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ABSTRACT

Sensing and photocatalysis of textile industry effluents such as dyes using mesoporous anatase titania
nanowires are discussed here. Spectroscopic investigations show that the titania nanowires preferen-
tially sense cationic (e.g. Methylene Blue, Rhodamine B) over anionic (e.g. Orange G, Remazol Brilliant
Blue R) dyes. The adsorbed dye concentration on titania nanowires increased with increase in nanowire
dimensions and dye solution pH. Electrochemical sensing directly corroborated spectroscopic findings.
Electrochemical detection sensitivity for Methylene Blue increased by more than two times in magnitude
with tripling of nanowire average length. Photodegradation of Methylene Blue using titania nanowires
is also more efficient than the commercial P25-TiO, nanopowders. Keeping illumination protocol and
observation times constant, the Methylene Blue concentration in solution decreased by only 50% in case
of P25-TiO, nanoparticles compared to a 100% decrease for titania nanowires. Photodegradation was
also found to be function of exposure times and dye solution pH. Excellent sensing ability and photocat-
alytic activity of the titania nanowires is attributed to increased effective reaction area of the controlled
nanostructured morphology.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Among various semiconducting oxides, unique physical and
chemical properties make titania (TiO,) exceptionally attractive
for a wide range of applications such as catalysis, electrochemi-
cal energy storage, and photovoltaics [1]. Extensive efforts have
been made to further enhance performance and range of applica-
tions of TiO,. Research has been predominantly concentrated on
development of improved materials via optimized synthesis meth-
ods. Some of the key approaches towards synthesis of improved
TiO, materials have been reduction in size (wm — nm) and dimen-
sions (three (e.g. sphere)— zero (e.g. quantum dots)), designing
of various architectures at reduced length scales (nanometer),
compositional manipulations (e.g. TiO, composites). Examples of
such endeavors have already been demonstrated in various fields
especially with regard to photocatalysis [2-7], electrochemical
energy storage and generation (rechargeable lithium-ion bat-
teries [8-10], solar cells [11,12]), biotechnology (drug delivery,
biosensing [13-17], chemosensing [18]) and catalysis [19]. Intrin-
sic materials properties which have been observed to determine
material’s function in various applications are crystallographic
structure, morphology (size and shape) and surface chemistry. TiO,
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has also been demonstrated to be bio-friendly as immobilization
of biomolecules such as proteins did not lead to any detrimen-
tal effects on the native structure and function. With regard to
enzymes, it has been observed that immobilization inside TiO,
enhances enzymatic activity leading to potential biosensor appli-
cations [13,14].

Recently, ecology related problems associated with water pol-
lution have attracted a lot of attention and it is envisaged that
nanostructured semiconducting oxide materials can play a major
role in this respect too. There are various sources of water pollu-
tion the major ones being radioactive waste [20,21], sewage and
wastewater, underground storage leakages and industrial waste
[22-27]. Release of toxic chemical waste such as pesticides, fer-
tilizers, and dyes comprises a major source of industrial water
pollution. Detection and removal of these toxic chemicals are a
major challenge. There have been reports discussing detection of
various metal ions in solutions using various techniques [28-30].
One of the major sources of water contamination has been identi-
fied to originate from the textile industries where approximately
15% of the dyes used during synthesis and processing are released
as waste in to ground or river water. These dyes not only affect
aesthetic merit of water but also reduce light penetration and pho-
tosynthesis, and some have been designated as carcinogenic to
humans. Thus there is an urgent need of environmental-friendly
technologies for the detection and removal of textile effluents from
water. It has been shown that dyes can be easily adsorbed and cat-
alyzed on oxide surfaces. The catalysis reaction depends among
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several factors the effective surface area of interaction between the
dye solution and the oxide. In this context, it would be beneficial to
employ nanostructured materials as this allows higher interaction
area resulting in higher adsorption yield on the oxide surface. Most
of the work in published literature [31-34] using semiconducting
nanometer sized oxide materials such as TiO, employ the process of
photodegradation to remove and quantify dyes in solution. To our
knowledge there exists only a few reports [35] which aim at direct
removal/sensing of the common industrial dyes via electrochemical
methods. We present here a detailed study of electrochemical and
spectroscopic detection (and quantification) of various commonly
used textile dyes e.g. cationic—Methylene Blue, Rhodamine B and
anionic—Orange G, Remazol Brilliant Blue R in aqueous solution
using TiO, nanowires. In addition, we also discuss the photocat-
alytic degradation using TiO, nanowires as a function of various
parameters. In the subsequent sections we discuss the prepara-
tion, structural characterization, spectroscopic and electrochemical
detection and photocatalysis of various industrial dyes.

2. Materials and methods
2.1. Starting materials and synthesis of titania nanowires

Titanium (IV) tetraisopropoxide (TTIP, Sigma), Methylene Blue
(MB), Orange G (OG), Rhodamine B (RB) (all dyes from S.D. Fine
Chemicals Ltd., India) and Remazol Brilliant Blue R (RBBR, Colour
Chem. Ltd., India) were used as received. Ethylene glycol (EG, S.D.
Fine Chemicals) employed for the preparation was distilled and
stored under inert nitrogen atmosphere until further use. In a typ-
ical synthesis [36], titanium glycolate nanowires having uniform
diameter are synthesized first. 0.050 ml (~0.147 mmol) TTIP was
added to 50ml of EG under nitrogen gas flow in a sealed glove
bag (Sigma). The solution was then taken out of the glove bag and
heated to 170°C for 2 h under constant stirring. Following cooling
down to room temperature, the white flocculate was separated via
centrifugation and then washed with deionised water and ethanol
several times for complete removal of excess EG from the sample.
Dry titanium glycolate nanowires were obtained by heating the
precipitate under vacuum at 50 °C for 4 h. Calcination of the glyco-
late nanowires at 500 °C for 3 h in a muffle furnace resulted in the
formation of titania (TiO,) nanowires.

2.2. Characterization for probing TiO, nanowire morphology,
structure and adsorption ability of various dyes

General morphology, structure of the nanowires and the
extent of dye adsorption on the nanowires were performed
using transmission/scanning electron microscopy, powder X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
thermogravimetry analysis (TGA) and N, adsorption/desorption
isotherms. Transmission electron microscope (TEM) images were
observed and recorded (FEI Tecnai F30) with an acceleration volt-
age of 200kV. 2 ul of TiO,-ethanol solution was dropped on
a Cu grid with a carbon-reinforced plastic film. Scanning elec-
tron microscopy was done (FEI SIRION) in the voltage range of
200-300kV. For FTIR and XRD analysis, approximately 55-60 mg
of titania was soaked in 100 ml of 50 ppm dye solution for approxi-
mately 4 h. The titania nanowires coated with the dye (abbreviated
as D-TiO,, D=MB, OG) was separated out from the solution via
centrifugation and dried at 50°C (dye melting point=~100°C)
under vacuum. X-ray diffraction patterns (X’'pert Pro Diffractome-
ter, Phillips, Cu K, radiation) were recorded in the 26 range from
5° to 65° at a scanning rate of 1°min~!. For room temperature
(=25°C) FTIR measurements (FTIR Spectrometer spectrum 1000,
PerkinElmer), requisite amount of D-TiO, was mixed with pure

spectroscopic grade potassium bromide (KBr) and cast into a pel-
let of diameter 1.3 cm and thickness ~0.1 cm. Thermogravimetry
analysis (TGA, PerkinElmer Pyris6000) experiments were done by
heating the sample in a silica crucible from 30 to 700 °C at a heating
rate of 10°C min~! in N, atmosphere. For N, adsorption/desorption
(Belsorp-Max) experiments titania nanowires were degassed at
150°C for 5h whereas the dye-titania composites were degassed
at 25°C (dye decomposition temperatures ~100°C) for 2 h. The
dye adsorption kinetics were studied using UV-vis absorption
spectroscopy (PerkinElmer, Lambda 35 UV Spectrometer, path
length=1cm). 0.1g of titania (nanowires) was added to 100 ml
(of 50 ppm, say) dye solution and stirred continuously for 2 h for
homogeneity. Aliquots were collected from the reaction beaker at
different time intervals and concentration of dye in solution as a
function of time was determined by monitoring the changes in the
Amax line intensity with time.

2.3. Electrochemical measurements for sensing dye content in
aqueous solution: preparation of modified electrode

The glassy carbon electrode was coated with the TiO, nanowire
using a standard droplet evaporation procedure described in ref
[37-40]. Firstly, titania—water solution (10 mg of titania per ml of
water) was prepared and vortexed adequately. Glassy carbon elec-
trode (GCE, diameter: 3 mm) was polished with 0.3 wm alumina
slurry to a mirror finish. After each polishing step the electrode
was rinsed and ultrasonicated respectively in ethanol and redis-
tilled water for 60s. 20 .l of aqueous titania solution was dropped
on the shining surface of GCE and dried for 3-4 h in air at room tem-
perature (25 °C). The uniformity in the TiO, film thickness could not
be precisely controlled due to the liquid evaporation. The thick-
ness of the film was approximately estimated to be 5um and
photographic visualization (not shown here) showed that the TiO,
coverage remained same before and after the cyclic voltammetry
experiments. Further, evidence with regard to the uniformity of
the TiO, films can be seen from the sensing experiments using
cyclic voltammetry. This will be discussed in detail in a subsequent
section.

2.4. Cyclic voltammetry for dye detection

The electrochemical response of the dye in solution was esti-
mated using cyclic voltammetry (CH608C, CH Instruments). The
working, counter and reference electrodes were TiO,/GCE, plat-
inum wire and saturated calomel electrode respectively. The
electrodes were dipped in 5ml of dye-deionised water solution
having varying dye concentrations (approximately 15-100 ppm).
The solution was deoxygenated for 30 min prior to the start of the
measurements and nitrogen atmosphere was maintained through-
out the duration of the experiment.

2.5. Photocatalytic degradation of dyes in aqueous solution

The photochemical reactor used in this study was made of a
Pyrex glass jacketed quartz tube. A high pressure mercury vapor
lamp (HPML) of 125 W (Philips, India) was placed inside the jack-
eted quartz tube. To avoid fluctuations in the input light intensity,
supply ballast and capacitor were connected in series with the
lamp. Water was circulated through the annulus of the quartz
tube to avoid heating of the solution. 100 ml of the solution was
taken in the outer reactor and continuously stirred to ensure that
the suspension of the catalyst was uniform. The lamp radiated
predominantly at 365 nm corresponding to energy of 3.4eV and
photon flux of 5.8 x 106 mol of photons/s. For the photocatalysis
experiments with TiO, nanowires, three concentrations of MB dye
(20 ppm, 30 ppm and 50 ppm, all in 100 ml) were used (0.1 g of TiO,
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in 100 ml of dye solution). Photocatalysis experiments were also
done with adequate amounts of commercial P25-TiO, (Degussa,
BET surface area=50m?2 g~!) powder dispersed in 50 ppm of 100 ml
solution.

3. Results and discussion

3.1. Titania nanowire morphology via electron microscopy

Fig. 1 shows the SEM (a) and TEM (c) images of titania nanowires
obtained from intermediate titanium glycolate nanowires via the

x|11.0 miy

synthesis procedure described in the experimental section (mor-
phology of the intermediate titanium glycolate were almost the
same as final titania nanowires, cf. supporting information). The
approximate average length and diameter of the nanowires were
respectively 3 um (2-4um as per frequency distribution plot,
Fig. 1b) and 800 nm. The nanowire dimensions were also observed
to be dependent on preparation conditions. Heating of the TTIP-EG
mixture for longer hours resulted in longer wires. Fig. 1e shows the
SEM image of titania nanowires resulting out of heating the TTIP-
EG mixture for 6 h (instead of 2 h; cf. Section 2) at 170°C keeping
the calcination temperature (=500 °C) and time (=3 h) same. While
the average length increased from approximately 3 wm to 20 pwm,

0 2 4 6 810 12 14 16 18 20
Length / (um)

Fig. 1. (a) Scanning electron micrograph of TiO, nanowires; (b) length distribution of TiO, nanowires; (c) transmission electron micrographs showing the solid wire-like
morphology; (d) high resolution transmission electron micrographs of the TiO, nanowires showing certain degree of surface porosity. (a-d) Sample preparation conditions:
reaction time 2h at 170°C; calcination temperature =500°C. (e) Scanning electron micrographs of the longer TiO, nanowires (reaction time=6h at 170°C; calcination

temperature =500 °C).
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Fig. 2. Room temperature X-ray diffraction (XRD) pattern showing the anatase
phase of TiO,. (a) Bare TiO;; (b) MB-TiO,. Inset: X-ray diffraction pattern of MB
in solution (MB: Methylene Blue).
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Fig. 3. Thermogravimetry analysis (TGA) of various samples (temperature range:
30-700°C, heating rate: 10°C min~! under nitrogen flow). TiO, nanowire dimen-
sions: length: 3 wm and diameter=0.8 pm.
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Fig. 4. N, adsorption/desorption isotherms of various samples: (a) TiO; (b) MB-
TiO,. All samples were degassed at appropriate temperatures prior to the measure-
ments.
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Fig. 5. Variation in solution dye concentration with time as a result TiO, nanowires
(dimensions: length: 3 wm and diameter=0.8 um) dispersion in (A) various dye
solutions. (B) A solution mixture of Methylene Blue (MB) and Orange G (OG). (C)
A solution having different initial MB concentrations: (a) 50 ppm, (b) 100 ppm,
and (c) 240 ppm. Filled symbols for shorter TiO, nanowires: length: 3 wm and
diameter =0.8 wm; unfilled symbols for longer TiO, nanowires: length: 20 wm and
diameter=1.5 pm.
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the diameter became approximately double. The wires appeared to
be porous as observed from high resolution TEM images (Fig. 1d).
We propose the source of porosity to the existence of pores in
between the TiO, particle aggregates which leads to the formation
of nanowire morphology. Porosity and nature of pore arrangement
will be further discussed in the context of N, adsorption/desorption
isotherms in a subsequent section.

3.2. X-ray diffraction to study titania structure and detection of
dye adsorption

The X-ray diffraction pattern of the synthesized TiO, nanowires
(Fig. 2a) could be completely indexed to anatase phase (JCPDS file
no. 21-1272). The crystallite size (d) estimated from the full width
at half maximum (w) of the dominant (101) peak at diffraction
angle 20~ 25.2° using Scherrer’s equation was found to be 19 nm.
This is also confirmed by high resolution TEM images (Fig. 1d).
The X-ray diffraction pattern of the nanowires loaded with MB dye
(Fig. 2b) was found to be very similar to the bare nanowires (Fig. 2a).
However, the peaks for dye-nanowires appeared to have sharper
contours and were more intense compared to the unloaded ones
(significant number of peaks of pure MB appears almost at the same
position as pure TiO,, Fig. 2 inset). The TiO, surface may induce
nucleation of adsorbed MB dye leading to crystallization on the
oxide surface. This accounts for the observed changes in diffraction
pattern between bare TiO; to dye-TiO, nanowires.

3.3. Thermogravimetry analysis for estimation of dye uptake on
TiO, nanowires

The compositional changes of various samples were investi-
gated using TGA. Fig. 3 exhibits a two-step weight loss when
titanium glycolate samples were heated under nitrogen flow
between 30 and 700 °C under nitrogen gas flow. While the first step
weight loss is attributed to the desorption of physisorbed water
and ethylene glycol, the second step is ascribed to decomposition
of ethylene glycol units and degradation of organic groups com-
prising the glycolate nanowires [41]. The combined (first step + the
second step) weight loss (calculated from 110°C) in case of tita-
nium glycolate nanowires was 22%. The thermogravimetry trace
of the TiO, nanowires obtained from calcination of titanium gly-

colate showed only an initial weight loss (~10%) corresponding
mainly to the physisorbed water and some residual organic impuri-
ties. No additional weight loss similar to that of titanium glycolate
was observed. This strongly suggests that the chosen calcination
temperature is able to completely convert the titanium glycolate to
TiO,. The MB-TiO, showed a weight loss of approximately of 25%
in the temperature regime 110-700 °C which is attributed to both
water and MB dye decomposition. The OG-TiO, showed negligible
weight loss (~2%) in the similar temperature regime. The higher
percentage weight loss in case of MB compared to OG suggests that
TiO, nanowires preferentially adsorb cationic dyes (such as MB)
than anionic dyes (such as OG). This point will be further exem-
plified via other characterization procedures in the subsequent
section.

3.4. N, adsorption/desorption studies

As discussed in the context of TEM studies, N, adsorp-
tion/desorption were performed to assess the porosity as well
as morphology of pores (Fig. 4). Additionally, N, adsorp-
tion/desorption were also performed to judge the extent of dye
adsorption on the TiO, nanowires. The isotherm obtained for the
bare as well as dye loaded nanowires can be classified to type IV.
Significant degree of hysteresis was also observed between the
adsorption and desorption isotherms. The nature of the isotherms
strongly suggests presence of mesoporosity in the anatase TiO,
nanowires. The BET surface area for bare titania nanowires was esti-
mated to be approximately 43 m? g~ and following MB adsorption
on nanowires the surface area decreased to 24m?g-! (isotherm
for MB-TiO, corresponds to initial dye concentration of 50 ppm in
100 ml solution for 0.1 g of 3 wm long TiO, nanowires).

3.5. Adsorption of dye on TiO, surface via UV-vis spectroscopy

The Amax values for OG and MB appear at 450 nm and 664 nm
respectively and their intensities vary differently with time fol-
lowing introduction of TiO, nanowires in respective dye solutions
(Fig. 5A). While the color intensity of the MB-TiO, solution
decreased progressively over a period of approximately 60 min
(to=50ppm; tgo=2ppm), color of OG-TiO, solution remained
almost unaltered in the same period of time (ty=50ppm;
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Fig. 6. Fourier transform infrared spectra (FTIR) at 25 °C for various samples. (A) Spectral range: 4000-350 cm~!: (a) titanium glycolate nanowires, (b) bare TiO, (c) MB
in solution, and (d) MB-TiO,. (B) Spectral range 2000-350 cm~': (a) MB in solution and (b) MB-TiO, (MB: Methylene Blue). TiO, nanowire dimensions: length: 3 um and

diameter = 0.8 wm. The symbol “*” represents the important IR bands.
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tso =48 ppm). Beyond 60 min till 120 min (not shown here) no fur-
ther decrease in Amax line intensity i.e. no color change takes place.
From observation of time variation of Apax intensity, we propose
that the TiO, nanowires preferentially adsorb cationic MB dye com-
pared to anionic OG dye. This also supports similar conclusions
from TGA where higher weight loss was observed in case of the
MB-TiO, compared to OG-TiO,. To further validate the preference
of the nanowires for cationic dyes, Amax line intensity variation
with time was carried out using a different cationic (Rhodamine
B (RB), Amax =554 nm) and an anionic dye (Remazol Brilliant Blue R
(RBBR), Amax =591 nm). Results with respect to RB and RBBR were
similar to as obtained for MB and OG. In another experiment TiO,
nanowires were dispersed in a solution mixture of MB and OG (1:1
by w/w). The intensity of Amax line (at 664 nm) for MB decreased
progressively as a function of time (=TiO, in a solution contain-
ing MB alone) while Apax band for OG changed only negligibly
(=TiO, in a solution containing OG alone) in the same period of
time (Fig. 5B). These experiments again convincingly demonstrate
that TiO, nanowires have a preference for cationic dyes. The pref-
erence for cationic dyes is attributed to the negative charge on
TiO, nanowire surface. Presence of negative charge on the titania
nanowire surface was confirmed via preliminary electrophoretic ¢-
potential (Zetasizer Nano ZS, Malvern Instruments) measurements
of TiO, nanowires in deionised water which yielded a negative
potential of approximately —46 mV.

Fig. 5C shows Amqyx line intensity variation as a function of time
for various MB concentrations in solution (TiO, concentration kept
constant for all dye concentrations per 100 ml dye solution). The
extent of dye adsorption on titania surface is observed to depend
on the initial dye concentration in solution as well as on titania
nanowire size. For TiO, nanowires of a particular size (say, length:
3 wm and diameter =800 nm), total amount of adsorbed dye on
nanowire surface in a fixed span of time (=60 min) deceased with
increase in initial solution dye concentration. This implies that
the amount of MB remaining in solution increased with increase
in initial dye concentration. The observed trend in variation of
adsorbed dye concentration on nanowire as a function of initial
solution dye concentration is attributed to the existence of a satu-
ration limit which essentially corresponds to the dye concentration
resulting in full coverage of the TiO, surface. Once the surface of
nanowires is fully covered with a monolayer of dye molecules, addi-
tional dye molecules diffusing towards the TiO, nanowire surface
will be repelled back electrostatically thus preventing further dye
adsorption on the oxide surface. With increase in TiO, nanowire
dimensions the saturation dye concentration is expected to shift to
higher concentrations. This is clearly evident from Fig. 5C. Higher
concentrations of dye are adsorbed (higher decrease in solution
dye concentration) on the larger nanowires (length: 20 wm and
diameter=1.5 um) even at very high initial concentration of dye
in solution (such as 240 ppm).

3.6. Fourier transform infrared (FTIR) spectroscopy

Fig. 6A and B shows the FTIR spectra of bare TiO, and MB-TiO,.
FTIR observations obtained here are in line with previous reports
describing synthesis of various phases of titania using conventional
alkoxides as sol-gel precursors [42]. The peaks corresponding to the
physically adsorbed water or ethylene glycol (O-H stretching mode
at ~3400cm~! and O-H bending mode at ~1640cm~1) observed
in case of nanowires following directly from the polyol synthesis
disappeared completely on calcining at 500 °C (Fig. 6A(a, b)). The
band at 453 cm™! is attributed to the Ti-O stretching band. The
IR spectrum of MB and MB-TiO, are shown in (Fig. 6A(c, d) and
B (a, b)). Bands at 1598 cm~!, 1486cm™!, 1394cm™~!, 1345cm™!,
1251 cm~1, 1150 cm™! respectively correspond to C=N, C=C, mul-
tiple ring stretching, C,romatic—N, N-CH3 of MB. Similar bands but
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Fig. 7. (a) Cyclic voltammograms at 25°C (scan rate of 0.01Vs~!) for TiO,/GCE
(in water) MB/GCE and TiO,/GCE (in 50 ppm MB in 100 ml solution). Inset: Shows
the variation of I and I, versus square root of scan rates (v'/2) (MB: Methylene
Blue). TiO; nanowire dimensions: length: 3 wm and diameter=0.8 wm. (b) Varia-
tion of anodic current (from cyclic voltammetry at 25°C at scan rate 0.01Vs~1)
with different initial Methylene Blue (MB) concentrations (0-100 ppm) in 100 ml
solution. Inset: Cyclic voltammogram of MB-TiO, with different MB concentrations
(0-100 ppm). TiO, nanowire dimensions kept same.

with reduced intensities were also observed for the MB-TiO,
sample. This assures that the residence of MB dye molecules on
the TiO, surface and also implying the utility of TiO, nanowires
as substrates in specific detection and quantification of certain
class of dyes in solution. OG-TiO, sample did not exhibit (not
shown here) any characteristic OG band of appreciable intensi-
ties. This suggests the presence of negligible OG amounts on the
TiO, surface and also further exemplifies the specificity of the
present titania nanowires towards certain class of dyes in solution
only.

3.7. Electrochemical detection and quantification of Methylene
Blue (MB) in solution using TiO, nanowires

Owing to the preferential adsorption of cationic dyes by the TiO,
nanowires, we restrict our discussion on electrochemical detection
and quantification to cationic dyes only. We have chosen Methy-
lene Blue as the representative cationic dye for sensing as well as for
photocatalysis studies (discussed in detail in a subsequent section).
Fig. 7a shows the electrochemical responses of various working
electrodes: MB/GCE (i.e. GCE dipped in aqueous MB solution),
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TiO, nanowire dimensions: length: 20 wm and diameter= 1.5 wm.

TiO; (length: 3 wm and diameter =0.8 um)/GCE in pure deionised
water and in different concentration of aqueous MB solutions. The
absence of redox peaks in case of TiO; (length: 3 wm and diam-
eter=0.8 wm)/GCE (in deionised water) suggests electroinactivity
of the system in the applied potential window. The GCE electrode
in MB solution showed very broad (and low current intensity)
reversible peaks at approximately —0.36V and —0.29V. The TiO,
(length: 3 wm and diameter = 0.8 wm)/GCE electrode assembled in
aqueous MB solution (50 ppm) also showed a pair of well defined
reversible peaks at —0.31V and —0.19V however, the redox peak
currents were much higher in magnitude compared to MB/GCE
(50 ppm) and TiO; (length: 3 wm and diameter = 0.8 um)/GCE elec-
trode assemblies (in deionised water). This is in stark contrast to the
response of the bare GCE in 50 ppm of MB solution (Fig. 7a) where
only broad peaks were obtained. The enhanced current response
such as that observed for the TiO,/GCE (~50 ppm MB solution)
electrode, with the bare GCE can be observed only at a very high
concentration of the MB dye (~150 ppm). So the presence of TiO,
nanowires on GCE enhances the yield of the MB redox reaction
and thus amicably demonstrates TiO, nanowires as suitable sen-
sor. Additionally, the TiO, film was very stable before and after the
cyclic voltammetry experiments. Negligible current changes were
observed from one cycle to another during the cyclic voltamme-
try measurements. This rules out any detrimental morphological
changes in the TiO, film including issues such as lixiviation. This is
evident from the negligible changes in current values from cycle
to another during cyclic voltammetry. The electrode reaction of
MB involves two successive one-electron charge transfer coupled
with a rapid reversible protonation between MB* and leucomethy-
lene blue (LMB) [43,44]. Fig. 7a (inset) shows the linear increase in
redox peak current with increasing scan rates for the TiO, (length:

3 wm and diameter = 0.8 o.m)/GCE electrode assembly in MB solu-
tion. The linear variation indicates that the redox reaction of MB
at TiO, (length: 3 wm and diameter=0.8 wm)/GCE electrode is a
diffusion-controlled process. The surface active concentration of
MB attached to the TiO, surface obtained from the integration of
the reduction peak was found to be 6.5 x 10~ molcm—2.

Fig. 7B shows the cyclic voltammograms of TiO, (length: 3 wm
and diameter=0.8 um)/GCE electrode system in aqueous solu-
tions with different initial concentrations of MB (15-100 ppm).
This study was performed to estimate the sensitivity of the TiO,
nanowires for possible use as substrates in sensors for detection
of cationic industrial dyes. The cathodic current corresponding to
the peak at —0.31V increased linearly with increasing initial con-
centration of MB in solution. From the slope of the linear fit (ipc
(rA)=0.09835+0.00277 [MB]/ppm) to current versus initial solu-
tion dye concentration data (Fig. 7b) the sensitivity was estimated
to be approximately 0.003 wAppm~!. Due to the dependence on
degree of dye coverage on TiO, nanowire dimensions, the sensi-
tivity too was observed to be dependent on the TiO, nanowire
dimensions. Fig. 8a and b shows cyclic voltammograms with longer
TiO, (length: 20 wm and diameter = 1.5 um)/GCE electrode system
in aqueous solutions with different initial concentrations of MB
(20-100 ppm). Similar to the shorter wires, the cathodic current
corresponding to the cathodic peak potential located at —0.31V
also increased with increasing concentration of MB (the magnitude
of cathodic currents in case of the longer nanowires were much
higher compared to the shorter ones). From the slope of the lin-
ear fit (ipc (WA)=0.03485+0.00713 [MB]/ppm) to current versus
initial dye concentration in solution data (Fig. 8c) the sensitivity
was estimated to be approximately 0.007 wA ppm~!. Thus, sensing
capabilities are enhanced with increase in size of TiO, nanowires.
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3.8. Photocatalytic degradation of Methylene Blue (MB) by TiO,
nanowires

The MB-TiO, nanowire solution mixture (0.1 g of TiO, nanowire
in 20 ppm/30 ppm/50 ppm in 100 ml solution) was repeatedly illu-
minated for 5min at 2min intervals. During the 2 min interval,
1 ml aliquots were obtained from the test mixture. Due to progres-
sive degradation of the dye with consecutive flashes the color of
the solution mixture (as well as aliquots) changed from blue to
light blue to finally white. The change in dye solution color or dye
degradation as a function of time was monitored using UV-vis spec-
troscopy. For all initial solution MB concentrations (20-50 ppm),
Amax line intensity decreased with varying rates to negligibly small
values over a period of 60 min. This suggests that TiO, nanowires
are highly efficient substrates for degradation of azo-dyes such as
Methylene Blue (MB). We also propose that the rate of dye degra-
dation can be fine tuned via controlled variation of the nanowire
dimensions i.e. larger the nanowires faster will be the rate of
degradation. The catalytic performance of the TiO, nanowires was
compared with commercial P25-TiO, nanoparticles. The amount
of P25-TiO, was ascertained following consideration of the differ-
ences in surface area between P25-TiO, (surface area=50m?2 g-1)
and TiO, nanowires (surface area=43m?g-1). lllumination of
dye-P25-TiO; solution mixture (0.08 g of P25-TiO, in 50 ppm of
100 ml solution) using the same flash protocol resulted in decrease
in color intensity similar to that observed in case of TiO, nanowire.
However, the final concentration of the dye in solution was much
higher compared to that of TiO, nanowires. While in case of TiO,
nanowires the concentration decreased by nearly 100% in 60 min,
the concentration of dye in solution decreased to only 50% in
the same time span in case of P25-TiO,. The superior perfor-
mance of the TiO, nanowires compared to the P25-TiO, powder
is attributed to its beneficial microstructure. The mesoporosity of
the TiO, nanowires also aids in enhancing the effective area of
interaction. Lower dye degradation efficiency in case of P25-TiO, is
probably due to aggregation of the spherical nanoparticles leading
to loss of effective surface area of interaction. No such detrimental
effects due to aggregation are expected to arise in case of the titania
nanowires.

3.9. Photocatalytic degradation of Methylene Blue (MB) by TiO,
nanowires at various pH and irradiation time

Fig. 9b and c shows the photocatalytic degradation of Methylene
Blue as a function of pH and exposure times. The dye adsorp-
tion and degradation depend very heavily on the state of the
surface and pH is one of the important parameters affecting the
surface state [45-47]. Drastic changes were observed in the kinet-
ics performed at various pH viz. pH=4, 7, and 11 (corresponding
photodegradation with P25-TiO, at different dye solution pH is
shown in supporting information Fig. 4). The changes observed
in the degradation studies are supplemented via UV-vis absorp-
tion studies shown in supporting information Fig. 2. While in
alkaline solutions (pH=11) MB degraded at a fast rate with the
dye concentration decreasing to a very low value in ~45min,
in acidic solutions (pH=4) the rate became slower and degree
of degradation was lower in the same time period. In alkaline
solutions the TiO, (point of zero charge of TiO, (Degussa P25)
is at pH=6.8 [48]) surface becomes more negatively charged
(Ti-OH+OH~ — TiO~ +H,0) resulting in higher dye adsorption
and degradation of the dye. In acidic solutions TiO, surface
becomes positively charged (Ti—-OH+H* — TiOH,*) resulting in
lower adsorption and degradation of the dye. More appropriately,
the differences in the dye adsorption and degradation at various pH
under photo-irradiation can be understood in the manner demon-
strated in ref [47]. At high pH, due to availability of copious amount
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Fig. 9. Photocatalysis of Methylene Blue (a) 20-50 ppm of MB in 100 ml of solution
using 0.1 g of TiO, nanowires (time span: 60 min). The plot also shows photocatalytic
performance of P25-TiO, nanowires (0.08 g) in 50 ppm 100 ml solution in the same
time span. (b) At different pH values 4, 7 and 11. (c) For different irradiation times
i.e. 5min, 15min and 30 min.

of OH—, the holes react with them to form radical OH (OH*) [49].
The OH* reacts with the dye leading to degradation. Due to pres-
ence of less amount of OH* at low pH, the degradation yield is mush
lower. [47].

The percentage of decolorization and photodegradation
increases with increase in irradiation time. However, the reaction
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rate decreases with irradiation time since it follows apparent
first-order kinetics and additionally a competition for degradation
may occur between the reactant and the intermediate products.
In these studies we have used three different irradiation times:
5min, 15min and 30 min irradiation time as shown in Fig. 9c.
The kinetics of degradation was found to be slower for 30 min
irradiation time compared to 5 min and 15 min. This is attributed
to the difficulty in converting the N-atoms of the dye into oxidized
nitrogen compounds [50] and also to the slow reaction of short
chain aliphatics with OH* radicals [51].

4. Conclusions

We have presented here through systematic studies the
performance of TiO, nanowires in sensing, quantification and
photocatalytic degradation of cationic dyes in aqueous solution.
Employment of TiO, for environmental concerns demonstrates yet
another utility of the versatile TiO,. Further improvements in tita-
nia nanowire morphology are necessary to improve sensitivity.
Enhanced control of size and shape of titania nanowires can be
achieved via additional optimization of polyol synthesis conditions
(e.g. temperature), starting materials (e.g. (co-)solvents, titanium
(-alkoxides) precursors [52,53]). Variation in surface chemical moi-
eties (hydroxyl groups of the present study) would further allow
detection of analytes of widely varying sizes and types. We envis-
age that requisite optimizations of the TiO, nanowires as proposed
above will be beneficial for other applications (e.g. rechargeable
lithium batteries).
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