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ABSTRACT

The oriented TiO; nanotube arrays (NTs) are identified as a stable, active and recyclable
photocatalytic surface. However, their photoactivity is strictly depended on morphology
(especially length), which could be controlled by anodic oxidation parameters, including
electrolyte properties. To control the morphology, were successfully synthesized a series of
NTs by a novel approach where ionic liquid (IL), ethylammonium nitrate [EAN][NO3], was
used as an addition to an organic electrolyte. Using scanning electron microscopy, X-ray
diffraction, X-ray photoelectron spectroscopy, diffuse reflectance UV-Vis spectroscopy and
photoluminescence spectroscopy we are able to show how electrolyte composition influence
nanotubes surface properties and photocatalytic activity. It was found that the change in the
amount of [EAN][NO3] in electrolyte used for anodization in the range from 0.05 to 1.0 wt.%
affected dynamic viscosity, conductivity and surface tension of electrolyte and finally alter
morphology of formed nanotubes resulting in a proportional increase of the outer diameter and
tube length from 105 to 140 nm and from 6.0 to 8.1 um, respectively. The highest photoactivity
(achieving high reaction rate constant, equal to k = 0.0941 min™") and wettability was found for
the sample prepared in the electrolyte containing 0.05 wt.% of [EAN][NOs] revealing the
improved ability to light photoabsorption and suppression of recombination rate. It turned out
that [L_ NTs surface became more hydrophobic when stored in air ambience over 7 weeks after
fabrication with approximately 20 — 52°. The increase of the contact angle from 9.3 to 13.1°

with elongation of the tube diameter from 107 to 140 nm was also noted.

KEYWORDS: TiO; nanotubes; ionic liquid; electrochemical method; anodization, phenol
degradation; photoactivity; photocatalysis.
INTRODUCTION

Titanium dioxide (TiO) thin films in a form of nanotubes (NTs) have gained considerable
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attention due to their properties meeting requirements stated materials that are used for air and
water streams purification and disinfection!, water splitting?, exhaust gases monitoring?, dye-
sensitization®, controlling the surface wettability’ or drug delivery®®. The main predominance
of these structures over the nano- and microsized powders is formation of oxides layers
deposited onto the solid substrate that are easy to handle’. In this regard, thin films do not
require separation from the reaction environment, minimizing the operational costs.
One-dimensional (1D) TiO> nanotube layers on a Ti surface can be formed by various methods
among which sol-gel techniques!®, hydro/solvothermal'!, atomic layer deposition into the
template'?, and electrochemical methods!® are the most popular. Anodic oxidation of metallic
titanium substrate in an electrolyte with proper composition and under specific electrochemical
conditions provided well-ordered, dense, aligned array of TiO2 NTs with high surface area to
volume ratios, desirable electronic properties and even high mechanical strength®. Moreover,
the advantages of the electrochemical method are also related with (i) low processing
temperature, (ii) relatively low investment and operational costs, (ii1) simple performance, (iv)
ability to control preparation rate, thus pore size, length, and wall thickness, and (v) possibility
to apply thin film to a surface with virtually any complicated shape and structure (thus easy to
scale up)>!*.

Dimensionality of NTs was found to be a crucial factor determining the electronic properties
(electron mobility, quantum size effects) of the tubular material. Therefore, the control of size
and shape of NTs is of great interest and may improve interaction between a device and the
surrounding media. Consequently, such systems may work more effectively or allow for novel
reaction pathways. In this regard, the length of the TiO> self-organized layers is usually adjusted
mainly by applied voltage and also by selection of the anodization time and etching rate'>!°.

Geometry of the NTs can be also improved by modification of the electrolyte composition.

Almost ideal hexagonally ordered arrays can be obtained in electrolyte composed of ethylene
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glycol (EG) containing fluoride species (HF'7, NH4F, NaF'®), however other solvents, such as
ionic liquids'® (ILs) and acetic acid'®, were also proposed. Interesting and giving a new

13.20 and additives to traditional electrolytes?!.

possibilities could be use of IL as an electrolytes
Ionic liquids, being a group of salts composed of ions with melting point below 100°C, have
gain particular attention in the area of various nanomaterials synthesis*>?*. In view of their
unique properties such as low vapour pressure, chemical and thermal stability, high
conductivity, polarity, non-flammability and good dissolving properties, ILs were found to be
attractive media used as solvents, structuring agents or temples for nanostructures??. Up to date,
in synthesis of NTs, ILs were successfully used as electrolyte'® or component of the
electrolyte’®. The first study on the anodization of Ti, performed in 1-butyl-3-
methylimidazolium tetrafluoroborate [BMIM][BF4] ionic liquid, was published by
Paramasivam et al.'>. It was shown that anodization in the range of 5 - 10 V in time 1, 5 and
10 h provided well-defined layers of NTs with the length being in the range of 340 - 650 nm
and diameter between 27 and 43 nm'’. Surprisingly, during synthesis in the other easily
hydrolysable IL, 1-butyl-3-methyl-imidazolium hexafluorophosphate [BMIM][PFs], NTs were
not formed'. The improvement of the titanium foil anodization process in the [BMIM][BF4]-

based electrolytes was performed by Li et al.?®

. With increasing the anodization potential the
dimensional parameters of NTs, length and diameter, grown from 0.9 ym and 70 nm (at 10 V)
up to 4.5 um and 400 nm (at 50 V), respectively. The same ionic liquid was also used as an
additive to an electrolyte composed of ethylene glycol and water by Wender et al.?S. The length
and diameter of NTs layers grown up to 6.3 pm and 400 nm, respectively, during anodization
in the range of 20 — 100 V with addition of water (0 — 30 vol.%). Water content was defined as
a meaningful parameter in formation of NTs, up to 10%°, providing longer and wider

nanostructures. The effect of the IL’s cation structure (used as a component of the glycol-based

electrolyte) and its content on the geometry of NTs was for the first time reported by our
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group?!. For this purpose, three [BF4]- bearing ionic liquids with different chain length in the
imidazolium cation, that were - 1-ethyl-3-methylimidazolium tetrafluoroborate [EMIM][BF4],
[BMIM][BF4] and 3-methyl-1-octyimidazolium tetrafluoroborate [OMIM][BF4] were applied.
We found that ionic liquids served both as a source of fluorine ions as well as a source of
nitrogen and boron elements incorporated into the TiO; tubular structure. The electrolyte
containing IL with the longest alkyl chain length in the imidazolium cation [OMIM] [BF4]
turned out to be more promising reaction medium compared to previously used electrolytes
based on [BMIM][BF4], since provided longer and wider NTs?!. The results revealed higher
efficiency of NTs formed in the ILs-contained electrolytes in comparison with conventional
ethylene glycol-based one.

Since discovered that the NTs play an important role in the photocatalytic decomposition of
organic pollution and could be used as a self-cleaning and anti-fogging materials, the wettability
studies of NTs surface have attracted interest®’. It is known that the wettability properties of
TiO, NTs strongly depend on preparation methods of samples. It was observed that different
annealing temperature of TiO2 NTs (200, 400, 600 and 800°C), UV irradiation (240 min) or
storing conditions and time resulted in significant changes in wettability’s surface of NTs. For
example, UV irradiation resulted in increased hydrophilicity of the samples (especially that
annealed in 400°C) with the contact angle reduction of 90.4%°%3°. This phenomenon was
related with a presence of organic impurities in the air and aging the NTs surface®.

Based on our previous research on the preparation of TiO, microspheres via ionic liquid assisted
solvothermal method, [EAN][NO3] was chosen as a structural agent promoting preparation of
photocatalyst with an extremely high photocatalytic activity under visible irradiation.
Therefore, in this study we aimed to assess the effect of this IL on the structure, surface and
photocatalytic activity of TiO2 NTs prepared by electrochemical way. In this regard, we present,

for the first time, a new route to prepare photoactive ionic liquid nanotubes (IL_NTs), where
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addition of small amount of ethylammonium nitrate [EAN][NO3] to the traditional electrolyte
(based on ethylene glycol, water and ammonium fluoride as a source of fluoride ions) play a
critical role in the morphology and photocatalytic performance. We investigated the effect of
various content of IL on the properties of electrolyte (dynamic viscosity, density, conductivity
and surface tension) used for anodic oxidation of titanium substrate and finally how it affects
morphology, wettability, structural and photocatalytic properties of NT layers.
EXPERIMENTAL SECTION

Materials

Ionic liquid ethyloammonium nitrate [EAN][NO3] with purity = 99% were purchased from
Iolitec, Germany. Titania NTs arrays were obtained by anodization of titanium foil (0,127 mm
thickness, 99.7% purity, Sigma Aldrich). To clean the surface of Ti foil isopropanol (p.a.,
POCh. S.A., Poland), acetone, methanol (p.a., P.P.H. STANLAB, Poland) and deionized water
(Hydrolab BASIC 5, Poland) were used. The NTs were anodized in electrolyte composed of
EG (analytical grade, CHEMPUR., Poland), ammonium fluoride (ACROS ORGANICAS),
deionized water, and ionic liquid. Phenol as well as terephthalic acid (99.5%, p.a., Sigma
Aldrich) were used for the photoactivity investigations.

Preparation of TiO> nanotubes

Titanium foil (2 x 3 cm) was ultrasonically washed in acetone, isopropanol, methanol and
deionized water for 10 min each solvent and then dried in air stream before use. During the
electrochemical synthesis three kind of electrodes were used, namely Ti foil as a working
electrode, Pt mesh as a counter electrode and Ag/AgCl as a reference electrode. Anodization
was carried out in the electrolyte composed of ethylene glycol (98% v/v), ammonium fluoride
(0.2 M NH4F), deionized water (2% v/v) and [EAN][NO3] (0.05,0.1,0.2,0.3, 0.5 and 1.0 wt.%)
for 1 h at the voltage of 40 V. After preparation amorphous NTs were flushed by deionized

water, dried at room temperature for 24 h, sonicated in deionized water for 5 min, dried in air
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at 80°C for 24 h and calcinated in the air ambience at 450°C for 1 h.

Physicochemical properties of electrolytes

Dynamic viscosity of the electrolytes used for NTs preparation was measured by the cone and
plate viscometer (LVDV — 111, Brookfield Engineering Laboratory, USA) using a CP40 spindle.
Density measurements were carried out using DM40 LiquiPhysics™ density meter, Mettler
Toledo, USA. Conductivity measurements were performed with CX - 70 conductivity meter,
Elmerton, Poland. Pendant drop method was used to determine the surface tension of
electrolytes by using OCA 15 apparatus, Dataphysics, Germany. The temperature of all
measurements was set at a constant level of 25 + 0.1°C.

Surface characterization techniques of nanotubes

High resolution scanning electron microscopy (HRSEM, JEOL, JSM — 7610F) was used to
determine the morphology of NTs. Based on the simple geometrical model, developed surface

area of the nanotube arrays has been calculated by the following equation®' 3%

87ThR2

Se = V3(4R;—2R;+y)?

*Sgeo ()

where, R; and R, are the inertial radius and the sum of R; and half of the wall thickness,
respectively, y responds to the thickness void between the nanotubes, /4 is the length of NTs and
Seeo 18 @ geometric area. Wettability changes of NTs layers by water were investigated by contact
angle measurement using contour analysis system of OCA 15 goniometr, Dataphysis, Germany.
The crystalline structures of TiO; was confirmed by X-ray diffractometer Rigaku MiniFlex 600
equipped in Cu Ka radiation, in the range of 20 =20 - 80°. Optical properties were measured by
Diffuse reflectance UV-Vis spectroscopy (Thermo Scientific) using BaSO4 as a reference
sample. The absorption spectra were collected in the wavelength range of 300 - 800 nm. The
photoluminescence experiments were performed by a photoluminescence spectrometer LS -
50B (Perkin Elmer). The samples of NTs were excited by irradiation wavelength of 300 nm

issued by Xenon lamp. X-ray photoelectron spectroscopy (XPS) experiments were performed
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by using the PHI 500 VersaProbe (ULVAC - PHI) spectrometer with monochromatic Al Ka
radiation (hv = 1486.6 eV).

Photocatalytic experiments

Photocatalytic activity of IL_ NTs was measured by the degradation of phenol, used as a model
contaminant of an aqueous phase. The process was carried out with a 1000 W Xenon lamp
(Oriel 66021) under magnetic stirring (500 rpm). The samples of IL NTs were placed in
a quartz reactor filled with phenol solution (20 mg/L, 8 ml). The reactor was kept without light
for 30 minutes and then the suspension was irradiated for 60 minutes by UV-Vis light (A >
350 nm). During irradiation the phenol samples (0.5 ml) were collected and analysed every 20
minutes. Irradiation intensity was measured by an optical power meter (HAMAMATSU,
C9536-01) and equalled to 50 mW/cm?. The effectiveness of phenol degradation was
determined by high performance liquid chromatography (HPLC, Shimadzu) using the SPD -
M20A diode array detector operated at 225 nm. The flow rate of a mobile phase, composed of
acetonitrile (LiChrosolv, Germany) and formic acid (Honeywell, Germany) (v/v: 20/80), was
maintained at 0.3 ml/min, a sample injection volume was 20 pl.

RESULTS AND DISCUSSION

Physicochemical properties of electrolytes

The physicochemical properties of the electrolytes, used for titanium dioxide IL NTs
formation, composed of EG, H>O, NH4F and different amount of [EAN][NO3] (0.05, 0.1, 0.2,
0.3, 0.5 and 1.0 wt.%), were determined by means of viscosity, density, conductivity and
surface tension measurements (results are given in Table 1). It was expected that especially
viscosity and conductivity of the electrolytes could play a significant role in ions movement to
the TiO> layers. The dynamic viscosity of the electrolyte containing beside water also the lowest
amount of IL, that is 0.05 wt.%, was higher in comparison to the reference one. It was due to

the higher dynamic viscosity of pure ionic liquid. However, an interesting behaviour was
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detected when the IL’s content was further increased since the dynamic viscosity of the
electrolyte slightly decreased from 16.33 to 16.05 mPa-s for the electrolytes containing
0.05 wt.% and 1.0 wt.% of [EAN][NO:s], respectively. This phenomenon may be explained by
the weakening of the cation-anion, cation-cation and anion-anion interactions in [EAN][NO3]
due to the formation predominantly the strong interactions between nitrate and glycol*
resulting in moving apart cation and anion. The lower viscosity means higher conductivity of
the system and facilitated diffusion of reagents to the pore tips®. Since ILs, are salts
characterised by relatively high conductivity, a modification of the electrolyte composition by
addition of [EAN][NOs] provided environment with conductivity ranging from 93.21 as
detected for the sample with the lowest IL content to 151.25 S'm™" for the sample with the
highest IL content. According to the literature a higher conductivity of the anodizing solution
can result in an increased of TiO> NTs length and cause formation a tabular structure of NTs>®,
what is required from the photocatalytic point of view. For example, Kim et al. revealed that
lower conductivity resulted in a slow growth of TiO> NTs and formation a fiber-like structure*®.
Addition of [EAN][NOs] influenced also on the surface tension of the electrolytes by decreasing
this parameter from 46.47 to 38.52 mN'm™! with increasing the IL content. Dissolution of the
ionic liquid in the electrolyte caused the weakening of the electrostatic and Van deer Waals
interactions between the ions presented in the electrolytes resulting not only in decrease of
viscosity but also surface tension. The presence of IL in the electrolytes does not affect its
density.

Table 1. Physicochemical properties of electrolytes containing [EAN][NOs] used for NTs preparation.
For comparison properties of the electrolyte without IL was also given.

Electrolyte composition Dynamic Density (kg-dm™) Conductivity Surface
viscosity (S'm™) tension
(mPa-s) (mN-m™)
Electrolyte EG, 2% H20, 0.2M F- 16.12 £0.34 0.9979 £ 0.0001 87.03 +£0.06 47.05+0.03
without IL
ILs-based EG, 2% H20, 0.2M F-, 1633 +£0.13 0.9979 £ 0.0001 93.21 £0.89 46.47 +0.07
electrolytes 0.05 wt.% [EAN][NOs]
EG, 2% H20, 0.2M F, 16.13 +£0.29 0.9979 £ 0.0001 99.18 £1.12 45.81+0.22
0.1 wt.% [EAN][NOs]
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EG, 2% H20, 02M F, 16.14 021 0.9979 = 0.0001 103.02 = 1.23 44.49 = 0.28
0.2 wt.% [EAN][NO3]

EG, 2% H20, 0.2M F, 1607 =035 0.9980 + 0.0001 111.49 = 0.87 42.83 020
0.3 wt.% [EAN][NO3]
EG, 2% H20, 02M F, 16.06 = 0.20 0.9981 + 0.0001 126.02 = 0.91 41.63 +0.37
0.5 wt.% [EAN][NO3]
EG, 2% H20, 0.2M F, 16.05+0.15 0.9986 + 0.0002 151.29 = 0.74 3852+0.17

1.0 wt.% [EAN][NOs]

A typical result of current density registered during electrochemical oxidation of Ti foil at 40 V
is shown in Fig. 1. A characteristic three stages of the NTs growth taking part in an electrolyte
containing fluoride ions were observed. First of all (during the initial anodization time ~ 5 s), a
dramatical decrease of the current density was detected reflecting formation of a dense layer of
TiO2 on the Ti foil. The next step involved activation of the barrier oxide layer by fluoride ions
resulting in TiO; dissolution and formation of the soluble complex, according to the following
equation:

TiO; +6F + 4H" — TiF¢* + 2H, (1)
As aresult of the electric field, fluoride ions can migrate deeply into the produced layer of TiO2
causing its local digestion. This stage resulted in a slight increase of the current density (~15 s),
which causes the deepening of the pores, which in time branch out. However, for electrolytes
containing 0.5 and 1.0 wt.% [EAN][NOs] we observed a strong increase of current density,
around 200 s, during anodic oxidation. Due to higher conductivity of those electrolytes, which
increase with increasing amount of IL, the second stage of the nanotubes formation was
significantly strengthened and elongated. As mentioned above, the electrolytes conductivity
substantially accelerates the process of the nanotubes growth®°. Maintaining the optimal
conditions of anodization, the current is evenly distributed between the pores, which leads to
self-ordering of the porous structure that begins to resemble into the shape of the NTs.
Subsequently, the processes were characterized by stabilization of the current. A further
deepening of the pores with the simultaneous creation of empty spaces between them, resulted

in the formation of NTs separated from each other. During the final stage of the process the
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length of the NTs increases until to the end of the anodization.

pristine NTs
——TiO, NTs_0.05
TiO, NTs_0.01
TiO, NTs_0.2
w0 = i ——TiO,NTs_0.3
i ——TiO,NTs_05
——TiO, NTs_1

Current density (mA/cm?)

— 7
0 500 1000 1500 2000 2500 3000
Anodization time (s)

Figure 1. Current density curves recorded during anodization at 40 V for pristine and IL._ NTs.

Structure of nanotubes

To determine the surface structures of the obtained samples, HRSEM images have been
executed. Top view, cross-sectional and the outer wall images of pristine and IL_NTs are
presented in Fig. 2. It is evident that on the all examined area vertically and regularly ordered
structures of NTs were observed. Both pristine and IL_NTs were open at the top parts (see left
column in Fig. 2). Despite the low water content in the electrolytes, the oxide ripples on the
tube walls were noticed (see Fig. 2, right column). We suspect that the addition of IL to the
electrolytes during anodization lead to specific chemical effects, such as the surface adsorption
or the creation of decomposition products creation and resulted in the ripples formation. As
expected, the outer diameter, wall thickness and length of the obtained photocatalysts were
found to be proportionally related with increasing amount of IL content used during the
anodization of Ti substrate in the electrolytes. The length of IL_ NTs were elongated, starting
approximately from 6.0 pum (TiO2 NTs_0.05) and reaching approximately to 8.1 um (TiO>
NTs_1.0) as presented in Fig. 2. At the same time, the outer diameter and the wall thickness
also changed from 107 + 5.1 to 140 = 4.2 nm and 5.4 + 0.7 to 15.0 + 1.2 nm, respectively (all
dimensions have been summarized in Table 2).

We observed that the developed surface area for TiO2 NTs_0.05 in compare with pristine TiO>
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NTs sample was slight higher, 1343 and 1294 cm? respectively. However, further increase of
IL content caused an opposite effect, despite of increasing the morphological parameters of
NTs. The results of the calculation for all the samples are presented in Table 2.

Crystal structure

The XRD patterns of pristine and IL_NTs are presented in Fig. 3. The diffraction peak of
pristine NTs observed at 20 of 25.51° can be assigned to crystallographic form of anatase TiO»
(101). It was used to appointment at half the maximum intensity of the (101) reflection and
based on the Scherrer equation the average crystallite size of NTs was estimated. The other
peaks, observed at 20 values of 36.93°, 37.87°, 47.88° and 54.01°, are also assigned to TiO-,
specifically (103), (004), (200) and (105), are characteristic for anatase phase. The peaks
detected at 35.04°, 38.39°, 40.29°, 53.08°, 63.07°, 70.74°, 76.35°, 77.37° and 82.34° originated
from the Ti foil substrate. Addition of [EAN][NOs], up to content 0.2 wt.%, stimulated increase
of the intensity of the peaks assigned to the crystal structure of anatase (101). However, further
increase of the IL caused an opposite effect. The XRD parameters of NTs such as cell volumes
and crystallite sizes were collected in Table 2. The results do not reveal the relation between
the increasing amount of IL used for NTs synthesis, the crystallite size and the dimensional

parameters of NTs.
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Figure 2. Surface (left column), cross-sectional (middle column), and the outer wall (right column)
SEM images of IL_NTs and pristine TiO, NTs.
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Figure 3. XRD patterns of NTs after anodization at 40 V in the electrolyte composed of EG, H>O,
NH,F and different amount of IL.

Optical and photoluminescence properties

Photoabsorption properties of TiO» NTs were measured by diffuse refraction UV-Vis
spectroscopy and the spectra were collected in the range of 300 — 700 nm as shown in Fig. 4a.
The absorption edge of all the samples was particularly located at A = 380 nm, which
corresponds to the intrinsic band gap absorption of TiO; anatase (3.2 eV). Note the broad
absorption band from 400 to 800 nm for all TiO> NTs samples, which might be associated with
trapped electrons at Ti** centre, highlighting the maxima at 537.5 nm (for pristine TiO2 NTs,
TiO2 NTs_0.05 and TiO2 NTs_0.1), 519 nm (for TiO2 NTs_0.2 and TiO» NTs_0.5), 467 nm
(TiO2 NTs_0.3) and 626 nm (TiO2 NTs_1.0).

Photoluminescence spectra of obtained samples (PL) were registered in the range of 300 —
700 nm and excited at 300 nm, as presented in Fig. 4b. The intensity and shape of PL spectrum
suggested that the TiO> NTs have surface defects. The spectral bands of synthesized NTs at
380 nm were ascribed to self-trapped of excitons localized on TiOs octahedra. Serpone et al.®’

described the PL spectral bands of TiO, anatase crystals with the wavelength at 420, 450 and
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470 nm are attributed to oxygen vacancies. The peak at 520 nm was assigned to the radiative
recombination of mobile electrons with trapped holes. Furthermore, we observed that PL
intensity of TiO2 NTs increase with changing amount of IL, the lowest was for TiO2 NTs_0.05
and the highest was for TiO2 NTs_1.0. It may suggest that the TiO> NTs_0.05 sample a better
separation of photogenerated charge carries occur and thus lower recombination — lower

photoluminescence intensity.

pristine NTs
——Ti0, NTs_0.05
—TiO, NTs_0.1
——TiO, NTs_0.2
——TiO, NTs_0.3
TiO, NTs_0.5
——TiO, NTs_1.0

—— pristine NTs 1204 A= 300 nm
——TiO, NTs_0.05 o

—Ti0, NTs_0.1
——TiO, NTs_0.2 100+
Tio, NTs_0.3
Tio, NTs_0.5
——TiO, NTs_1.0

Absorbance (arb. u.)
PL intensity (arb.u)

09+

T - T - T - T - T - T T T
300 400 500 600 700 800 500 600 700
Wavelenght (nm) Wavelenght (nm)

Figure 4. (a) The photoabsorption spectra of pristine and IL._NT samples recorded in the range of 300
to 800 nm, (b) PL spectra of pristine and IL. NTs with extinction wave at 300 nm in the range of 300
to 700 nm.

Chemical composition

The elemental surface composition of pristine and IL_NTs specimens, evaluated by XPS, are
shown in Table S1. The titanium, oxygen, carbon, nitrogen and fluorine were detected and the
corresponding high-resolution (HR) XPS spectra of Ti 2p, O 1s, C 1s and F 1s are collected in
Fig. 5. The presence of carbon and nitrogen atoms, especially a C-N and C-C species (286.1
and 284.8 eV) confirm adsorption of [EAN][NO3] at the TiO, surface. The chemical character
of titanium, oxygen and carbon is identified in the deconvoluted spectra and summarized in
Table S1. The N 1s spectra exhibited only one signal at 400 eV, assigned to the surface C-N
bond. The presence of fluorine species is evidenced by the F 1s spectra (signal at 684.5 eV) and

C 1s spectra (signals at 289.1 eV and 290.8 eV ascribed to CH-F and C-Fx species,

respectively*®). No correlations were observed between the fluorine surface content and the
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Table 2. Sample label, NTs dimension and crystallographic properties of pristine and IL_NTs.

Sample label Amount of IL NTs dimensions Developed XRD
(WE.%) External Tubes length Wall thickness surface area Crystallite size Cell parameters (A) Cell volume (A%)
: diameter (nm) (nm) (nm) (cm?) (nm) a=h c
pristine NTs not used 105+ 3.7 55+0.21 44+0.5 1294 294 3.7703(0) 9.4783(6) 134.7364(2)
TiO2 NTs_0.05 0.05 107+5.1 6.0 +0.15 54+0.7 1343 25.9 3.7492(3) 9.4132(3) 132.3191(9)
TiO2 NTs_0.1 0.1 114+4.3 62=+0.17 94+1.9 1163 33.7 3.7809(9) 9.4834(3) 135.5740(3)
TiO2 NTs 0.2 0.2 115+4.6 6.2+0.18 10.0+1.3 1135 37.1 3.7690(9) 9.4723(5) 134.5645(8)
TiO2 NTs 0.3 0.3 119+2.1 6.8£0.20 11.0+1.0 1181 293 3.7842(0) 9.5146(0) 136.2513(6)
TiO2 NTs_0.5 0.5 133+2.8 7.2+0.24 13.0+0.5 1099 325 3.7869(3) 9.5067(4) 136.4635(4)
TiO2 NTs_1.0 1.0 140+4.2 8.1+0.20 15.0+1.2 1139 31.9 3.7869(3) 9.5019(1) 134.7364(2)
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volume of IL increasing from 0.05 up to 0.3 wt.% (Table S1). The fluorine content (0.26 +
0.03 at.%) was found to be close to that detected for pristine NTs sample (0.29 at.%). However
for samples TiO2 NTs_0.5 and TiO2 NTs 1.0 we observed a significant increase of fluorine
amount (0.40 and 0.48 at.%, respectively). The surface amount of nitrogen increased after
addition of [EAN][NO3] up to 0.3 wt.% (Table S1). However, further increase of the IL (0.5
and 1.0%) caused systematic decrease of nitrogen contribution (0.58 and 0.38 at.%,
respectively).

It should be also noted that the chemical character of titanium species seems to be not affected
by IL. The relative contribution of Ti** surface species were found to be very close to pristine
NTs (3.45 £ 0.14%, Table S1) for all samples, except the TiO2 NTs_1.0. For the last sample we
detected slightly larger amount of Ti*" species (4.01%) contributed the titanium fraction of
surface elements.

Wetting properties

Wettability properties of TiO2 NTs prepared in the presence of [EAN][NOs] were determined
as a time-dependent change of samples in storing conditions (see Table 3). Ten-microliter
droplets were used to defined measurements of the water contact angle (WCA). As a reference
sample pristine TiO2 NT layers was used, with the WCA at value 15.3 + 1°. By increasing the
IL content in the electrolyte composition, from 0.05 to 1.0 wt.% of [EAN][NOs], the WCA
increases from 9.3 £ 1°to 13.1 £ 1°, respectively. The effect of aging of TiO2 NTs surface was
examined 3 and 7 weeks after fabrication. It was found that the surface wettability’s changed.
IL_NTs samples showed a hydrophilic behaviour immediately after the annealing. However,
storage in air caused the surface of pristine and IL_NTs gradually converted into hydrophobic.
According to the literature, [EAN][NO3] have hydrophilic character (despite presence of ethyl
substituent) - is miscible with water at any composition since both ions are able to form

hydrogen bonds with water®. Therefore, this ability of IL adsorbed on the nanotubes surface
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facilitated spreading of water, thus caused a decrease in the WCA values of all IL_ NTs samples
in comparison with pristine TiO2 NTs. Especially, the hydrophilicity of TiO> NTs 0.05 and
TiO2 NTs_0.1 samples was found to be higher (the WCA values were 9.3 and 9.7°, respectively)
in compare to pristine TiO2 NTs (WCA = 15.3°). In the case of the photocatalysts prepared in
a presence of higher IL content probably the influence of the short hydrocarbon chain in the
[EAN][NO3s] cation started to be detectable. Therefore, WCA was observed to be higher. In
addition, it is well known that the absorption of the water molecules on the TiO> NT layers is
facilitated due to the presence of the oxygen vacancies at the surface what allowing faster spread
of the water droplets ***!. Therefore, the WCA is always lower at the surface with higher
content of oxygen vacancies. Based on the XPS analysis, we observed that samples obtained in
the presence of [EAN][NOs] contained higher amount of hydroxyl groups in compare to pristine
TiO2 NTs which could be attributed to the ability to hydrogen bonding to hydroxyl groups. The
hydrophilicity of all IL_NTs samples is higher than pristine TiO2 NTs also due to higher amount
of hydroxyl groups at the surface, respectively 2.26 and 2.42 for TiO2 NTs_0.05 and TiO2
NTs 0.1 and for pristine TiO2 NTs — 1.58%. According to the literature, the existence of OH
groups is related with adsorption and dissociation of water molecules on the surface of TiO2
nanotubes*?**. The loss of the hydrophilicity in the atmosphere of air is the reason for the
adsorption of foreign compounds on the clean surface of TiO2 NTs, such as water and volatile
organic compounds (VOC). Variation of a water drop shape at the analysed NTs and IL_NTs
surface is shown in Table 3. Differences in WCA might be also attributed to the surface
properties, especially the surface roughness, which in our case, increase with increasing amount

of [EAN][NOs] used as the addition to the electrolytes during the anodization.
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Table 3. Comparison of the time-dependent change of TiO, NTs surface wettability.

Sample label Water contact angle (°)

0 days* 21 days* 49 days*

pristine NTs

)
i
)

WCA=153+1° WCA=17.8+2° WCA =19.7+2°

TiO2 NTs_0.05

’
|
|

WCA=93=+1° WCA=11.0+2° WCA =19.7 +£2°
TiO2 NTs_0.1
— - — ..
WCA=9.72+1° WCA=144+1° WCA =23.4+2°
T .. ..
WCA =102+ 1° WCA=225+1° WCA =264+ 1°
WCA=1045+1° WCA =251 +3° WCA =283 +£2°
TiO2 NTs_0.5 A
WCA=1243+1° WCA =273+2° WCA =39.3 +2°
TiO2 NTs_1.0

|
)
)

WCA=131+1° WCA =43.67+2° WCA =515+2°

* time measured from the preparation of samples

Moreover, TiO2 NTs_0.05 was the sample, which exhibited the highest hydrophilic properties
with the lowest tube diameter (107 nm). The highest change in WCA for TiO> NTs_0.5 and
TiO, NTs_1.0 were observed, both after preparation and storage in the air ambiance for 3 and
7 weeks (see Fig. S1). This phenomenon could be attributed to the increase of the wall thickness
of NTs with increasing amount of IL. Higher thickness of the walls may impede penetration of
the IL_NTs surface by the water droplets. According to the literature, modification of the NTs

by organic compounds, significantly change the wettability. Balaur et al.® observed the relation
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between chemical character of solvents, organic and non-organic, as well as the tube diameter
and the properties of the wetted surfaces. The water contact angle changed with increasing
diameter of NTs from 134 + 3° for the 20 nm pores to 159 £+ 2° for the 100 nm pores,
respectively. The opposite effect was observed for organic solvent, hexadecane. By increasing
the diameter of NTs contact angle changed from 21 + 2° for the 20 nm pores and became super
hydrophilic 6 ~ 0° for the 100 nm pores.

Photocatalytic properties

The results of phenol degradation rate under UV-Vis irradiation are presented in Fig. 6a and
Table 4. To visualize the real photocatalytic properties of as-prepared samples, control test
(photolysis) has been performed. Approximately 10% of phenol loss was observed with the
absence of photocatalysts under UV-Vis irradiation and it indicates that photocatalytic activity
comes from prepared samples. Evidently, we found much higher values of phenol degradation
in the presence of samples prepared with addition of ILs with respect to pristine NTs. The
sample with the highest photoactivity, TiO> NTs 0.05, was characterized by initial reaction rate
at the level of 9.12 pmol-min™'-dm™ (85% efficient of phenol degradation after 20 min of UV-
Vis irradiation). In comparison to pristine NTs, the reaction rate of TiO» NTs 0.05 was
approximately two times higher. It suggested that addition of the smallest amount of
[EAN][NO3] significantly changed photoactivity of NTs. Decomposition of phenol in the
reaction mixture was relatively fast, for samples TiO2 NTs_0.05, TiO2 NTs_0.1, TiO> NTs 0.2
and TiO> NTs_0.3 phenol was not determinable after 40 minutes of irradiation. By increase of
the IL content the photocatalytic activity of IL. NTs under UV-Vis irradiation decreases: the
lowest photocatalytic activity was observed for TiO> NTs_1.0. The values of TiO2> NTs 1.0
changed from 7.10 to 3.51 pmol-dm>-min’!, namely degradation efficiently reached 95.76%

after 40 min of UV irradiation.
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Figure 5. High resolution XPS spectra of Ti 2p, O 1s, C 1s, N 1s and F s recorded on pristine and
IL_NTs. The chemical character of detected elements is described in deconvoluted spectra.

The sample TiO2 NTs_0.5 showed slightly lower ability to degrade phenol, in comparison with
TiO2 NTs_0.05, the values equalled at 83% (with initial reaction rate 8.59 pmol-dm™-min™') for
TiO2 NTs_0.5 and 85% (9.12 pmol-dm=-min') for TiO2 NTs_0.05, respectively. However, this
was the sample, which exhibited the highest ability to generate *OH, more than three times in
comparison with TiO2 NTs_0.05, as shown in Fig. 6b. This suggests that also O35 radicals play

a vital role in the process of phenol degradation under UV-Vis light. A correlation between


http://mostwiedzy.pl

A\ MOST

efficiency of phenol degradation and generation of *OH was not observed.
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Figure 6. (a) Phenol degradation and (b) generation of hydroxyl radical under UV-Vis irradiation.
Phenol degradation measurements in the presence of NTs under UV-Vis irradiation led to detect
intermediate forms of phenol at wavelength 254 nm, such as benzoquinone, resorcinol, catechol
and hydroquinone. During photodegradation process concentration of by-products were
decreasing to values 0 pmol-dm™ after 60 minutes to all IL_NTs samples (see Table 3), which
suggested high phenol mineralization to CO> and H>O.

The most representative and photoactive sample, TiO2 NTs_0.05, was chosen to define the
formation of reactive oxygen species (ROS) during a process of phenol degradation. Selected
scavengers, namely silver nitrate, fert-butanol, oxalic acid and benzoquinone were used as
scavengers of e, *OH, h* and 03, respectively (see Fig. 7a). The photocatalytic efficiency of
phenol degradation in the presence of benzoquinone and oxalic acid reached 81 and 82%,
respectively, whereas addition of fert-butanol and silver nitrate caused decrease in the
photocatalytic efficiency at level 7 and 2% respectively. It suggested that the e~ and h* have
the greatest significance during phenol degradation and allow oxidation and reduction reaction
occurred.

The photostability of the most photoactive sample (TiO2> NTs_0.05) was investigated by
reaction of phenol degradation in four consecutive cycles, and the results are collated in Fig 7b.

Phenol degradation rate remained at the level 3.38 pm-dm=>-mol™? for the first two cycles,
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3.36 pmol-dm=-mint for third one and for the last cycle 3.41 pmol-dm>-min-tafter 60 minutes

of UV-Vis irradiation. It clearly suggested high photostability of the obtained NTs.

»
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Figure 7. (a) Photocatalytic decomposition of phenol under UV-Vis irradiation in the present of
scavengers (silver nitrate, fert-butyl alcohol, oxalic acid and benzoquinone), (b) photostability of the
most photoactive sample (TiO, NTs_0.05) in reaction of phenol degradation in four consecutive cycles
under UV-Vis irradiation.

Formation and photocatalytic mechanism discussion

Based on the literature and our experience, we found that the physicochemical properties of
electrolytes containing IL, such as dynamic viscosity, conductivity and surface tension, play a
key role in the tubes growth process. Practical constantly values of dynamic viscosity allows to
the ions movement into the dioxide layers and influence formation of the local digestion®”.
Moreover, during anodic oxidation in a presence of IL, the ions from the electrolyte enable a
faster ionic conduction through the barrier layer, caused a higher nanotubes growth® (see
Fig. 8a). We also suspect that the decrease in the surface tension with increasing amount of IL
is connected with the increase of the morphological parameters (as presented in Fig. 8b).

As mentioned above, the samples obtained in the presence of IL highlighted larger
morphological dimensions compared to the pristine NTs sample. The length of the NTs was in
the range from 6.0 to 8.1 um (5.5 um for pristine NTs) and mainly the increased electrolyte
conductivity and lower viscosity have contributed to this phenomenon. In the cause of low

conducting organic electrolytes, as used in our study, greater conductivity of the electrolyte

leads to increase of the growth rate of the nanotubes* as a result of reduction of Ohmic drop,
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resistivity (iRcen) and causes higher overpotential.
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Figure 8. Influence of conductivity (a) and surface tension (b) on the tube growth process.

Similar effect has been achieved by using the same electrolyte several times, namely nanotube

length increased as the number of anodization process raises>®. Furthermore, the presence of
additional non-metal elements such as C, N and F were detected in all obtained samples by XPS
analysis. These elements originate from the electrolyte*®. No appreciable increase in the carbon

and fluorine content in the samples prepared from the electrolyte containing IL. was observed.
However, in almost all samples obtained in the presence of [EAN][NOs], excess nitrogen

amount was detected compared to the reference sample (pristine NTs), which may come from

the IL decomposition during synthesis process.
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Table 4. Initial reaction rate, reaction rate constant and by-products concentration during phenol degradation obtained for TiO, NTs samples in comparison to
pristine TiO, (by products were below detection limit after 60 minutes of irradiation).

By-products concentration (umol-dm™)
Photocatalytic degradation of phenol
Sample label Initial reaction Reaction rate Benzoquinone Resorcinol Catechol Hydroquinone
rate, r constant, k 20 min 40 min 20 min 40 min 20 min 40 min 20 min 40 min
(umol- min'-dm-3) (min’")
pristine NTs 5.53 0.0712 2.57 4.06 3.05 3.20 23.72 38.68 26.59 14.54
TiO2 NTs_0.05 9.12 0.0941 1.90 1.00 18.06 6.82 15.86 11.51 49.38 38.44
TiO2 NTs_0.1 8.35 0.0794 1.53 0.88 6.70 2.12 9.01 5.93 42.03 24.26
TiO2 NTs_0.2 8.45 0.0809 2.06 0.85 7.25 5.29 18.87 14.31 39.14 12.17
TiO2 NTs_0.3 8.38 0.0787 3.70 0.89 9.80 5.21 16.39 15.12 36.31 21.28
TiO2 NTs 0.5 8.59 0.0886 3.91 0.96 15.44 0 18.70 11.68 42.15 23.85
TiO2 NTs 1.0 7.10 0.0744 5.21 1.37 15.51 0 45.61 13.89 50.59 38.87
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To confirm the source of this additional nitrogen, the electrolyte was analysed using ion
chromatography before and after the anodization process. For this study, electrolyte composed
of EG, 2 vol.% H>O, 0.2 M NH4F and 0.05 wt.% [EAN][NO3] was examined. Firstly, we
analysed the cation of the ionic liquid and we did not find a clear difference (the difference was
1% - this is a margin of error) in the amount of cation before and after the anodization, which
indicated that the IL cation does not decompose and does not give additional nitrogen to TiO>
NTs. Thus, the anion derived from the [EAN][NO3] was analysed. The concentration of nitrates
before and after anodic oxidation was equal to 2.179 and 1.991 mg/L, respectively (results are
presented in Table S2, supporting materials). This slight decrease in the nitrates content may
indicate that the nitrogen in the synthesized samples originate from the anion of the used IL.
The above-mentioned two aspects (additional nitrogen and increased length) which have been
achieved using [EAN][NOs] as an additive to a traditional organic electrolyte may have a major
impact on the photocatalytic properties that were significantly improved. However, if we
consider the chemical structure of nitrogen then it turns out that the N 1s spectra presents one
signal at 400 eV which can be attributed to surface C-N bond, associated rather with the
adsorption of this element on the surface than with doping. Similar peak at 400 eV was also
detected in commercial TiO, photocatalysts (such as ST01, Ishihara Sangyo)*’. In addition, it
has been found that mentioned chemical state is dependent on the preparation method and was
observed in photocatalysts prepared via wet processes, namely sol—gel and hydrolysis
processes?’. Recent developments in this area of research have led to conclusion that rather
nitrogen species detected at lower binding energies (396 — 398 eV) are responsible for the
photocatalytic activity*’. Thus, enhanced photocatalytic performance of NTs prepared with
addition of IL is rather related to morphological dimensions than the presence of nitrogen on
the surface.

Studies outlined in the literature prove that photocatalytic properties of NTs depend on the two
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major factors: (1) tube morphology (mainly length and tube tops) on light absorption and (2)
tube morphology on the phenomenon of recombination of photogenerated charge carriers
)48

(positive holes and negative electrons)™. The optimum tube length for photocatalytic

application varied from 1 up to 17 um*>3

, which was achieved depending on the preparation
method (the anodization environment). Our current study supports previous findings, the
highest reaction rate constant and initial reaction rate (0.0941 min™' and 9.12 pmol-min™!-dm™)
were observed for NTs with the following dimensions: length 6.0 um external diameter 107 nm
and wall thickness 5.4 nm. Further increase of these dimensions (up to: length 8.1 um external
diameter 140 nm and wall thickness 15 nm) by applying a larger amount of ionic liquid in the
electrolyte led to the weakening of the photocatalytic properties. Despite of the enhanced
photocatalytic activity of IL NTs, it is not correlated with the morphological parameters.
However, it is obvious that present of [EAN][NOs3] caused increase both, the photocatalytic
activity and dimensional parameters in compare with pristine NTs. Sample obtained with the
largest addition of ionic liquid (TiO2 NTs_1.0), showing the largest geometric dimensions has
the lowest photocatalytic activity but still higher than pristine NTs. Moreover, the best sample
(TiO2 NTs_0.05) exhibited the highest developed surface area (1343 cm?), low content of
nitrogen impurities (0.55 at.%), the lowest crystallites’ size (25.9 nm), high content of Ti**
(0.95 at.%) and —OH groups (1.37 at.%) which is in line with the previous results reported in
the literature and promotes high photocatalytic activity> .

CONCLUSIONS

We have obtained comprehensive results revealing that an addition of IL, namely
ethylammonium nitrate [EAN][NO3] to the traditional organic electrolyte composed of NH4F,
H>0 and EG allows the formation of NTs with variable morphological parameters and strongly

affect the photocatalytic activity. As expected, the addition of [EAN][NO3] improves the

electrolyte properties, primarily in terms of conductivity, which accelerates the growth rate of
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well-organized NTs. The proposed route allowed to obtain NTs with extended diameter (from
107 up to 140 nm), wall thickness (from 5.4 to 15 nm) and length (from 6 to 8.1 um). High
hydrophilicity of all TiO> NT samples was observed immediately after annealing. However,
storing in air caused the increase of the contact angle values due to absorption of impurities
from the environment. Noteworthy differences were found in photoactivity of all IL_ NTs
samples in comparison to pristine TiO2 NTs. The highest reaction constant rate and initial
reaction rate (0.0941 min™! and 9.12 umol-min™'-dm=, remained at the same level after four
sequence tests) displayed the sample with the lowest amount of IL - TiO2 NTs_0.05 as a result
of better ability to light photoabsorption and limiting recombination losses. However, despite
too extended geometrical dimensions, the other IL NT samples exhibited impaired
photocatalytic activity but still better compared to the pristine one. After 60 minutes of the
photocatalytic reaction, no presence of the aromatic intermediates of phenol oxidation has been
noted. Insightful XPS and HPLC analysis indicated that IL does not decompose during the
anodization. It is likely that the appearance of C-N bond is associated with absorption of the IL
at the Ti10; surface. Therefore, our study provides the framework for a new way to prepare TiO>
NTs possessing tunable morphology and thus effectively utilize renewable energy source to
solve environmental problems using heterogeneous photocatalysis processes.
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Synopsis

Study provides the framework for a new way to prepare TiO> NTs possessing tunable
morphology and thus effectively utilize renewable energy source to solve environmental
problems using heterogeneous photocatalysis processes.
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