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a b s t r a c t

Facile and environmentally benign one-step titanium anodization method for TiO2 nanotubes (NTs) for-mation in a presence of ionic liquids (ILs) was proposed.
Influence of the IL structure and its content in ethylene glycol electrolyte on morphology, surface properties and photoactivity of the TiO2 NTs was investigated.
Possible interactions between IL and TiO2 NTs as well as the mechanism of NTs formation during anodic oxidation process were proposed. The outer diameter, wall
thickness, and length of the IL-NTs were found to be proportionally related with increasing length of the hydrocarbon chain in the imidazolium cation of the IL (from 2
to 8), IL content, anodization potential and water content up to 10 vol.%. Moreover, for the first time, the effect of the IL’s structure on the UV–vis and Vis light-
induced photoactivity of the IL-TiO2 NTs was presented, and the active species (•OH and O2

•− radicals) involved in the photocatalytic reaction of phenol degradation
were determined. The sample that exhibited the highest photoactivity under Vis irradiation (0.63 �mol dm−3 min−1) and greatest amounts of generated

•OH was TiO2 NTs prepared at anodization potential 90 V in the electrolyte containing 0.1 mol of 1-octyl-3-methylimidazolium tetrafluoroborate [OMIM][BF4] 
(represented by F− content) and 10 vol.% of water. Phenol degradation rate remained at level about 1.50 and 0.42 �mol dm−3 min−1 after 60 min of UV–vis and Vis 
irradiation after four cycles in the presence of [OMIM][BF4] and thus obtained IL-NTs exhibited photostability. The reaction proceeds under mild reaction conditions, 
is step economical and provides one-dimensional nanostructures that meet the specifications for use in diverse photocatalytic applications.

Post-print of: Mazierski P., Łuczak J., Lisowski W., Winiarski M., Klimczuk T., Zaleska-Medynska A.: The ILs-assisted 
electrochemical synthesis of TiO2 nanotubes: The effect of ionic liquids on morphology and photoactivity. APPLIED CATALYSIS 
B-ENVIRONMENTAL. Vol. 214, (2017), p. 100-113. DOI: 10.1016/j.apcatb.2017.05.005
. Introduction

Over the past several dozen years, many photocatalytic appli-
ations, using titanium dioxide (TiO2) as photocatalyst, have been
roposed. Self-cleaning surfaces, air and water purification, dye-
ensitized solar cells, sterilization as well as water splitting to
ydrogen [1,2] belong to the most important. Among versatile
orphologies of TiO2 the hierarchical, oriented 1D semiconductor
anostructures nanotubes (NTs) are receiving particular attention
ue to their unusual properties rather than bulk [3–6]. Especially
lectronic properties including high electron mobility or quantum

ttp://dx.doi.org/10.1016/j.apcatb.2017.05.005
confinement effects, low dimensionality as well as high surface to
volume ratio are of great interest since provides increased activ-
ity/reactivity of TiO2 [7].

In recent years’ ionic liquids (ILs) emerged as important reaction
environment or structuring agent for nano- and microstructures
preparation [8–11]. The great interest in application of the ILs in
this area is based on their unique and highly customizable prop-
erties such as negligible volatility, high polarity, non-flammability,
wide liquid range, good dissolving properties as well as microwave
absorbing ability etc [8]. Ionic liquids can work as a reaction envi-
ronment [12,13], co-solvent or structuring agents [14–16] due to
their ability to form protective layers, by steric, electrostatic, vis-
cous protection or solvation forces stabilizing growing colloidal

structures as well as being able to create a soft template for nanos-
tructures (micelles or microemulsions) [17–21]. Many versatile
synthesis methods were up to date applied for preparation of TiO2

dx.doi.org/10.1016/j.apcatb.2017.05.005
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2017.05.005&domain=pdf
dx.doi.org/10.1016/j.apcatb.2017.05.005


        

Fig. 1. Structure of 1-ethyl-3-methylimidazolium tetrafluoroborate [EMIM][BF4],
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-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4] and 3-methyl-1-
ctylimidazolium tetrafluoroborate [OMIM][BF4] ionic liquids used for NTs
ormation.

ith different morphologies, however much less studies were per-
ormed in the field of the IL-assisted synthesis of the nano- and

icrostructures using electrochemical methods [9]. However, ILs
s electrochemically stable, non-volatile and highly conducting sol-
ents seems to be excellent media to directly anodize titanium or
lay a role of F− anions source generated in situ providing TiO2
Ts with low-defects. Ionic liquids reveal a low IR drop during
nodization process, therefore results in slow decomposition [22].
n contrast to the other methods, the electrochemical anodization
pproach provides dense and well-defined layer, where NTs are
erpendicularly aligned to the substrate surface. Moreover, growth
f the well-defined NTs with controllable length is achieved in very
hort time [23].

One  of the first work revealing feasibility of using 1-butyl-
-methylimidazolium tetrafluoroborate [BMIM][BF4] as solvent
or NTs preparation was published by Schmuki group [24],

ho prepared NTs using relatively low anodization potentials
5–10 V). Continuing these studies, Dai group improves anodization
onditions in [BMIM][BF4] obtaining much longer and wider nanos-
ructures (length exceeded 4 �m)  [22,25]. Water content was also
ound to be a crucial parameter for formation of well-aligned long
Ts, especially for the higher anodization potentials with optimum

ontent at 2.4 wt% [25]. The same IL, however, used as structuring
gent, was applied by Misra et al. for the double-walled TiO2 NTs
ormation using the sonoelectrochemical process at the anodiza-
ion potential above 60 V. Such structures (with diameter even
bove 200 nm)  were found to have 2–6 times higher photocurrent
ensity in the reaction of water photooxidation under solar light

llumination when compared to the conventional NTs and com-
ercial TiO2 nanoparticles [26]. Titania NTs were also tested for

he photodegradation of methyl orange dye as well as hydrogen
volution from water/methanol solutions by UV irradiation [27].
ummarizing, one of the challenges in this area of research is devel-
pment of the effective route to synthesize desired nanostructures
ith uniformity in size and distribution, controlled morphology
ithout defects and consequently desired and improved proper-

ies. Nevertheless, as shown above data on the role of the IL’s
tructure in the mechanism of the TiO2 NTs formation and in the
echanism of ILs-modified TiO2 excitation is still limited. The effect

f the IL structure on the ability to interact with TiO2 surface, and
herefore on the TiO2 properties has not been yet described, and
herefore is not clear.

Considering  the points in the above discussion, in this paper
e present the effect of the IL structure (the alkyl chain length in

he cation) as well as amount of IL (thus fluoride) and water con-
ent used during synthesis on the morphology, surface properties
nd photoactivity of TiO2 NTs. However, due to the relatively high

rice of ILs, we propose using IL as structuring agent for formation
f NTs with controllable length and desired properties. Therefore,
hree ionic liquids containing easily hydrolysable [BF4] anion and
ifferent chain length in the imidazolium cation, shown in Fig. 1,
    

were chosen. For the first time morphology and surface properties
of TiO2 NTs prepared in the presence of structurally differentiated
ILs were correlated with their photocatalytic performance as well
as ability to form hydroxyl radical, based on detection of fluores-
cent product of terephthalic acid hydroxylation. The role of the ionic
liquids in the TiO2 NTs preparation, stabilization and photoactivity
enhancement was  proposed.

2.  Experimental

2.1. Materials

Ionic liquids 1-ethyl-3-methylimidazolium tetrafluoroborate
[EMIM][BF4], 1-butyl-3-methylimidazolium tetrafluoroborate
[BMIM][BF4], and 3-methyl-1-octylimidazolium tetrafluoroborate
[OMIM][BF4] with purity of ≥99%, were purchased from Iolitec,
Germany. Ionic liquids were degassed and dried under vacuum
before use (Thermo VT6025, Germany) for at least 24 h at 80 ◦C.
The water content in these ILs were determined by coulometric
Karl-Fischer titration method (Coulometer model 899, Metrohm)
and was less than 700 ppm. Titania NT arrays were obtained by
anodization of Ti foil (0.127 mm thickness, 99.7% purity, Sigma-
Aldrich). 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 for cleaning Ti substrate surface. The Ti
substrate was  anodized in solutions composed of ethylene glycol
(EG, 99.0%, p.a., POCh S.A. Poland), deionized water and selected IL.
Phenol (99.5%, p.a., POCh S.A., Poland) as well as terephthalic acid
(98%, p.a., Sigma-Aldrich) were used as model compounds for the
photoactivity characterization.

2.2.  Physicochemical characteristics of electrolytes

Dynamic viscosity of the electrolytes containing ILs used for NTs
preparation were measured using cone-plate viscometer LVDV-
III, Brookfield Engineering Laboratory, USA. Density measurements
were carried out by oscillation method using DM40 LiquiPhysicsTM

Excellence density meter, Mettler Toledo, USA. Conductivity mea-
surements were performed using a CX-701 conductivity meter,
Elmetron, Poland. Surface tension of the solutions was  determined
using goniometric technique in the pendant drop mode, with a
video based optical contact angle meter OCA 15, Dataphysics,
Germany. The temperature of all measurements was maintained
at a constant level of 25 ± 0.1 ◦C with a thermostatic baths Poly-
Science AD07R-20, USA (viscosity, conductivity, surface tension)
or by a Peltier-type electronic temperature controller provided by
the apparatus (density).

2.3.  Preparation of the IL-assisted TiO2 NTs

Prior to use, Ti foil was cleaned by sonication in acetone, iso-
propanol, methanol and deionized water for 10 min in each solvent
and dried in air stream. The anodic oxidation was carried out in a
three-electrode electrochemical set-up, where Ti foil (3 × 2 cm)  was
used as a working electrode, a Pt mesh as a counter electrode and a
Ag/AgCl reference electrode for process controll and to obtain infor-
mation about actual working electrode potential. Anodization was
performed in the electrolyte composed of ethylene glycol, deion-
ized water and selected IL for 20 min  at the voltage range of 60–90 V,
using programmable DC power supply (MCP M10-QS1005). For
measurement of actual current and potential of Ti electrode versus
Ag/AgCl reference electrode digital multimeter (BRYMEN BM857a)

was applied. As prepared titania NTs were rinsed with deionized
water followed by sonication also in deionized water (5 min), dry-
ing in air at 80 ◦C (24 h) and calcination at 450 ◦C (heating rate
2 ◦C/min).

http://mostwiedzy.pl


            

Table 1
Physicochemical properties of the electrolytes and pure ILs used for NTs preparation.

Sample
label

Electrolyte
composition

Dynamic
viscosity
[mPa  s]

Density
[kg  dm−1]

Conductivity
(S m−1)

Surface
tension
[mN m−1]

Pure ILs [EMIM][BF4] – 38.45 ± 0.66 1.2813 ± 0.0001 38.45 ± 0.66 50.87 ± 0.11
[BMIM][BF4] – 108.5 ± 0.34 1.2016 ± 0.0002 108.5 ± 0.34 44.92 ± 0.15
[OMIM][BF4] – 332.2 ± 0.99 1.1035 ± 0.0001 332.2 ± 0.99 32.93 ± 0.21

ILs-based  electrolytes [EMIM][BF4] EG, 10 vol.% H2O, 0.1 mol  F−

from [EMIM][BF4]
11.58  ± 0.07 1.1039 ± 0.0001 216.70 ± 0.17 49.56 ± 0.24

[BMIM][BF4] EG, 10 vol.% H2O, 0.1 mol  F−

from [BMIM][BF4]
11.62  ± 0.02 1.1037 ± 0.0001 201.64 ± 1.11 49.12 ± 0.04

[OMIM][BF4] EG, 10 vol.% H2O, 0.1 mol  F−

from [OMIM][BF4]
11.66  ± 0.05 1.1032 ± 0.0001 168.82 ± 0.54 48.38 ± 0.14

0.2 mol  F− EG, 10 vol.% H2O, 0.2 mol  F−

from [OMIM][BF4]
11.72  ± 0.07 1.1031 ± 0.0001 299.23 ± 1.41 47.67 ± 0.03

0.3 mol  F− EG, 10 vol.% H2O, 0.3 mol  F−

from [OMIM][BF4]
11.84  ± 0.09 1.1031 ± 0.0001 415.30 ± 1.30 46.01 ± 0.09

0% H2O EG, 0 vol.% H2O, 0.1 mol  F−

from [OMIM][BF4]
16.37  ± 0.02 1.1095 ± 0.0001 114.11 ± 2.34 47.08 ± 0.07

2.5% H2O EG, 2.5 vol.% H2O, 0.1 mol F−

from [OMIM][BF4]
15.00  ± 0.05 1.1079 ± 0.0001 129.12 ± 1.33 47.42 ± 0.02

5% H2O EG, 5 vol.% H2O, 0.1 mol  F− 13.91  ± 0.08 1.1066 ± 0.0001 147.24 ± 3.92 47.45 ± 0.05
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from [OMIM][BF4]
15%H2O EG, 15 vol.% H2O, 0.1 mol F−

from [OMIM][BF4]

The IL concentration in the electrolyte before and after anodiza-
ion was determined by high performance liquid chromatography
HPLC, Shimadzu). The HPLC system was equipped with a Kinetex
18 column (150 mm × 3 mm;  particle size of 2.6 �m;  pore diam-
ter 100 Å). The flow rate was maintained at 0.4 mL/min with a
obile phase composed of acetonitrile and water (v/v: 50/50), and

he SPD-M20A diode array detector was operated at 200 nm.

.4. Surface properties characterization

The morphology of the TiO2 NTs in the form of a thin film was
etermined by scanning electron microscopy (SEM, FEI Quanta 250
EG). NT lengths were measured using a tilted (30◦) sample holder.
he results given in the text are corrected for the effect of tilt. X-ray
hotoelectron spectroscopy (XPS) experiments were performed
sing a PHI 5000 VersaProbeTM (ULVAC-PHI) spectrometer with
onochromatic Al K� radiation (h� = 1486.6 eV). The X-ray beam
as focused to a diameter of 100 �m,  and the measured area was

efined as a 250 �m square. The high-resolution (HR) XPS spec-
ra were collected by the hemispherical analyzer at pass energy
f 23.5 eV, an energy step size of 0.1 eV and a photoelectron take
ff angle of 45◦ with respect to the surface plane. CasaXPS software
as used to evaluate the XPS data. The HR XPS spectra were decon-

oluted using a Shirley background and a Gaussian peak shape
ith 30% Lorentzian character. The binding energy (BE) scale of all

etected spectra was referenced by setting the BE of the aliphatic
arbon peak (C C) signal to 284.6 eV. The X-ray diffraction (XRD)
easurements were conducted on PhillipsX’Pert Pro MPD diffrac-

ometer with CuK� radiation. The XRD patterns were processed by
eans of LeBail refinement using FULLPROF 5.30 software [28].

.5. Measurement of photocatalytic activity

The photocatalytic properties of the obtained NTs were deter-
ined by a two-model process: treatment of water from phenol

nd •OH radical generation efficiency (using terephthalic acid)
nder both UV and Vis light irradiation as it was described in our
revious papers [29–31]. Minor changes were as follows: photo-

atalytic activity tests in the water phase (phenol degradation and
OH radical generation) were carried out in a photoreactor made
f quartz with a working volume of approximately 10 mL.  The phe-
ol and terephthalic acid concentration was 0.21 mM and 0.5 mM,
9.88  ± 0.09 1.0995 ± 0.0001 189.59 ± 1.37 49.09 ± 0.24

respectively.  The photocatalysts with the surface area of 4 cm2 were
immersed in phenol or terephthalic acid solution for 30 min in
the dark to achieve the adsorption-desorption equilibrium. Subse-
quently, the reaction system was  irradiated with a 1000 W Xenon
lamp (Oriel 66021) under magnetic stirring (500 rpm). For the
visible-light tests activity, the light beam was  passed through
GG420 filter to cut-off wavelengths shorter than 420 nm.  Refer-
ence phenol and terephthalic acid samples (0.5 mL)  were taken just
before starting the irradiation, and subsequent samples (0.5 mL)
were collected at regular time periods (20 min) during irradi-
ation. Phenol concentration was estimated by the colorimetric
method after derivatization with p-nitroaniline using UV–vis spec-
trophotometer (� = 480 nm). Fluorescence spectra were recorded at
room temperature by using a LS–50 B Luminescence Spectropho-
tometer equipped with Xenon discharge lamp as an excitation
source (excitation wavelength 315 nm)  and a R928 photomultiplier
detector. Irradiation intensity was measured by an optical power
meter (HAMAMATSU, C9536-01) and equaled 30 and 4 mW/cm2

for UV–vis and Vis irradiation, respectively. The distance between
the photoreactor and the lamp reached 30 cm2. Kinetics of phenol
degradation by-products have been followed by high performance
liquid chromatography (HPLC, Shimadzu). The flow rate was main-
tained at 0.4 mL/min with a mobile phase composed of acetonitrile
and water (v/v: 7.5/92.5), with a sample injection volume of 30 �L,
and the SPD-M20A diode array detector was  operated at 205 nm.

3. Results and discussion

3.1.  Physicochemical characteristics of electrolytes

Since formation of the NTs in viscous electrolytes yields 1D
structures with smooth tube walls [32], addition of the IL may  be
useful due to possibility to adjust viscosity of the electrolyte. The
electrolyte compositions has been carefully chosen to examine: (i)
the effect of the ILs’ cation (the amount of the ILs in electrolyte was
chosen to keep the same content of fluoride ions (0.1 mol  F−), (ii)
the influence of F− content (0.1, 0.2 or 0.3 mol  F−), and (iii) the effect
of amount of water (0–15 vol.% H2O).
It  was  observed that physicochemical properties of the elec-
trolytes composed of different ILs (0.1 mol  F−), water (10 vol%) and
ethylene glycol are not determined solely by the properties of the
ILs but also the other components (Table 1). As expected applica-
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ion of the IL with longer alkyl substituent in the imidazolium cation
esulted in increase of the dynamic viscosity of the IL-bearing elec-
rolytes, and values from 11.58 to 11.66 mPa  s were detected. The
iscosity rise in a systematic manner can be related with increase
f the effect of the Van der Waals interactions that predominate
lectrostatic ones as the side-chain length in IL increases [33]. The
ame reason may  result in decrease of density, electrical conduc-
ivity and surface tension of electrolytes with increasing length
f the alkyl chain on the imidazolium cation added. Such trends
re well documented in the literature for pure ILs [34]. Addition
p to 15 vol.% of water to the EG/[OMIM][BF4] system resulted

n decrease of the electrolyte dynamic viscosity (from 16.37 to
.88 mPa  s) and density (from 1.1095 to 1.0995 g cm−3) accompa-
ied by the increase in the specific conductivity (from 114.11 to
89.59 S m−1) and surface tension (from 47.08 to 49.09 mN m−1).
hese relations, being dependent predominantly on differences in
roperties of pure glycol and water, are in agreemen with avail-
ble literature for EG/water mixtures [35]. Increasing content of F−,
eflected by amount of the IL in the electrolyte, resulted in increase
f the dynamic viscosity (from 11.66 to 11.84 mPa  s) and conductiv-

ty (from 168.82 to 415.30 S m−1) due to significantly higher values
f this parameters characteristic for ILs in comparison to the other
omponents of the system. Additionally, surface tension of the elec-
rolytes decreased from 48.38 to 46.01 mN  m−1 as detected for 0.1
nd 0.3 mol  F−, whereas changes of density were insignificant.

.2. Morphology and crystal structure

Application of the selected ILs enables formation of NTs with
niform length, diameter and smooth walls with low microstruc-
ural defects. To remove the porous layer formed on the top surface
f the NTs, the ultrasonic treatment in water just after anodization
as applied. As evident from the observations of SEM images pre-

ented in Figs. 2–5 ultrasonically treated NTs were free of surface
ontamination, were open, thus easily accessible to light irradiation
nd reagents in the photocatalytic reaction. The sample labels of as-
repared NTs together with composition of electrolytes used for
reparation, and selected features of NTs are presented in Table 2.

.2.1. Effect of the ionic liquid’s cation structure
Obtaining results revealed that anodization of the Ti substrate

n the electrolyte containing the IL with longer alkyl substituent
n the imidazolium cation provides longer NTs with larger outer
nd inner diameter, as presented in Fig. 2. In this regard, TiO2 NTs
ith length of 0.35 �m and outer diameter 100 nm were obtained

or the reaction system containing [EMIM][BF4] (NTs [EMIM] sam-
le), whereas these parameters increased to 0.7 �m and 120 nm,
espectively for NTs [OMIM] sample.

.2.2. Effect of the anodization potential
To assess the effect of the anodization potential on the NT

imension and morphology, a series of samples using potential
rom 60 V to 90 V and the IL that provided the NTs with the highest
imensions were chosen. The [OMIM][BF4] content represented by
− concentration and amount of water were constant and equal
o 0.1 mol  F- and 10 vol.%, respectively. The outer diameter, wall
hickness, and length of the IL-NTs were found to be proportion-
lly related with increasing anodization potential. The length of
he IL-NTs prepared at 60 V was 0.2 �m (NTs [OMIM] 60V) and
ncreased to 0.85 �m for 90 V (NTs [OMIM] 90V). At the same time,

he outer diameter changed from 90 up to 135 nm,  respectively (see
ig. 3). Furthermore, the top view for the NTs prepared at 60 V pre-
ented typical initiation layer (the early stage of anodization) and
uggested that too weak anodization conditions were used. Ta
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Fig. 2. Effect of the IL’s cation on the morphology of TiO2 NTs. Fluoride content 0.1 mol, water content 10 vol%, anodization potential 80 V.

Fig. 3. Effect of the anodization potential on the morphology of TiO2 NTs prepared in the presence of EG/[OMIM][BF4]-based electrolyte. Fluoride content 0.1 mol, water
content 10 vol.%.

Fig. 4. Effect of the water content on the morphology of the TiO2 NTs prepared in the presence of EG/[OMIM][BF4]-based electrolyte. Fluoride content 0.1 mol, anodization
potential 80 V.
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ig. 5. Effect of the IL content on the morphology of the TiO2 NTs prepared in the pre
0  V.

.2.3. Effect of the water content
Effect of water content in the electrolyte was  investigated

y anodization at 80 V for 20 min  in the electrolyte containing
.1 mol  F− also using [OMIM][BF4] as a source of F− anions (Fig. 4).

ncrease of water content from 0 (NTs [OMIM] 0%H2O sample)
o 10 vol.% (NTs [OMIM] 10%H2O sample) provides longer NTs
up to 0.7 �m),  while a further increase in water content up to
5 vol.% (NTs [OMIM] 15%H2O sample) results in opposite effect
0.35 �m).  Opposite relationships were found during anodization
n the EG/[BMIM][BF4]-based electrolyte [27] and similar in a tra-
itional electrolyte composed of NH4F and glycerol [36]. Above
entioned opposite effect could be related with the difference in

hysicochemical characteristics of electrolytes used in our study
nd work published by Teixeira group [27].

.2.4. Effect of the ionic liquid content
The results presented in Fig. 5 revealed that the NTs can

e elongated by increasing the amount of [OMIM][BF4], starting
ith approximately d = 120 nm and l = 0.7 �m (NTs [OMIM] sam-

le containing 0.1 mol  F−) and reaching approximately d = 129 nm
nd l = 0.81 �m (NTs [OMIM] 0.3F− sample containing 0.3 mol  F−).
imilar trends were observed by others when anodization was
onducted in EG/[BMIM][BF4]-based electrolyte [27] and organic
lectrolytes containing HF or NH4F [37].

Powder X-ray diffraction patterns of all obtained photocata-
ysts are presented in Fig. S1. All patterns look similar, with only
ew X-ray diffraction reflections that were indexed by Ti metal
black vertical bars) and TiO2 anatase (blue vertical bars). The high-
st intensity peaks for TiO2 at 25.4◦ and 47.8◦ can be ascribed to
101) and (200) plane, respectively. Estimated lattice parameters,
nit cell volume and crystallize size for the anatase phase (space

roup I41/amd) are gathered in Table 2. The average crystallize
ize was calculated from the Scherrer formula based on the line
roadening at half the maximum intensity of (101) reflection. The
esults suggest that there is no clear relation between the amount
of EG/[OMIM][BF4]-based electrolyte. Water content 10 vol.%, anodization potential

and structure of the IL, applied anodization potential and the lat-
tice parameters as well as the crystallite size. However, increasing
water concentration causes decrease in a lattice parameter from
3.8135(9) Å to 3.8001(5) Å, for 0% H2O and 15 vol.% H2O, respec-
tively. Since c lattice parameter remains almost unchanged, the unit
cell volume decreases from 141.6 Å3 to 140.57 Å3 with increasing
H2O from 0% to 15 vol.% (see Table 2 and Fig. S2). This behavior is
likely caused by non-metal (such as boron) incorporation into TiO2
lattice [38] and due to Ti3+ generation [39]. Interestingly the crys-
tallize size increases by a factor of two when water (15 vol.%) was
added.

3.3. Chemical composition of the IL-assisted TiO2 NTs

The coexistence of carbon, nitrogen, fluorine and boron evi-
denced successful interaction between IL and growing TiO2 NTs
(Table 3, Fig. 6). Deconvoluted spectra (Fig. 6) exhibit features,
characteristic for doped TiO2 NTs. The carbon states at BE close to
286.2 eV, 288.9 eV and 290–293 eV are characteristic for N C C N,
N C N and C Fx bonds, respectively [40], whereas the oxygen
fraction at BE 531.9 eV can be assigned to Ti O N bound. The
carbon peak at BE of 286.2 eV represents imidazole-metal bound
formed through C4 or C5 carbon in the heterocyclic ring, whereas
peak at 288.9 eV can be identified as imidazole-metal bound formed
through C2 carbon [17]. The relative contribution of all carbon
species revealed by deconvoluted fractions of C 1s spectra is sum-
marized in Table 3 (see fractions “B” and “C”).

The broad peak at BE 399.8–400.2 eV can be assigned to coexist-
ing nitrogen states formed by C NH C and C N C bounds, which
are attributed to pyrrole- and pyridine-type interaction [40,41]. The
nitrogen state at 400 eV can be formed by various nitrogen com-

pounds, including molecularly adsorbed nitrogen [42,43] as well
as Ti O N adspecies [44]. The peaks detected at BE higher than
401.7 eV can be ascribed to the positively charged nitrogen ( N+)
originated from pyridine–type nitrogen bound and to oxidized form
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ig. 6. The Ti2p, O1s, N1s, F1s and B1s spectra, recorded for TiO2 NTs prepared in th

f nitrogen species [43]. Small peaks, at 399.0 eV can be ascribed to
i-Nx bound [43], forming by nitrogen atoms interaction with TiO2
atrix.

The F1s and B1s spectra (Fig. 6) were well fitted by one compo-
ent (BE = 684.7 and 191.7 eV, respectively) and not changed with
lkyl chain length. The spectra evidenced the effective interaction
etween the IL anions and TiO2 NTs leading to Ti O B [45,46] and
iOF2 [47] species formation.

The  inspection of XPS data collected in Table 3 revealed that
itrogen content in NTs [EMIM] sample was estimated to be larger
han in corresponding NTs [BMIM] and NTs [OMIM] samples. The
tomic concentration (AC) ratio N/Ti was found to decrease from
.013 to 0.008 in a sequence of NTs [EMIM], NTs [BMIM] and
Ts [OMIM] samples. Assuming that nitrogen in all TiO2 NTs orig-

nated mainly from the IL interaction, we can conclude that the
urface concentration of the IL with shorter alkyl substituent in the
midazolium ring is relatively larger than in corresponding TiO2 NTs
ontaining the IL with longer substituent. Thus, the lowest coverage
f the [OMIM] ions can be resulted of larger steric effect induced
y that cation. The AC ratios C/N, evaluated for all samples, were
stimated to be much larger than nominal values related to cor-
esponding IL ions (see Table 3). This suggests that carbon species
an be originated not only from preparation process but additional
arbon contaminants.

The  formation of NTs was found to be sensitive to the water con-
ent in the electrolyte (Fig. S3 and Table 3). It is interesting to note
hat the AC ratio N/Ti, estimated for samples formed with water
ontent 0 and 15 vol.%, was found to be larger than correspond-
ng values for samples formed with water content 2.5 and 5 vol.%.
t the same time the AC ratio B/N for samples formed with water
ontent 0 and 15 vol.%, was smaller than for samples formed with
ater content 2.5 and 5 vol.%. This trend is in line with morphologi-
al data reported above. No effect of different anodization potential
pplied during IL-assisted synthesis of TiO2 NTs was observed (Fig.
4 and Table 3). The HR spectra of elements detected at surface
trolytes contained EG, water and [EMIM][BF4] or [BMIM][BF4] or [OMIM][BF4].

areas of these samples revealed the similar chemical character and
no clear relation between applied anodization potential and the
surface composition was  found. However, the systematic changes
in the surface composition can be observed for the samples pre-
pared using different amount of IL in the electrolyte. One can see
that the AC ratios F/Ti and N/Ti increased as the amount of fluoride
increases from 0.1 to 0.3 mol  F− (Fig. S5 and Table 3).

3.4. Mechanism of the IL-assisted formation of TiO2 NTs

Based  on the experimental results presented above (XPS anal-
yses) and literature data, a probable formation mechanism of
IL-NTs was proposed and is shown in Fig. 7. Considering the
points in the above discussion, the nonmetal elements like B
and N may  originate from the partial hydrolysis/decomposition of
[BF4] and the imidazolium cation and are simultaneously intro-
duced into the obtained IL-NTs. It is known that the [BF4]-based
ILs hydrolyze in the presence of water not only in acidic/basic
conditions and at elevated temperatures but even at room temper-
atures [48]. Hydrolyzed solutions of imidazolium tetrafluoroborate
may contain hydrofluoric and boric acid as well as fluoroboric
acid whereas the imidazolium cation remains unchained [49].
The presence of boron compounds in the electrolyte allows the
introduction of B element into the TiO2 bulk, as it already was
shown in [50,51]. Furthermore, the XRD results revealed that the
lattice parameters remain almost unchanged along the a- and b-
axes while the c-axis parameter changes, which also confirms
the presence of B in the TiO2 bulk. The presence of F− (because
of partial hydrolysis) and [BF4] anions in the reaction environ-
ment may  further result in the formation of water-soluble [TiF6]2−

and [Ti(BF4)6]2− species via chemical attack of the formed TiO2
according to the reaction presented in Fig. 7. Formation of the

water-soluble [TiF6]2− [52] and [Ti(BF4)6]2− [26] species allows
the growth of a tabular structure. Notably, the presence of flu-
oride (detected by XPS) on the surface of NTs can be derived
from adsorbed [TiF6]2− and [Ti(BF4)6]2− species. To gain insight
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Fig. 7. Formation mechanism of the IL-NTs obtain

nto the origin of the N atoms introduced to the TiO2 lattice, we
nvestigated the electrolyte composition ([OMIM][BF4], 10 vol.%
f H2O, 0.1 mol  F−, 80 V), used for NTs [OMIM] sample prepara-
ion, before and after anodization by using HPLC. It was  found
hat the IL concentration in the electrolyte after anodization
ecreased by approximately 15% compared to IL concentration in
he electrolyte before anodization. Furthermore, small peaks (in
he electrolyte after anodization), which can be ascribed to prod-
cts of imidazolium cation decomposition, were also observed. It
uggests that N atoms in the TiO2 bulk may  come also from par-
ial decomposition of the imidazolium cation, which occurs during
nodization.

Furthermore, although C2 atom is the most acidic, it was
bserved that all three C atoms are equally involved in formation
f the interactions between imidazolium cation and TiO2 surface
ince contribution of the “B” and “C” state in carbon fraction (XPS
esults) is similar (Table 3). In this regard, we can conclude that IL
nteract preferentially by the charge moieties of the imidazolium
ation, which may  be oriented close to the surface normal or paral-
el to the surface with side chains directed away from the surface.
he longer the chain length in the imidazolium cation, the larger
teric hindrance is created, and this structural determinant results
n greater distances between parallelly set NTs observed for tubes
btained in the presence of [OMIM][BF4] (Fig. 2).

As  mentioned previously and presented in Fig. 2, anodization of
he Ti substrate in the electrolyte containing the IL with longer alkyl
ubstituent in the imidazolium cation provides better separated,
onger NTs with larger outer and inner diameter. As presented
n Table 1, application of the IL with longer alkyl substituent in
he imidazolium cation resulted in increase of the conductivity
f the EG/IL- based electrolytes. In general, higher conductivity of
lectrolytes enhances the growth rate of NTs, as it facilitates the
assage of the current required to form the oxide [53]. On the other
and, the longer the alkyl chain length, the larger the susceptibility
f the anion to hydrolysis due to the lower cation-anion interac-
ion strength [49]. Thus, the higher concentration of [TiF6]2− and

Ti(BF4)6]2− species should be expected, which consequently leads
o an increase in the NTs dimensions, as presented in Fig. 2 and
able 2 (in the optimal range of fluorine concentration).
 anodization of Ti in the EG/IL-based electrolytes.

3.5. Photocatalytic activity

Photodegradation of phenol aqueous solution is commonly used
as standard reaction to estimate photocatalytic properties in the
oxidation pathway due to toxicity of this xenobiotic towards higher
organisms. This model reaction was  used to investigate the effect
of the IL structure (chain length in the imidazolium cation) and
content, amount of water in the reaction system and anodization
potential on the NTs photoactivity. The obtained results indicated
that preparation conditions affected the UV–vis (� > 350 nm)  and
Vis light-induced (� > 420 nm)  photoactivity. The photocatalytic
oxidation pathways of organic pollutants usually involve one or
more radicals among which •OH is frequently assigned as the
crucial one [54]. The hydroxyl radical is one of the most chemi-
cally reactive species providing organic pollutant degradation due
to strong oxidizing properties [55]. In this regard formation of
hydroxyl radicals on the surface of the UV–vis and Vis-illuminated
TiO2 NTs was  elucidated by fluorescence (FL) indirect technique
using terephthalic acid as a trapping agent. No FL peak was observed
in the absence of the photocatalyst under both irradiation sources
suggesting that fluorescence is solely due to reaction of terephthalic
acid with •OH formed at the TiO2/water interface via the photocat-
alytic reactions. The terephthalic acid is known to readily capture
•OH forming highly fluorescent 2-hydroxyterephtalic acid in alka-
line conditions. Indeed, a peak localized around 425 nm (see insets
in Fig. 8) was observed indicating formation of the •OH that react
with scavenger giving proper hydroxy derivative. The photocat-
alytic activity of the ILs-TiO2 NTs under both UV–vis and Vis light
is presented in Fig. 8 and in Table 2 (presented as the reaction rates
for 60 min  of irradiation).

3.5.1. Effect of the ionic liquid’s cation structure
It was  observed that length of the alkyl substituent in the IL

cation determine both UV–vis as well as Vis light-induced pho-
toactivity, however with different intensity (see Fig. 8a and b).
Nevertheless, for both irradiation sources, analogous relation was

detected, that is the longer the chain length, the higher photodegra-
dation activity. Phenol degradation rate under UV–vis irradiation
increased from 1.0 to 1.56 �mol dm−3 min−1 as detected after
60 min  of experiment for NTs [EMIM] and NTs [OMIM], respec-
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Fig. 8. Photocatalytic properties of IL-NTs under UV (left panel) and Vis irradiation (right panel). Effect of the (a, b) IL’s cation, (c, d) anodization potential, (e, f) water content
and  (g, h) IL content.
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tively. Photocatalytic degradation rate under Vis irradiation, in turn,
increased from 0.2 to 0.48 �mol  dm−3 min−1 for NTs [EMIM] and
NTs [OMIM], respectively. The intensity of the FL peak is propor-
tional to the amount of •OH produced, therefore gradual increase
in FL intensity at 425 nm was observed with increasing alkyl chain
length at the imidazolium cation of the IL used for NTs synthesis
under both UV–vis and Vis irradiation. This observation confirms
the highest photocatalytic efficiency of TiO2 NTs prepared in the
presence of [OMIM][BF4], whereas the lowest when [EMIM][BF4]
was used. Comparing FL intensity at 425 nm for experiments car-
ried out under UV–vis and Vis irradiation, as it was  expected, the
higher •OH generation at the surface of illuminated photocatalysts
was detected for the former conditions.

3.5.2. Effect of the anodization potential
To observe the effect of the anodization potential on the pho-

toactivity, series of NTs was  prepared in the EG/[OMIM][BF4]-based
electrolyte, and the results are shown in Fig. 8c and d. It was
found that the photocatalytic degradation of phenol under the
influence of both UV–vis and Vis light irradiation over IL-NTs
depended on the anodization potential. In the case of the UV–vis
irradiation, the photocatalytic degradation rate increased from 0.45
(NTs [OMIM] 60 V) up to 1.8 �mol  dm−3 min−1 detected for NTs
[OMIM] 90 V. Similarly, as for UV–vis irradiation, photocatalytic

degradation rate under Vis irradiation enhanced with increasing
anodization potential, reaching 0.63 �mol  dm−3 min−1 for samples
anodized at 90 V (NTs [OMIM] 90 V). Furthermore, from the insets
in Fig. 8c and d, it is evident that the amount of OH radicals produced
under both UV–vis and Vis irradiation increased with increasing
anodization potential. Thus, the same relationship was  observed
for both reaction systems: phenol degradation and OH radicals
generation.

3.5.3. Effect of the water content
The correlation between the water content and photoac-

tivity was  studied using NTs prepared in the presence of
EG/[OMIM][BF4]-based electrolyte, and the obtained results are
shown in Fig. 8e and f. From the observations of the reaction rates
under UV–vis and Vis irradiation, the NTs [OMIM] prepared in the
electrolyte composed of 10 vol.% of water had the highest photoac-
tivity (1.53 and 0.48 �mol  dm−3 min−1, respectively) among the
series. However, further increase of the water content up to 15 vol.%
(NTs [OMIM] 15%H2O) resulted in the opposite effect. Thus, after
60 min  of irradiation, the phenol degradation rate was 0.89 (UV–vis
light) and 0.36 �mol  dm−3 min−1 (Vis light). The same dependence
was found for second reaction system, namely generation of •OH
radicals under both UV–vis and Vis irradiation, as shown in inserts
in Fig. 8e and f. The highest phenol degradation rate and greatest
amounts of generated •OH radicals were observed for NTs [OMIM]
prepared in the electrolyte composed of 10 vol.% of water. Simi-
larly, a sample which has the weakest ability to degrade phenol,
exhibited the lowest amount of generated •OH radicals.

3.5.4. Effect of the ionic liquid content
The effect of fluoride content in the EG/[OMIM][BF4]-based elec-

trolytes on the photoactivity under UV–vis and Vis irradiation is
presented in Fig. 8g and h. The phenol degradation rate increased
as the fluoride content increased, reaching for NTs [OMIM] 0.3F−

sample 1.65 and 0.55 �mol  dm−3 min−1 for UV–vis and Vis irra-
diation, respectively. Moreover, a close correlation was observed
between efficiency of phenol degradation and OH radicals forma-

tion. Sample NTs [OMIM] 0.3F− exhibited the highest efficiency
of phenol degradation and generation of OH  radicals, under both
UV–vis and Vis irradiation, respectively. It should be noted that
the linear relationship between the fluorescence intensity and
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rradiation time confirmed the excellent stability of the obtained
hotocatalysts.

.6. Discussion of photocatalytic activity mechanism

Based on the literature date [56,57] and our experience [29,58],
he length of IL-NTs as that is the most important geometrical
arameter that should be considered during the discussion of pho-
oactivity under UV–vis irradiation. The difference in length of
L-NTs was achieved by varying e.g. anodization voltage in the range
f 60–90 V. Notably, the photocatalytic reaction rate increased lin-
arly from 0.45 to 1.82 �mol  dm−3 min−1 with the length of tubes
ncreasing from 0.2 to 0.85 �m (see Table 2). Additionally, similar
rends were observed by changing the fluoride concentration and
onic liquid cation in the EG/IL-based electrolyte, namely, increase
f NTs’ length from 0.70 to 0.81 and from 0.35 to 0.70 �m led
o increase of photocatalytic reaction rate from 1.53 to 1.65 and
rom 1.0 to 1.53 �mol  dm−3 min−1, respectively. As expected, the
ighest photocatalytic degradation rate under UV–vis irradiation
1.82 �mol  dm−3 min−1) as well as the highest efficiency of the
ydroxyl radical formation were observed for the NTs with the
ighest length (0.85 �m).  These results correspond well with other
eports in the literature. Macak et al. [59] suggested that photoac-
ivity of NTs under the influence of UV irradiation depends on the
ength of NTs, namely the longer length, the higher is photocat-
lytic activity due to reduced recombination of photogenerated
harge carriers and more efficient light absorption. Another stud-
es confirm these results, especially, Liu et al. [56] who  showed
hat degradation rate constant of acetaldehyde depended on the
ength of TiO2 NTs, which increased from 0.011 to 0.018 min−1 with
ncreasing the length of NTs from 8.4 to 17 �m,  respectively. Zhuang
t al. [60], who studied effect of the NTs’ length (0.4–3.5 �m)  on the
hotocatalytic decomposition of methyl orange, observed a max-

mal photoactivity (0.177 min−1) in the presence of 2.5 �m-long
Ts. Kontos et al. [57], in turn, examined the influence of TiO2 NTs

ength on the photoactivity in the gas phase and found that degra-
ation of toluene and benzene (at ppb concentrations) increased
ith increasing the length of NTs. Furthermore, similar observa-

ions were performed for NTs prepared in EG/[BMIM][BF4]-based
lectrolyte, where photocatalytic degradation of methyl orange
as higher for sample which had longer tube [27].

The sample that exhibited the highest photocatalytic activ-
ty under UV–vis irradiation (1.82 �mol  dm−3 min−1) was
Ts [OMIM] 90V prepared at anodization potential 90 V in

he electrolyte containing 0.1 mol  of [OMIM][BF4] (repre-
ented by F− content) and 10 vol.% of water. Analogously, the
ighest photocatalytic degradation rate under Vis irradiation
0.63 �mol  dm−3 min−1) as well as the highest efficiency of the
ydroxyl radical formation were also observed for the same
ample. This was the longer sample (0.85 �m)  consisted of 24.48
t.% of Ti (3.36 at.% of which were Ti3+), 57.82 at.% of O, 16.69 at.%
f C, 0.30 at.% of N, 0.26 at.% of F, and 0.46 at.% of B. As previously
xplained, boron and nitrogen elements are incorporated into TiO2
attice. According to the literature date and our previous work, the
ncorporation of nonmetals, such as boron and nitrogen, into the
iO2 lattice leads to the formation of a new energy state, namely,
he N 2p and B 2p band above the O 2p valence band, which may
ecrease the band gap of TiO2 and shifts the optical absorption
o the visible light region [61]. Therefore, it is possible for the
lectrons to migrate from the valence band to the conduction band
pon absorbing visible light, which leads to the visible light pho-
oactivity of as-obtained IL-NTs. Based on the presented results,

ossible pathway can be considered to explain the photocatalytic
echanism over IL-NTs under visible light, as shown in Fig. 9a. At

his point it should be noted that the as-prepared samples had the
arge amount of Ti3+ (see Table 3) compared to NTs prepared in
   

the traditional electrolytes [58]. Thus, their role in the excitation
mechanism under Vis light should be considered since oxygen
vacancies enhances the visible light response [62]. Optical absorp-
tion properties of NTs [EMIM], NTs [BMIM] and NTs [OMIM]
samples are shown in Fig. S6a. Obtained results confirm improved
visible light absorption, which is characteristic for photocatalysts
possessing Ti3+ species [63]. Thus, electrons in the conduction
band (or in the Ti3+ states) react with oxygen molecules dissolved
in water, to produce oxidative species, such as superoxide radical
anions and in the next stage hydroxyl radicals. At the same time,
the holes photogenerated in the valance band (or in the localized
dopant levels) react with OH− ions to generate highly oxidative
species, hydroxyl radicals. The synergistic effect of N 2p and B 2p
states and Ti3+ states may  further reduce the photon excitation
energy from the VB to the CB under visible-light irradiation, which
leads to an enhancement of the visible photocatalytic activity [62].
In addition, presence of the IL on the TiO2 NTs surface cannot result
in absorption of the visible photons because the band gaps of used
ionic liquids are too wide (more than 6 eV) [64].

Under UV–vis irradiation, N, B and Ti3+ species incorporated into
TiO2 matrix can facilitate electron–hole separation and promote the
interfacial electron transfer process [61,63].

Under both UV–vis and Vis irradiation, photogenerated elec-
trons react with O2 to form the O2

•− superoxide radical (E0

(O2/O2
•−) = −0.33 VSHE), according to the following reaction:

O2 + e− → O2
•− (1)

Notably,  O2
•− species are very reactive and can oxidize

molecules and transform into hydroxyl radicals through the fol-
lowing reactions:

O2
•− + H+ → HO2

• (2)

2HO2
• → H2O2 + O2 (3)

O2
•− + H2O2 → •OH + O2 + HO− (4)

H2O2 + hv → 2HO• (5)

While  in the valance band, the photogenerated holes can react
with H2O to yield strong HO• radicals (E0 (•OH/H2O) = +2.27 VSHE):

H2O + h+ → •OH + H+ (6)

According  to literature data, content of dopant, Ti3+ species,
OH groups and crystallites size belong to the most important

parameters having the greatest effect on the photocatalytic proper-
ties of non-metal doped TiO2 photocatalysts under Vis irradiation.
Therefore, there is an optimal amount of these species promoting
high photocatalytic activity [60,65–67]. Considering discussed IL-
NTs which exhibited different length, the most photoactive sample
under Vis irradiation met  the following conditions: low concentra-
tion of carbon impurities (16.69 at.%), high amount of Ti3+ forms
(0.82 at.%), optimal (relatively low) crystallites’ size (36 nm)  and
medium dopant content (0.30 and 0.46 at.% for nitrogen and boron,
respectively) and the highest NTs length. Additionally, there is also
optimal length of doped-NTs that exhibited the highest photocat-
alytic performance under Vis light [58]. Under Vis irradiation, when
the NTs layer is thicker than the penetration depth of light, the
bottom part of the NTs probably absorbs only small amount of
incident photons and acts only as an inter-support. On the other
hand, the mass transfer can be limited by a longer diffusion path-
way, which consequently leads to a decrease in the photocatalytic
degradation rate. Zhuang et al. [60] explained that, the absorption
of photons and adsorption of organic pollutants increases with the

increase of TiO2 NTs thickness, which is advantageous for photo-
catalytic process. In summary, rather, the combination of above
mentioned parameters has the greatest impact on the photoac-
tivity. Noticeably, the presence of IL at the NTs surface can also
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ig. 9. (a) Proposed photocatalytic mechanism over IL-NTs under visible light irrad
he  presence of scavengers (BQ – benzoquinone; TBA – tert-butyl alcohol), (c) che
rimary intermediates upon Vis light in the presence of the NTs [OMIM] 90 V samp

arkedly enhance the charge separation of photogenerated carri-
rs at the photocatalysts surface and, as a consequence, increased
hotocatalytic activity [17].

To better understand the role of active species in the pro-
ess of photocatalytic phenol degradation under Vis irradiation,
hotocatalytic degradation of phenol in the presence of selected
ample (NTs [OMIM] 90V) and different scavengers was per-
ormed. According to the literature date, O2

•− and •OH radicals are
he most important oxidative species which possesses the highest
xidation potentials [68]. To determinate the role of the generated
xidative species in the photocatalytic process under Vis irradi-
tion, tert-butanol and benzoquinone were used as scavengers
f hydroxyl and O2

•− radicals, respectively. As shown in Fig. 9b,
he presence of each scavenger separately caused the significant

ecrease of phenol decomposition efficiency (decreased by approx-

mately 4 and 8% in the presence of the superoxide and hydroxyl
adicals scavengers, respectively). These results confirm the cru-
 and (b) photocatalytic decomposition of phenol under visible light irradiation in
structures of intermediates formed during phenol irradiation and (d) evolution of

cial role of •OH and O2
•− radicals in the photocatalytic process of

phenol degradation under both UV–vis and Vis irradiation.
To  determinate the photostability of the most photoactive sam-

ple (NTs [OMIM] 90 V), the phenol degradation reactions in four
subsequent cycles were performed, and results are shown in Fig.
S6b and c. From the observation of degradation rates, the obtained
IL-NTs exhibited photostability. Phenol degradation rate remained
at level about 1.50 and 0.42 �mol  dm−3 min−1 after 60 min  of
UV–vis and Vis irradiation after four cycles. Howeover, under
UV–vis irradiation, sample (NTs [OMIM] 90 V) had slightly better
photostability compared to Vis light, which may  be related to its
better photoactivity in first measurement cycle (higher degradation
rate) and consequently with better efficiency in phenol degrada-
tion byproducts removal. Furthermore, the durability of obtained

sample (NTs [OMIM] 90 V) under both UV–vis and Vis irradiation
has been tested through the following procedure: firstly, sample
was used in phenol decomposition process and then used sample
was irradiated by UV lamp (in air, to clean the surface), and then

http://mostwiedzy.pl
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e-use in phenol degradation reaction (this procedure was applied
our times). Phenol degradation efficiency under UV–vis and Vis
emained almost unchanged after four times re-use, which suggests
hat obtained photocatalysts exhibited the high durability.

Additionally, to follow the intermediates formation under Vis
rradiation, high performance liquid chromatography was applied
nd results are presented in Fig. 9c and d. Photocatalytic degra-
ation measurements conducted over NTs [OMIM] 90V sample
nder Vis irradiation indicated that catechol, hydroquinone and
enzoquinone were detected and determined quantitatively as the

ntermediates formed during phenol photodegradation under Vis
rradiation. According to literature date [69], these dihydroxyben-
enes belong to primary products of the photodegradation, which
an easily be detected using HPLC. The ring-opening products could
ot be identified by HPLC [70,71]. Moreover, it was found that
oncentration of catechol and benzoquinone increased during the
rradiation process, while hydroquinone content began to decrease
fter 40 minut of irradiation (see Fig. 9d), which suggests phenol
ineralization.

. Conclusions

Well-aligned, active under Vis irradiation TiO2 NTs were
btained through simple and environmentally friendly one-step
nodization of the Ti foil in solutions containing ethylene glycol,
ater and [BF4]-bearing ionic liquids with different chain length

n the imidazolium cation. Ionic liquids served both as a source of
uorine ions (crucial for nanotubes formation), as well as, a source
f nonmetal elements (such as nitrogen and boron), which could be

ncorporated into TiO2 structure during nanotubes formation. This
acile method enables grow of TiO2 NTs in a form of nanoporous thin
lm ready to use without necessity to separate from the reaction
nvironment.

It was found that IL structure and its content allows to control
he morphological features and, as a consequence, photoactivity of
iO2 NTs. The EG/[OMIM][BF4]-based electrolyte turned out to be
ore promising reaction medium compared to previously known

lectrolyte based on [BMIM][BF4]. An increase of the NT length
from 0.35 to 0.7 �m)  and diameter (from 100 to 120 nm)  was
ound when [EMIM][BF4] was replased with [OMIM][BF4] ionic liq-
id. The sample that exhibited the highest photocatalytic activity
nder UV–vis and Vis irradiation (1.8 and 0.63 �mol  dm−3 min−1,
espectively) as well as the highest efficiency of the hydroxyl radi-
al formation was TiO2 NTs prepared at anodization potential 90 V
n the electrolyte containing 0.1 mol  of [OMIM][BF4] (represented
y F− content) and 10 vol.% of water. Performance improvement
nder Vis irradiation occurs as a result of the nitrogen, boron
nd Ti3+ incorporation into TiO2 bulk due to partial decomposi-
ion of imidazolium cation and hydrolysis of [BF4

−]. Furthermore,
he photocatalytic activity under Vis irradiation was found to be
ttributable not only to •OH but also to other forms of reactive oxy-
en species, such as O2

•−, H2O2 and HO2
• radicals. In this regard, the

btained photocatalysts meet the specifications for use in various
hotocatalytic applications due to their large surface area, activ-

ty in Vis light and stability. Further studies designed to increasing
he length of the NTs can prove great potential for commercial
pplications.
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30] M.  Długokęcka,  J. Łuczak, Ż. Polkowska, A. Zaleska-Medynska, The effect of
microemulsion composition on the morphology of Pd nanoparticles
deposited  at the surface of TiO2 and photoactivity of Pd-TiO2, Appl. Surf. Sci.
405 (2017) 220–230.
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