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Abstract: The aim of this study was to investigate the photoactivity of dioxide titanium (TiO;)
nanotube films depending on different structure factors including pore size, tube length, tube wall
thickness and crystallinity. Aqueous p-nitroaniline was used as a probe to assess the photocatalytic
activity of titanium dioxide nanotube layers under UV irradiations. Self-organized titanium dioxide
nanotube thin films were prepared by electrochemical anodization of titanium (Ti) foils and Ti thin
films sputtered onto silicon (5i). The amorphous as-formed titanium nanotube layers were then
annealed at different temperatures ranging from 450 to 900 °C in order to form crystalline phases.
The structure and the morphology of the films were characterized by surface analysis techniques and
scanning electron microscopy, respectively. The photocatalytic activity of the resulting TiO; thin films
was evaluated by monitoring the UV degradation of p-nitroaniline by UV spectrophotometry and by
determining nitrification yields of by ion chromatography. The highest photocatalytic activity was
exhibited for titanium nanotubes annealed at 450 °C. The presence of rutile -obtained for an annealing
temperature of 900 °C—appeared to reduce the photodegradation yield of p-nitroaniline. Finally, the
TiO; nanotubes obtained from Ti foils revealed the most efficient photocatalytic properties.

Keywords: anodization; annealing; photocatalysis; mineralization

1. Introduction

The presence of organic pollutants in water is a recognized issue of significant concern
as a wide variety of these contaminants has been found in environmental matrices resulting
in severe environmental and health issues. One way to overcome these sanitary and
environmental problems are to develop efficient treatment procedures for the destruction
of organic contaminants [1].

p-nitroaniline (PNA) is an organic amine compound found in industrial wastewater
effluents where it is either manufactured or used as an intermediate or precursor in azo
dyes, antioxidants, paints, agrochemicals, fuel additives, corrosion inhibitors, pesticides,
antiseptic agents, medicines for poultry, and pharmaceutical synthesis [2—4]. PNA has
been enlisted as one of the priority pollutants in water worldwide due to many serious
eco-environmental problems due to its toxicity, potential carcinogenic and mutagenic
effects [5,6]. The presence of PNA in water, even at very low concentrations, is extremely
harmful to aquatic life and human health. The presence of a nitro group in the aromatic ring
renders it very persistent and resistant to chemical and biological oxidation degradations,
while the anaerobic degradation produces nitroso and hydroxylamines compounds which
are known to be carcinogenic [7,8].

Advanced oxidation processes (AOPs) have been widely studied and developed to
reduce or eliminate micropollutants in waters [9,10]. These processes refer to the tech-
nologies able to generate in-situ powerful oxidants, mainly hydroxyl radicals, whether of
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chemical, physical, photochemical, photocatalytic or electrochemical nature. As compared
to conventional technologies (such as those commonly used in wastewater plants), they
are considered as effective processes to degrade recalcitrant organic contaminants without
generating secondary hazardous by-products in the effluent [11]. This is a specifically
important benefit over competing technologies such as chlorine oxidation, during which a
considerable amount of organochlorinated species can be formed [12].

In recent years, water treatment using semiconductors particles has attracted atten-
tion and, among oxide semiconductors, TiO, is often preferred (to ZnO for example) for
heterogeneous catalysis because it does not generate toxic by-products [13] and presents
excellent chemical and biological inertness properties, with low costs, and high oxidizing
power under ultraviolet (UV) light irradiation [14-16]. However, the main drawback of
TiO, is its relatively broad energy band (3.2 eV for anatase and 3.0 eV for rutile) leading
to photocatalytic activities only under UV light (wavelengths < 390 nm) [17,18]. Many
organic contaminants (i.e., aromatic hydrocarbons, chlorinated aromatics, surfactants, etc.)
can be fully mineralized on the surface of TiO, nanoparticles in the presence of UV [19].
Typically, TiO; is therefore used in the form of high surface area nanoparticles (such as the
commercially available P25™ from Degussa (Sigma-Aldrich, Darmstadt, Germany). This
allows direct contact with a large amount of the surrounding medium and thus excellent
mass transfer. However, the use of suspended particles suffers from disadvantages such as
the need for a filtration step and a high charge carrier recombination rate, the latter being
responsible for limited photocatalytic performance. These problems may be overcome
by depositing the catalyst on an electrically conducting support allowing control of the
photocatalytic activity with an applied electrochemical potential [20].

TiO; nanotubes (TiO; NTs) have been widely studied since their discovery in 1998
by Kasuga et al. [21] and have today many applications ranging from microelectronics
to energy and biology [22-24]. TiO, NTs can be elaborated by a variety of methods
including deposition onto a nanoporous alumina template, sol-gel transcription using
organo-chelators as template, seeded-growth, and hydrothermal processes [25]. However,
of the nanotube fabrication route, the architecture demonstrating the most remarkable
properties is highly ordered nanotube arrays made by anodization of titanium in fluoride-
based baths [26-28]. Due to their high chemical stability and high specific surface area,
TiO, nanotubes can act as photocatalysts for various organic compounds in aqueous
media [29-31]. Hence, the size of TiO; nanotubes can be precisely tailored by controlling
the electrochemical conditions i.e., the potential applied, the anodization time, and the
chemical composition of the electrolyte [32,33]. However, the dimensions of the nanotubes
are such that space charge layer (and related electronic properties such as band gap) in
the nanotubes promotes electron-hole pair separation, which can also improve pollutants
photocatalytic degradation [9].

Titania can exist in three different crystalline phases: anatase, rutile and brookite.
Anatase has attracted attention for its prominent photocatalytic activity. The rutile phase is
thermodynamically stable at high temperatures. The anatase and rutile phases crystallize
in a tetragonal structure while brookite crystallizes in an orthorhombic structure [34,35].
The photocatalytic efficiency of the anatase-type crystal structure is known to be more
effective than other crystal structures [36,37]. Zhang et al. in 2014 explained this higher
photocatalytic activity of anatase by its indirect band gap preventing direct transitions from
the conduction band to the valence band and thus allowing a longer lifetime of photoexcited
electrons and holes (brookite and rutile belonging to the direct band gap semiconductor
group) [38].

In the present work, we report the fabrication of self-organized TiO, nanotubes thin
films at room temperature by electrochemical anodization in a solution of H3PO4 1M,
NaOH 1M, and 0.5 wt% HF. Two types of substrates were anodized: Ti foils and Ti
thin films sputtered on silicon. The structure, morphology, and chemical composition
of the samples were studied by X-ray Diffraction (XRD), Scanning Electronic Microscopy
(SEM), and Energy-Dispersive X-ray Spectroscopy (EDS). The influence of annealing on
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the structure and the chemical composition of the titanium nanotubes were investigated
and the efficiency of heterogeneous photocatalytic activity for achieving the degradation of
PNA is discussed.

2. Results
2.1. SEM and XRD Studies

Figure 1 shows the morphology of the catalysts before (Figure 1a,e) and after annealing
(Figure 1b—d,f-h) electrochemically grown for both substrates. Before anodization, samples
exhibited a uniform and highly ordered nanotubes arrangement, suggesting that the
nanotube formation was not influenced by the nature of the Ti substrate. The diameters of
the TiO; nanotubes were around 80 nm for Ti/Si (Figure 1a) and 95 nm for Ti foil substrates
(Figure 1e). The examination of the SEM cross-section in Figure 1a shows in both cases a
thickness of the TiO, layer of about 0.8 pm.

Figure 1b,f show the morphology of the samples annealed at 450 °C (in air for 3 h).
The tubes were well defined with no alteration. Nevertheless, the average pore size was
around 100 nm, indicating an enlargement of pore size especially for TiO; on Ti/Si. From
Figure 1c,g, it is also apparent that the tubes were perfectly preserved after a thermal
treatment performed at 650 °C. The average diameter of the pores was about 100 nm for
both samples as observed previously. However, the nanotubular structure collapsed when
the samples were annealed at 900 °C (Figure 1d,h).

Results of EDX analysis are given in Table 1 for all samples. The chemical composition
of as-formed titanium nanotube layers grown at room temperature was understoichiometric
with an O/Ti ratio between 1.23 and 1.26. This result suggests the presence of oxygen
vacancies in the structure, which is in agreement with works reported by Chen et al. in
2016 [25] and Lim et al. in 2018 [26]. But after annealing, the resulting chemical composition
of the oxide revealed an excess of oxygen. Indeed, the results show that for TiO, samples
obtained from Ti foils, the ratio O/Ti increases with increasing temperature. However, the
stoichiometric composition was not reached.

Table 1. Chemical composition of TiO, samples before and after annealing (EDX analysis).

Ti/Si Ti Foils
Annealing Specifi Specifi
Temperature % Ti % O Ratio g‘i‘;‘a ¢ Poreid. Ti % %0 Ratio gi‘;‘a ¢ Poreid.
(@) Atomic  Atomic O/Ti 5 (nm) Atomic Atomic O/Ti 5 (nm)
(nm?) (nm*)
No annealing 45.0 55.0 1.23 5.4 x 10° 93 443 55.7 1.26 49 x 10° 95
450 36.7 63.3 1.72 6.4 x 100 101 40.3 59.7 1.49 49 x 10° 9
650 44.8 55.2 1.23 5.9 x 10° 97 36.6 63.4 1.73 3.5 x 10° 96
900 38.2 61.8 1.62 - - 35.6 64.6 1.81 - -

Figure 2a,b shows the XRD patterns of the samples established in a grazing angle
mode before and after annealing. Before anodization, both titanium nanotube films were
amorphous: no peak could be attributed to a TiO; crystallized phase. But one can identify
for TiO, /Ti foils (Figure 2b) four peaks located at 26 = 35.1°; 38.4°; 40.2° and 53° corre-
sponding to the titanium substrate (JCPDS file N° 44-1294) under the TiO, nanotubes film.
A small titanium peak located at 20 = 35.1° in the case of the Ti/Si substrate was detected
(Figure 2a). Compared to Ti foil, the weak intensity of the peak can be explained by a
lower thickness of the sputtered titanium film. Both samples annealed at 450 °C and 650 °C
exhibited peaks at 20 = 25.3°, 38.6° and 48° characteristic of the anatase structure (JCPDS
file N° 21-1272). However, patterns of samples annealed at 900 °C were quite different
and a mixture of anatase/rutile was obtained from Ti/Si: 3 peaks of anatase at 260 = 25.3°;
38.5° and 48° and 4 peaks of rutile at 20 = 27.4°; 36°; 41.2°; 54.4°. Only the four peaks
attributable to the rutile phase (JCPDS Card No. 21-1276) were present when the nanotubes
were obtained from titanium foils.
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Figure 1. SEM images of TiO, nanotubes obtained from Ti deposed on Si: (a) before annealing; (b) at
450 °C; (c) at 650 °C; (d) at 900 °C; and from Ti foils: (e) before annealing; (f) at 450 °C; (g) at 650 °C;
(h) at 900 °C.
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Figure 2. XRD Diagrams obtained in grazing incidence: (a) Ti deposed on Si; (b) Ti foil.

2.2. Photocatalytic Activity
2.2.1. Impact of the Annealing Temperature

The photocatalytic activity of the annealed titanium nanotubes was evaluated by
monitoring degradation of PNA aqueous solutions under UV light irradiation during
150 min. Results are shown in Figure 3a,b respectively for samples of Ti deposed on
Si and Ti foils, both annealed at different temperatures. From these results, it can be
seen that calcination temperatures have a great influence on the photocatalytic activity of
TiO, nanotubes.

Photocatalytic activity seems primarily related to crystalline structure of TiO; nan-
otubes: samples with tubular structure and large porous surface area (Figure 1a,e) showed
a weak photocatalytic activity due to amorphous phase structure (Figure 2a,b). The degra-
dation of PNA without TiO; or with unannealed TiO, stopped at 25 min. In the absence
of TiO,, degradation reached a maximum of 82%. This degradation was due to the direct
photolysis by UV light emitted by the lamp (PNA absorbs mainly at 382 nm and UV lamp
used in these experiments emit mainly at 365 nm).
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Figure 3. Photocatalytic activity of the TiO, samples annealed at various temperatures for the
degradation of PNA in water: (a) with Ti deposed on Si substrate; (b) with Ti foil substrate; (c) Ti
deposed on Si and Ti foils at 450 °C.

TiO, nanotubes annealed at 450 °C showed high photocatalytic activity with total
degradation of PNA in 105 min and 30 min respectively for Ti/Si and Ti foils substrates
(Figure 3c). These results could be due to the formation of the anatase phase with enhanced
crystallinity and to the surface structure, as explained previously. These results are in
good agreement with those reported by Viet and Tran in 2019 [29] who have shown that
TiO, nanotube annealed at 400 °C and containing 100% anatase revealed the highest
photocatalytic activity for the degradation of methylene blue. These results could also be
explained by the increase in specific surface area and pore size of Ti/Si substrate annealed
at 450 °C, while the annealing temperature seems to be less important in the surface change
in the case of the Ti foils substrate (Table 1).
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Photocatalytic activity of TiO, nanotubes decreases with increasing annealing tem-
perature. However we can notice that this annealing temperature was more important for
substrates based on Ti/Si than those based on Ti foil.

Finally, a lower photocatalytic activity was observed for TiO, nanotubes annealed at
900 °C due to the destruction of nanotubes arrays and the low photocatalytic activity of
rutile phase formed [38].

We thus observed that the Ti foil substrates were more effective than Ti/Si substrates.
This can be explained by the anodization on Ti foils which permitted to obtain more
homogeneous formation of nanotubes on the whole surface of the blade than on Ti/Si
substrates. The effect of annealing temperatures on PNA nitrification was also investigated
(Figure 4). It was observed that nitrification performance was less than 12%. It would
be necessary to carry out additional experiments to study the formation of intermediates
(p-aminophenol, p-benzoquinone and hydroquinone that are well-known by-products of
PNA degradation [39]) and radicals inhibiting compounds.

14 1 O Ti foils
@ Ti/Si
12 - - "'
1T
10 - l T
< L
c 8 1 T
S 1
® T T
£ 6 1 I
= T T = T
2 T 1
4
2 _
0
Without TiO2 No annealing 450 °C 650 °C 900 °C

Figure 4. Nitrification of PNA using TiO, nanotubes prepared using two substrates: Ti deposed on Si
and Ti foils, annealed at various temperatures.

However, we can observe that the most efficient nitrification was obtained with Ti
foils substrates annealed at 450 °C.

2.2.2. Distribution of End-Products vs. Nature of Substrate

TiO, nanotubes, deposed on Ti/Si and Ti foils substrates, and annealed at 450 °C have
been specifically used to study the nature of end-products obtained after 40 min of UV
irradiation of a 13.15 mg L~! PNA solution.

At the beginning of experiments carried out in triplicate, DOC, IC and TN were 6.28 mg
CL™!,054mg CL!and 2.67 mg N L~! (0.190 mmol N L~!) respectively. Figure 5a,b
presents the variation of inorganic forms of nitrogen as a function of irradiation time.
Results show firstly that the nitrogen organic part of PNA was fully recovered as inorganic
forms (sum of NO3~, NO, ™ and NH;* corresponds to the initial concentration of nitrogen).
Moreover, nitrogen was mainly found as NH,* at the end of photolysis; NO, ™~ and NO3 ™
were formed during the photodegradation process and seemed to be then reduced into
NH,*. Whatever the nature of substrate, distribution between the three forms of dissolved
nitrogen appeared to be undifferentiated, even if amount of NH4* produced with Ti foil
substrate is higher than with Ti/Si substrate.
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Figure 5. Evolution of inorganic forms of nitrogen (left axis) and nitrogen mineralization (right axis)
during photocatalytic degradation of PNA carried out with: (a) Ti deposed on Si; (b) Ti foil.

Nitrate and nitrite reduction into ammonium is known when using wavelengths below
280 nm [40]. In such conditions, nitrates and nitrites are able to generate hydroxyl radicals
that can contribute to the global photo-oxidation process. Moreover, when a catalyst as
TiO, is used, Penpolcharoen et al. have shown in 2001 that nitrate could be reduced into
ammonium as follows [41]:

TiO, + hv — e~ +h", 1)

OH™ +h* — OH®, @)

Oy+e” — 0, ¢, 3)

NO;~ +2H" +2e~ — NO,~ + 2H,0, 4)
NO3;~ +10H* +8e™ — NH4" + 3H,0, (5)

As concerns the carbonaceous part of PNA, whatever the nature of substrate, decreases
of DOC and TC of around 84% and 72% were observed respectively, with a parallel increase
of IC of around 41% (Figure 6). Difference between DOC and IC at the end of the experiment
could only be explained by the formation of CO, during the experiments.
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This production of gaseous CO; could be calculated according to DOC decrease,
between the beginning and the end of the experiments, following:

(628 —1.92) mg CL~!

—~— = 0.408 mmol L CO, (6)
12 (mg mmol )

2.2.3. Degradation and Distribution of End-Products vs. pH

The photodegradation of PNA was studied with Ti/Si nanotubes as a function of pH,
in a range varying between pH = 3.5 and pH = 9.5. The results showed that the degradation
kinetics is faster at basic pH. The yields obtained were 82%, 95% and 100%, respectively at
pH =3.5, pH =4.5 and pH > 5.5, after 40 min of UV-irradiation. The degradation efficiency
of PNA reaches more than 90% at pH above 5.5 after 20 min of irradiation against only
65% at pH = 3.5. This difference could be explained by the protonation of the -NH, group
of PNA into -NH3" in acidic medium, and thus the lower affinity of PNA for TiO, which
is also positively charged [39,42]. On the other hand, in basic medium, the generation
of OHe radicals is favored by the oxidation of HO™ ions adsorbed on the surface of the
semiconductor, and the HOe radicals thus photogenerated react with PNA, leading to its
degradation [43].

Concerning the nitrogenous mineral forms obtained after UV irradiation as a function
of pH, the increase of pH was found to drive the reaction towards a decrease of the
production of NH4* ions, without however increasing the contents of nitrite and nitrate
ions which seem to remain consumed during the photodegradation reactions. At basic pH
(pH > 8), the formation of nitrogen gas was thus supposed to be obtained.

Looking at the fate of the carbonaceous forms of PNA as a function of pH, the results
showed that increasing pH resulted in no gaseous CO; being generated and 84% of the
initial PNA being converted to bicarbonates/carbonates.

3. Materials and Methods
3.1. Electrochemical Fabrication of Self-Organized Titanium Nanotubes

Titanium nanotubes were prepared by anodization of two different titanium substrates:
Ti foils (0.127 mm thickness, 99.7% purity from Sigma Aldrich(Darmstadt, Germany)) and
Ti films deposited on p-type Si(100) wafers with a resistivity of 10710 () cm (Wafer WorldInc.,
Palm Beach, FL, USA) by cathodic sputtering of a Ti target (99.5% purity; diameter of 5 cm)



Micro 2023, 3 378

using a D.C. triode system. Before being introduced into the sputtering chamber, the silicon
substrates were cleaned by sonicating successively in acetone, isopropanol, methanol and
1% HF solution during 30 s to eliminate the contamination layer on the surface, rinsed
with deionized water (DI) and dried in a nitrogen stream. Prior deposition the chamber
pressure was 10~7 Torr. The argon partial pressure was maintained at 6 x 10~# Torr during
deposition. Under these conditions, the deposition rate was 16 nm/min and a 1.2 pm thick
Ti film was obtained after 120 min. Before anodization, all substrates were degreased by
sonicating in acetone, isopropanol, and methanol, rinsed with deionized water (DI), and
dried in a nitrogen stream. The as-prepared samples were anodized at 20 V during 20
min in NaOH 1M, H3PO4 1M, 0.5 wt% HF solution at room temperature (Galvanostat-
Potentiostat PAR 2273, Princeton Applied Research, Oak Ridge, TN, USA) using a platinum
foil as counter electrode. Samples were annealed at various temperatures: 450 °C, 650 °C
or 900 °C for 3 h in air, at a heating rate of 10°C/min (Nabertherm controller B180 rapid
thermo-annealer).

3.2. Characterization of TiO, Nanotubes

The morphology of the samples was characterized by Scanning Electron Microscopy
(SEM) using a Philips XL-30 SEM microscope equipped with an energy-dispersive X-ray
spectrometer (EDS). The structures were determined by X-ray Diffraction (XRD) analysis
using a Siemens D5000 diffractometer with the Cu K« radiation (A = 1.5406 A).

3.3. Photocatalytic Reaction Experiments

All experiments were performed in a glass cylindrical photoreactor (Figure 7), 6 cm in
inner diameter and 13 cm in height, offering a working volume of 60 mL. Samples were
irradiated with a 125 W polychromatic high pressure mercury lamp (Philips HPK UV lamp),
with main wavelengths at 365, 253, 265, 313, 404 and 435 nm, placed in vertical position
in the photoreactor inside a quartz tube. The TiO, nanotubes supports consisted in 4 cm?
blades, disposed vertically in the photoreactor between two glass stops. A peristaltic pump
was used to circulate the sample through a Suprasil® quartz flow cell (1 cm pathlength)
placed in the spectrophotometer.

UV spectrophotometer
- with quartz flow cell

, HPKlamp
" in quartz tube

Top view

Cooling water
outlet

UV [amp
in quartz tube

fCoting water
outlst

Cosling water -
inlat Ti02 nanotubes:

Cooling water
inlet

TiQ:nanolubes

Magnetic stirrer

Figure 7. Experimental setup.
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Experiments were carried out in triplicate with 10 mg L~! PNA solutions prepared
from analytical grade p-nitroaniline purchased from Sigma-Aldrich using water from a
Milli-Q water purification system (Millipore, Darmstadt, Germany), resistivity > 18 MQcm).

3.4. Photocatalytic Reaction Experiments

The photocatalytic experiments were monitored by acquiring spectra in UV-visible
range using a diode array spectrophotometer (Agilent 8453, Courtaboeuf, France). Degra-
dation of PNA was followed by measuring the absorbance at 382 nm.

NO,~ and NO; ™ levels were determined by Ion Chromatography using a Metrohm
761 SD compact IC, equipped with a 4 x 250 mm Metrosep column (Metrohm) as stationary
phase, a mobile phase composed of NaHCOj3 (1.7 mM) + NayCOs3 (1.8 mM) flowed at 1
mL.min~! and a conductimetric detector. NHy* concentrations were followed by the
commonly used indophenol blue method. Total Carbon (TC), Inorganic Carbon (IC)
(and thus Dissolved Organic Carbon (DOC) by difference between TC and IC), and Total
Nitrogen (TN) measurements were carried out using high temperature catalytic oxidation
technique (Multi N/C 2100, Analytik Jena, Jena, Germany). The pretreated sample (50 pL)
was injected into the furnace filled with a Pt preconditioned catalyst. The combustion was
realized at 800 °C and the combustion products were carried by high purity oxygen (Linde
Gas) allowing detection of CO, by non-dispersive infrared (NDIR) and detection of NO by
chemiluminescence (CLD).

4. Conclusions

TiO, nanotubes were prepared by electrochemical anodization of two types of sub-
strates: titanium foils and titanium thin films sputtered on silicon. The well-organized
TiO, nanotubes grown from both substrates showing a diameter of about 100 nm are
sub-stoichiometric and exhibit an amorphous structure. After annealing at 450 °C and
650 °C under air for 3 h, whatever the nature of the substrate, the nanotube morphology
is perfectly preserved, and amorphous titanium is converted to the anatase phase. The
O/Ti increases with increasing annealing temperature but remains below 2. At 900 °C, a
mixture of anatase/rutile phases has been identified when TiO; nanotubes are elaborated
from Ti/Si whereas the rutile phase is only present in the case of TiO; elaborated from Ti
foils. However, the nanotubular structure is damaged after a thermal treatment performed
at 900 °C.

Increasing the annealing temperature (up to 450 °C) promotes thus the crystallization
in anatase phase and allows full elimination of p-nitroaniline within 30 min when Ti-based
substrates are used.
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