxygen bubbles and relies on the viscous
flow model, the oxygen bubble mold effect, and electronic
current theory (so-called bottom-to-top synthesis).26–30 To this
day, there are only a few reports on TNT layers prepared in
nitrate-based electrolytes31–36 compared with the thousands of
papers on TNT layers prepared in fluoride-containing ones.
However, in some reports,32 nitrates are added to fluoride-con-
taining organic-based electrolytes to improve the morphologi-
cal features of the TNT layers. Thus, it is not considered as a
fluoride-free electrolyte. So far, the successful formation of
TNT layers in fluoride-free nitrate-based electrolytes has been
obtained using NH4NO3,

33–35 NaNO3,
36 KNO3,

36 and AgNO3.
31

Sr(NO3)2 is another potential nitrate-based electrolyte appli-
cable for TNT layer synthesis. To the best of our knowledge,
there is no report on anodic TNT layers prepared in Sr(NO3)2
electrolytes. Moreover, all the reports so far solely focus on
optimizing the anodic conditions for the synthesis of TNT
layers in fluoride-free nitrate-based electrolytes; however, no
potential application of these materials (experimental or
theoretical) is provided. Such TNT layers could be potentially
applicable in photoelectrochemical applications (e.g. photoca-
talysis) similar to their sister material, i.e., TNT layers prepared
in aqueous- or organic-based fluoride-containing electrolytes.
Thus, the present study fills this knowledge gap, which is, as
we believe, of high scientific interest.

In the present work, TNT layers were prepared via anodiza-
tion in fluoride-free nitrate-based electrolytes, i.e., NaNO3,
KNO3, Sr(NO3)2, and AgNO3. A thorough optimization of the
anodization conditions was conducted for all electrolytes to
obtain the most promising set of TNT layers (i.e., with appro-
priate morphological features) for the photocatalytic degra-
dation of a model organic pollutant. Although an organic dye
is used (methylene blue), it is an excellent probe to evaluate
the potential application of such TNT layers in environmental
photocatalysis. The TNT layers were thoroughly characterized
using scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDS), X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), and ultraviolet photoelectron
spectroscopy (UPS).

Experimental section
Synthesis of TNT layers

Titanium foil (Sigma Aldrich, Slovakia, 0.127 mm thick, 99.7%
purity) was used as a starting substrate for the synthesis of
TNT layers via anodization. Prior to anodization, the Ti foil

was degreased by sonication in acetone (Central Chem,
Slovakia) and isopropanol (Central Chem, Slovakia) for 10 min
each. Firstly, the anodization conditions were optimized. All
anodizations were conducted using a DC power supply (ET
systems GmbH, Poland) at different applied potentials, anodi-
zation times, and current. A two-electrode configuration using
graphite (3 cm2, Chenjianqing, China) or titanium (3 cm2,
Sigma Aldrich, Slovakia, 0.127 mm thick, 99.7% purity) as a
counter electrode and titanium foil (3 cm2) as a working elec-
trode was used. The distance between the electrodes was
1.5 cm. The electrolyte contained 1 g X(NO3)Y (X = Na+, K+,
Sr2+, Ag+; Acros Organics, Slovakia) and 200 mL distilled water
(DIW, aqueous-based electrolyte) or 200 mL ethylene glycol
(organic-based electrolyte). A full list of all the used electro-
lytes, their recipes, and anodization conditions is summarized
in the ESI (Table S1†). After anodization, the as-prepared TNT
layers were sonicated in isopropanol for approx. 5 s and dried
by an air blower. Subsequently, the as-prepared TNT layers
were annealed at 450 °C for 2 h (2 °C min−1) in air to obtain
crystalline TiO2 (Fig. 1). The most promising TNT layers and
their derivatives obtained for each nitrate-based electrolyte
were prepared using the following: (i) Na-NT (1 g NaNO3,
200 mL DIW, 30 V, 2 min, 0.8 A, graphite electrode), (ii) K-NT
(1 g KNO3, 200 mL DIW, 60 V, 2 min, 1 A, graphite electrode),
(iii) Sr-NT (1 g Sr(NO3)2, 200 mL DIW, 30 V, 5 min, 1 A, graph-
ite electrode), and (iv) Ag-NT (1 g AgNO3, 200 mL DIW, 60 V,
1 min, 1 A, graphite electrode). These four TNT layers were
further studied in more detail in the present work.

Characterization

The morphology, structure, surface roughness, and composition
of the TNT layers were studied using: (i) scanning electron
microscopy (SEM, Lyra 3 Tescan, at 10 kV) equipped with energy-
dispersive X-ray spectroscopy (EDS), (ii) X-ray diffractometry in
the grazing incidence mode (GI-XRD, PANalytical, Cu Kα radi-
ation, λ = 1.5418 Å), (iii) atomic force microscopy (AFM, NT-MDT,
NTegra Aura) in the semi-contact tapping mode using standard
silicon AFM probes (NT-MDT, HA-NC ETALON series), (iv) X-ray
photoelectron spectroscopy (XPS, Omicron multi-probe system
with a hemispherical analyser) using monochromatic Al Kα
X-rays (1486.6 eV), and (v) ultraviolet photoelectron spectroscopy
(UPS, Omicron multi-probe system with a hemispherical analy-
ser) with UV photon energy He(I) = 21.2 eV.

Fig. 1 Schematic illustration of the fabrication of TNT layers (Na-NT,
K-NT, Sr-NT, and Ag-NT) in aqueous X(NO3)Y-based electrolytes (X =
Na+, K+, Sr2+, Ag+) and the mechanism of MB photocatalytic
degradation.
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Fluorescence spectrophotometry (RF-6000, Shimadzu) was
used to determine the amount of photogenerated hydroxyl rad-
icals (HO•) under UVA (2 h irradiation) in a solution containing
TNT layers and 0.5 mM coumarin (12 mL). Briefly, 0.3 mL of
the solution was sampled out (20 min and 30 min step), and
in the presence of HO•, coumarin formed hydroxycoumarin
(fluorescent compound), which was detected at λem = 456 nm
(λex = 325 nm).37 Standard curves were plotted with known con-
centrations of hydroxycoumarin (99+%, Alfa Aesar, Central
Chem, Slovakia) to quantify the amount of generated HO•

under UVA irradiation. The experiments were repeated three
times with the error not exceeding ±5%.

Photocatalytic activity

The photocatalytic degradation of methylene blue (MB, 10−5

M, Acros Organics, Slovakia) was evaluated under UVA
irradiation (HQI TS-OSRAM 400 W, 1.3 mW cm−2 in the wave-
length range of 335–380 nm). Prior to the photocatalytic
measurements, TNT layers were immersed in MB solution (in
the dark for 60 min) to achieve adsorption/desorption equili-
brium and subsequently irradiated for 2 h. Every 20 min, the
solution was sampled out and the decrease in MB absorbance
(at λmax = 660 nm) was monitored by a UV–VIS spectrophoto-
meter (Jasco V-530). To confirm the stability of the samples, all
photocatalytic measurements were repeated three times.
Overall, the performance did not exceed ±5%, which confirms
the good stability of the material.

Results and discussion

At first, the anodization conditions were optimized using all
nitrate-based electrolytes to obtain TNT layers with the most
promising morphological features. The optimization of
different parameters was conducted, including: (i) counter
electrode type (titanium vs. graphite), (ii) electrolyte type
(aqueous- vs. organic-based), and (iii) anodization conditions
(applied potential, anodization time). The results are summar-
ized in the ESI (Table S1 and Fig. S1†). Subsequently, the
photocatalytic properties of the most promising TNT layers,
i.e., those with well-defined nanotubular structures, were eval-
uated (Fig. S2†). Based on these preliminary results, we further
studied in more detail the four TNT layers prepared in NaNO3

(Na-NT), KNO3 (K-NT), Sr(NO3)2 (Sr-NT), and AgNO3 (Ag-NT)
that possess the best morphological features, where the whole
anodized surface area was covered by well-defined nanotubes
and showed the highest photocatalytic degradation
efficiencies.

Thorough SEM characterization was conducted on different
areas of the TNT layers to confirm the nanotubular structure
over the whole anodized area. Representative top and cross-
sectional SEM images are shown in Fig. 2. The morphological
features are summarized in Table 1. Anodization led to the for-
mation of 0.5–1.4 µm thick TNT layers with an inner tube dia-
meter ranging from 15 nm to 55 nm in all the nitrate-based
electrolytes. As previously reported,38–40 TNT layers prepared in

fluoride-containing electrolytes can be easily removed from the
underlying Ti substrate by simple bending of the substrate,
which results in nanotubes peeling off of the substrate. The
reason for the poor interfacial adhesion is two-fold: (1) the
anodization of Ti in fluoride-containing electrolytes inherently
leads to the formation of a fluoride-rich layer at the nanotube/
substrate interface, which decreases the adhesion,41,42 and (2)
residual stress (effect of growth and chemical dissolution
stress) at the nanotube/substrate interface leads to poor
adhesion.25,43 These inherent issues can be partially overcome
by adjusting the anodization process, i.e., using fluoride-free
electrolytes. Although residual stress is still present during
anodization in all electrolytes in general, the formation of
nanotubes in fluoride-free (e.g., nitrate-based) electrolytes
eliminates the poor adhesion, which is not present in such
electrolytes. The interfacial nanotube/substrate adhesion of
the present TNT layers was evaluated via a simple mechanical
bending test. When bending Na-NT, K-NT, Sr-NT, and Ag-NT,

Fig. 2 Representative top and cross-sectional (insets) SEM images of
TNT layers prepared in (a) NaNO3 (Na-NT), (b) KNO3 (K-NT), (c) Sr(NO3)2
(Sr-NT), and (d) AgNO3 (Ag-NT).

Table 1 Morphological features and root mean square values of the
TNT layers prepared in NaNO3 (Na-NT), KNO3 (K-NT), Sr(NO3)2 (Sr-NT),
and AgNO3 (Ag-NT)

Morphological features

Sample
Tube diameter
(nm)

Tube wall
thickness (nm)

Layer
thickness (µm)

Sq
(nm)

Na-NT 15–25 15–25 0.7–1.1 55.5
K-NT 20–30 10–20 0.5–1.4 81.8
Sr-NT 30–40 15–25 0.5–0.9 27.0
Ag-NT 45–55 10–20 0.7–0.9 6.4
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no nanotubes were peeled off due to the absence of the fluor-
ide-rich layer. Thus, a good nanotube/substrate interfacial
adhesion was observed.

During anodization, cations present in the electrolyte (Na+,
K+, Sr2+, Ag+) might deposit on the surface of the formed TiO2

nanotubes or incorporate into the TiO2 structure as neutral
elements and/or their oxides. EDS analysis was conducted to
evaluate the amount of elements present in Na-NT, K-NT, Sr-
NT, and Ag-NT, and the results are summarized in the ESI
(Fig. S3†). Briefly, 0.07 wt% (0.05 at%) K and 0.49 wt% (0.13
at%) Ag were detected in K-NT and Ag-NT, respectively. No Na
and Sr were detected by EDS in Na-NT and Sr-NT, respectively.

Moreover, XPS was conducted to determine the chemical
states and the elemental compositions of the TNT layers.
Fig. 3a–d shows the XPS spectra of Na-NT, K-NT, Sr-NT, and
Ag-NT. All the TNT layers showed the presence of Ti 2p, O 1s
and C 1s at approx. 469 eV, 530 eV, and 285 eV, respectively.
The Ti 2p peaks found in the TNT layers are assigned to the
Ti4+ oxidation state and the carbon C 1s to surface contami-
nation. Interestingly, only in Ag-NT, a minor concentration of
Ag was detected at approx. 369 eV, corresponding to Ag 3d (Ag
3d3/2 and Ag 3d3/5). However, peaks of Na, K, and Sr were not
detected in the XPS spectra of Na-NT, K-NT, and Sr-NT, respect-
ively, due to the detection limit of XPS. Finally, the valence
band maxima (VBM) of Na-NT, K-NT, Sr-NT, and Ag-NT were
determined to be approx. 3.02 eV, 3.03 eV, 3.28 eV, and 2.9 eV,

respectively (Fig. 3e). Interestingly, due to the detectable pres-
ence of Ag and K (Fig. 3d, and EDS, Fig. S3†), lower VBM were
observed for Ag-NT and K-NT compared to those for Na-NT
and Sr-NT. This lowering in VBM can potentially enhance the
utilization of the incident light.44,45

Additional information on the surface morphology altera-
tions of Na-NT, K-NT, Sr-NT, and Ag-NT was acquired by AFM
(Fig. 4). The nanoscale roughness was determined on a 1 ×
1 µm2 area, and the complete data are summarized in the ESI
(Table S2†). The overall root mean square values (Sq in nm,
Table 1) differed for each particular TNT layer, and follow the
order of K-NT (Sq ∼ 82 nm) > Na-NT (Sq ∼ 56 nm) > Sr-NT (Sq ∼
27 nm) > Ag-NT (Sq ∼ 6 nm). The difference in the surface
roughness is explained as follows. The range of TNT layer
thickness (Table 1) is a crucial factor for the overall surface
roughness. Indeed, the highest Sq was obtained for K-NT,
where the thickness of the layer is in the range of 0.5 μm to
1.4 μm. Due to this relatively large thickness range, the surface
of K-NT is ripple-like; thus, the highest Sq was obtained. As the
difference in thickness range decreased, the overall Sq also
decreased, as seen in Table 1. Indeed, in the case of Ag-NT, the
surface is relatively smooth with Sq ∼ 6 nm. In Ag-NT, the
length of the tubes (overall thickness of the layer) is almost
similar over the whole anodized area, and the difference did
not exceed ±0.1 μm. Thus, a rather smooth surface was
obtained in Ag-NT compared to a rather rough one in the case
of K-NT.

Fig. 5 shows the XRD patterns of annealed Na-NT, K-NT, Sr-
NT, and Ag-NT. Three different phases were identified in the
four types of TNT layers: tetragonal anatase TiO2 (P42/mnm;
ICCD 01-086-1157),13,46 tetragonal rutile TiO2 (I41/amd; ICCD
00-021-1276),13,46 and hexagonal metallic Ti (P63/mmc; ICCD
00-044-1294).13,46 The diffractions are attributed to the follow-

Fig. 3 XPS spectra of the TNT layers prepared in (a) NaNO3 (Na-NT), (b)
KNO3 (K-NT), (c) Sr(NO3)2 (Sr-NT), and (d) AgNO3 (Ag-NT). (e) Kubelka–
Munk curves from ultraviolet photoelectron spectroscopy (UPS).

Fig. 4 AFM topography images of the TNT layers prepared in (a) NaNO3

(Na-NT), (b) KNO3 (K-NT), (c) Sr(NO3)2 (Sr-NT), and (d) AgNO3 (Ag-NT).
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ing: (i) the as-prepared amorphous TNT layers undergo amor-
phous-to-crystalline transformation at 450 °C to form anatase
TiO2; (ii) as reported,47–49 rutile TiO2 stems from a thermal
oxide layer present between the nanotube layer and the under-
lying Ti substrate formed during thermal treatment; and (iii)
metallic Ti diffractions stems from the underlying Ti
substrate.19,47 The diffraction positions, Miller indices, and
calculated crystallite sizes (of the (101) anatase TiO2 diffraction
at approx. 2θ = 25.3°) are summarized in the ESI (Tables S3
and S4†). The XRD patterns of the present TNT layers prepared
in fluoride-free nitrate-based electrolytes are similar to those
of TNT layers prepared in fluoride-containing ones.47 Indeed,
the TNTs prepared in the nitrate-based electrolytes possess
similar morphological (SEM, Fig. 2), surface (AFM, Fig. 4), and
structural properties (XRD, Fig. 5) as TNTs prepared in fluor-
ide-containing electrolytes,5 without the use of hazardous
compounds containing fluorides (e.g., HF, NH4F) during ano-
dization. Moreover, a significantly lower anodization time is
needed to obtain a well-defined nanotubular structure using
nitrate-based electrolytes (1–5 min) compared to TNT layers
prepared in the currently popular fluoride-containing organic-
based electrolytes (1–4 h).2–8 Thus the preparation of TNT
layers in nitrate-based electrolytes seems promising as it is
economically and environmentally friendly.

Finally, concerning the photocatalytic degradation of MB
under UVA irradiation in the presence of Na-NT, K-NT, Sr-NT,
and Ag-NT, the corresponding degradation rates are summar-
ized in Fig. 6a. In general, the photocatalytic degradation of an
organic dye follows a first-order reaction.9 The highest photo-
catalytic degradation rate was obtained for Ag-NT (k =
0.0113 min−1), followed by K-NT (k = 0.0104 min−1), Sr-NT (k =
0.0091 min−1), and Na-NT (k = 0.0088 min−1). Several factors
affect the overall photocatalytic degradation rate of a material,
e.g., textural properties, structure (phase and elemental) com-
position, and surface area. It is worth noting that we do not
discuss the potential sensitization of the TNT layers by MB,
since the main goal of the present study is to highlight the
promising applicability of TNT layers prepared in fluoride-free
nitrate-based electrolytes. In the case of Ag-NT, the interplay of

the structure, morphology, and composition led to the most
efficient degradation of MB. Based on SEM (Fig. 2 and
Table 1), the nanotubes with the largest diameter were
obtained in Ag-NT compared to the other materials. Indeed,
this increases the number of active sites available on the
surface of Ag-NT, so the pollutant can be better adsorbed and
subsequently degraded. Moreover, during the anodization of
Ti in AgNO3, Ag present in the electrolyte was deposited on the
nanotube walls, as confirmed by EDS (0.13 at% Ag; Fig. S3†)
and XPS (0.20% Ag; Fig. 3d), in the form of an oxide (Ag2O) or
metallic Ag. The decoration of TiO2 by Ag enhances the overall
photocatalytic efficiency.44,45 This is due to the intimate
contact between TiO2 and Ag2O, which results in a semi-
conductor–metal heterojunction (S–M heterojunction) struc-
ture with favourable positions of the conduction (CB) and
valence bands (VB) in the energy diagram. Indeed, the photo-
generated electrons accumulated in the CB of Ag2O are trans-
ferred to the CB of TiO2 since it has a more positive CB com-
pared to that of Ag2O. Similarly, the photogenerated holes
accumulated in the VB of TiO2 are captured within the VB of
Ag2O. Such a heterojunction limits the recombination of the
charge carriers (electrons and holes), thus enhancing the
photocatalytic activity of Ag-NT. In the case of metallic Ag, the
enhanced photocatalytic activity is due to the intimate contact
between TiO2 and Ag. Indeed, the photogenerated electrons
are accumulated in Ag, which plays the role of an electron trap,
thus leading to enhanced separation of the charge carriers (e−

and h+), where the holes can efficiently produce hydroxyl rad-
icals. The photogenerated charge carriers react with H2O,
OH−, and O2 adsorbed on the surface of Ag-NT to form HO•

and O2
•− that subsequently decompose organic pollutants to

CO2 and H2O. In particular, HO• is responsible for organic pol-
lutants being degraded. Indeed, the amount of generated HO•

is a crucial factor to obtain high degradation efficiencies. The
production of HO• proceeds at the material surface induced by
incident light and depends primarily on the material’s surface
area and composition. To support the bold statements regard-
ing the photocatalytic degradation efficiency using Ag-NT (and
the other prepared nanotubes), the HO• radical production
was evaluated, and the results are shown in Fig. 6b. The
highest HO• production was obtained in Ag-NT, followed by
K-NT and Sr-NT/Na-NT. The trend of HO• production is similar

Fig. 6 (a) Photocatalytic degradation of MB and (b) formation of HO•

radicals by coumarin assay using different the TNT layers prepared in
NaNO3 (Na-NT), KNO3 (K-NT), Sr(NO3)2 (Sr-NT), and AgNO3 (Ag-NT).

Fig. 5 XRD patterns of the TNT layers prepared in (a) NaNO3 (Na-NT),
(b) KNO3 (K-NT), (c) Sr(NO3)2 (Sr-NT), and (d) AgNO3 (Ag-NT) annealed
at 450 °C in air. A – anatase TiO2; R – rutile TiO2; T – metallic Ti.
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to that of the photocatalytic degradation rate; thus, the
obtained data are in good agreement. Considering all the
present results, the interplay of structure, morphology, compo-
sition, and HO• production is in favour of Ag-NT. All in all, we
present a less hazardous and more environmentally and econ-
omically friendly synthesis of anodic TiO2 nanotube layers
using fluoride-free electrolytes based on nitrates. A well-
defined nanotubular structure was obtained within 5 min, and
the formed NTs seem promising for photoelectrochemical and
photochemical applications, including solar photocatalysis for
environmental remediation.

Conclusions

TNT layers were prepared via anodization in fluoride-free the
nitrate-based electrolytes NaNO3, KNO3, Sr(NO3)2, and AgNO3.
Thorough optimization of the anodization parameters, includ-
ing the applied potential, anodization time, and counter elec-
trode type, was conducted. The optimized anodization led to
the formation of 0.5–1.5 μm thick TNT layers with an inner
tube diameter ranging from 15 nm to 55 nm in all the nitrate-
based electrolytes with good adhesion to the underlying Ti
substrate. The smoothest TNT layers were obtained in AgNO3

(Ag-NT) with a surface roughness of Sq ∼ 6 nm. The highest
photocatalytic degradation rate of MB was obtained using Ag-
NT (k = 0.0113 min−1). This is due to the interplay of the struc-
ture, morphology, and composition of Ag-NT. The present
results show how promising the synthesis of anodic TNT layers
is in fluoride-free nitrate-based electrolytes, which is less
hazardous due to the absence of fluoride and more economi-
cal due to the lowering of the anodization time to a few
minutes. These results can pave the way for a more environ-
mentally friendly synthesis of anodic TNT layers in the future
using the next generation of nitrate-based electrolytes.
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