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Abstract The present study explores a new method of synthesis of TiO, nano-particles in
an aqueous medium from TiCl; precursor by non-thermal plasma in humid air as feeding
gas obtained at atmospheric pressure. The precursor solution, TiCl; is oxidized by strongly
reactive species generated by gliding arc plasma (HO = 2.85 V/SHE) to produce titanium
oxide powders. The synthesized powder was characterised by X-ray powder diffraction,
scanning electron microscopy, transmission electron microscopy, FTIR spectroscopy,
nitrogen physisorption, and UV—-Vis spectroscopy. The results obtained showed that the
material consists of rod-shaped nanoparticles of rutile and anatase phases. The presence of
TiO, phases was confirmed by FTIR spectrum and textural analyses showed that the
material is mesoporous with specific surface area of 158 m? g~ '. UV-Visible spectrum of
the plasma-synthesized TiO, sample showed that it absorbs in the UV-A region leading to
effective use as a photocatalyst under visible light.
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Introduction

The demand for photocatalytic systems activated by sunlight is increasing rapidly.
Recently a lot of efforts have been made to develop efficient visible light-activated
photocatalysts. The development of photocatalysts activated by visible light would have an
impact and would lead to many applications of practical relevance to society. Conse-
quently, the current research efforts are directed towards shifting the optical response of
photocatalysts to the visible spectrum of solar radiation. Among the photocatalytic semi-
conductors studied, titanium oxide-based catalysts offer certain specific advantages. The
band gap of TiO, is about 3.2 eV (corresponding to a wavelength of about 380 nm) and
can be shifted to the visible region by suitable doping.

Titanium dioxide, particularly in the anatase form, is a photocatalyst under ultraviolet
(UV) light. Recently it has been found that titanium dioxide, when spiked with nitrogen
ions or doped with metal oxide, is also a photocatalyst under either visible or UV-A light,
i.e. the UV range with the wavelength between 315 and 400 nm (315 nm < A < 400 nm)
[1]. The anatase form is characterized by a desirable tenfold higher photochemical activity
than rutile because it is provided with a special electronic structure that prevents “internal
short circuits”.

Many approaches have been used to modify the TiO, semiconductor for its use in the
visible light photocatalysis. Doping of titanium oxide with aliovalent oxides has been
attempted in order to develop photocatalytic materials active in visible light. However, the
photocatalytic activity of metal doping is impaired by thermal instability and an increase in
the recombination rate of photogenerated electrons and holes [2]. Recently our laboratory
developed a new method to synthesize nanocrystalline titania involving oxidation of TiCl;
by Gliding arc plasma. Gliding arc plasma is a novel technique that takes its advantage to
the presence of auto-generated reactive species like HO' and NO' radicals. The gliding
electric discharge is obtained by blowing an electric arc burning between diverging
electrodes by axial gas flow [3]. The plasma device was recently used for the abatement of
gaseous or liquid chemical pollutants [4—8]. When humid air is selected as the ambient gas
for discharges at atmospheric pressure, the resulting plasma was found highly efficient for
oxidizing because the resulting non-thermal plasma formed involves HO" as a result of
electron (or/and photon) impact dissociation of water molecules present in the ambient gas
[9]. The thermal energy available in the arc enables the energy transfer to the ambient
molecules or the “parent species”, and thus favours the breaking of H-OH and O=0
bonds. This feature requires less energy than N=N breaking and allows the rising of
gaseous moieties to excited states from their fundamental energy level.

Thus the NO" and HO' radicals mainly formed in the arc will be the determining agents
for the chemical reactions observed in the target solution. The formation of HO" and NO' as
the main products is confirmed by spectroscopy measurements and results from electron
impact on water (Egs. 1, 2).
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These primary species will then react both with themselves and the parent species to form
secondary species according to the following main side reactions in the gas phase
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N + 0 — NO (5)
0,+ 0+ M — 0;+ M (6)
0; + HO — 0, + HO, (7)
05+ NO' — NO, + O, (8)
NO, + OH' — ONO,H 9)

The reactive radicals OH" and NO' react both with themselves and the parent species
forming the ambient atmosphere (i.e., O,, N, H,O) and are thus present in the quenched
plasma plume, so that the impinging active species falling on the liquid surface are mainly
H,0, and nitrogen oxides.

20H — H,0, (10)
OH + O — NO, (11)
NO, + OH — ONOOH (12)
ONO,H — NOj + H* (13)

NO ' is responsible for the formation of nitrous acid (via NO,) which disproportionates into
NO' and NOj3™ in acidic solution but also yields peroxynitrous acid HNOOH which later
izomerizes in nitrate ions. The major advantages of the gliding arc plasma technique
include short processing time, and low cost. The process can also be customised to syn-
thesise any desired product and the technique is ideally suited for large-scale production.

The present paper reports the experimental method adopted to synthesize nanocrys-
talline TiO, powder from titanium salt solution via gliding arc plasma at low temperature.
X-ray powder diffraction (XRD), transmission electron microscopy (TEM), scanning
electron microscopy (SEM), nitrogen physisorption and Fourier transform-infrared spec-
troscopy (FTIR) were used to characterize the synthesized powder. Photocatalytic activity
of the product was evaluated by diffuse reflectance ultraviolet—visible (UV-Vis)
spectroscopy.

Experimental Method
Plasma Reactor for the Synthesis of Nanosized TiO, Powder

A schematic presentation of the plasma reactor is shown in Fig. 1. It includes a couple of
aluminium electrodes symmetrically disposed on both sides of an atomizing nozzle
(diameter: 1.5 mm, length: 6 cm) and connected to an AC 220 V/10 kV-1A high voltage
transformer which delivers a mean current intensity 160 mA (600 V) in operating con-
ditions (P ~ 100 W). The selected feeding gas was water saturated air provided by a
compressor and passing through a bubbling flask before entering the reactor. Water—air
was sprayed directly into the zone formed between the electrodes through an atomizing
nozzle. An arc is formed between the electrodes when a high voltage is applied. The arc is
then pushed away by the bi-phase flow from the nozzle and glides along the electrodes
until it collapses. The arc length increases on moving and its temperature decreases, so that
the arc turns from thermal plasma to quenched plasma on breaking into a plume. A new arc
then forms at the narrowest gap and the cycle resumes as a large plasma plume in contact
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Fig. 1 Scheme showing the experimental setup: transformer (high voltage = 10 kV-1A in open
conditions); electrode tips to target distance d = 2.5 cm

Table 1 Typical operating

parameters Arc voltage (V) 600
Arc current (mA) 160
Nozzle diameter (mm) 1.5
Feeding plasma gas Humid air (O,, N», H,0)
Flow rate (L h™") 800

with the liquid surface allows chemical reactions to develop. The target solution is thus
directly exposed to the plasma plume for time t*(min) [3, 5, 10].

Taking into account that the formation of chemical species in plasma medium requires a
complex mechanism and is governed by the gas flow and the quantity of energy provided
by the electric source, the typical operating parameters are gathered in Table 1 [11].

Major Chemical Reactions Involved in Humid Air Plasma

The major reactions observed in an aqueous target exposed to humid air plasma are acidi-
fication and strong oxidizing effects. They are interpreted as a direct consequence of the
formation of OH and NO' radicals, the major reactive species identified and quantified in the
plasma plume by spectrometry studies [12] and recently confirmed [13]. Short life species
formed in the discharge may also react in the gas phase with the feed gas molecules O,, N»,
and H,O mainly and yield a variety of oxygen and/or nitrogen containing species (e.g., HO, ,
H,0; and NOx and their derivatives). Interaction between the electron flux of the discharge
and water vapour may also be a source of reactive species such as the OH' radicals in a way
similar to that occurring in water radiolysis. The OH' radical is a very powerful oxidizing
agent. This innovative technique was successfully used for oxidizing many compounds such
as iron(IT) complexes [14], azoic dyes in textile effluents [15], spent solvents [16].

Synthesis and Analysis Procedure

TiCl; solution used as precursor has been purchased from Merck with analytical grade
more than 99.95 % and trace metals basis. The stock solution was prepared by dissolving
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accurate weight sample without further purification in de-ionized water to the concentra-
tion of 5 mol L™". The working solutions were obtained by diluting the stock solution to
the required concentrations. The target TiCl; solution (450 mL; 2 mol L™") was disposed
normally to the axis of the water cooled glass reactor (Fig. 1) at a distance of about 50 mm
from the electrodes tips. The solution was magnetically stirred. Solutions were exposed to
the plasma for different time t* (i.e., 0, 10, 20, 30, 40, 50, and 60 min). After the discharge
was switched off, an aliquot of the exposed solution was centrifuged at 3,600 rpm for
10 min, and aliquots of supernatant were immediately analyzed. The variation of the
composition of the targeted solution was followed by spectrophotometric investigation.
The absorbance measurements were made at the maximum wavelength of titanium
chlorure which is 498 nm using a UV-Vis spectrophotometer model Aqualytic Spectro-
Direct. It should be pointed out that no colour changes of the TiCl; solution was observed
when these were immersed in aqueous solution ranging from pH 2.0 to 10.0. The resulting
TiO, was washed several times with deionised water to remove excess TiCls and dried in
an oven at 109 °C until constant weight. After the stabilisation reached it was kept in glass
bottle for further analysis. The concentration of TiO, formed after each exposure time was
determined gravimetrically.

Characterization

XRD analyses were performed on a Siemens D5000 diffractometer using the Ko radiation
of Cu (A= 1.5, 418 A). The ICDD-JCPDS database was used to identify the crystalline
phases.

Transmission electron microscopy and SEM were used for determining the size and
shape of the powder particles. For TEM, the material was dispersed in butanol and
deposited onto a perforated carbon foil supported on a copper grid. The investigations were
performed on a Tecnai F30 microscope (field emission cathode, operated at 300 kV). SEM
micrographs were taken with a JSM-35C, JEOL SEM.

The Fourier transform-infrared spectroscopy was recorded with Equinox IFS55 spec-
trometer (Briicker) equipped with a DTGS detector. The absorption spectra were obtained
by the recording of 100 scans between 400 and 4,000 cm ™' with a resolution of 4 cm™".
The powders were diluted in analytical grade KBr 99 % (2 mg of TiO, for 200 mg of KBr)
and then pressed into self-supporting disks before analysis.

Textural analyses were carried out on Micromeritics Tristar 3000 equipment using N,
adsorption/desorption at —196 °C. Before measurement, the samples were outgassed at
150 °C overnight under vacuum. The specific surface area and pore size were respectively
calculated using BET equation [15] and BJH method [16].

Diffused spectra of TiO, powders were obtained for dry-pressed disc samples using a
UV-Vis spectrophotometer (UV8500, Shimadzu, Japan). BaSO, was used as the reflec-
tance standard in all the UV-Visible diffuse reflectance experiments.

Results and Discussion
Influence of Gliding Arc Plasma on Exposed TiCl; Solution
A purplish-red solution of TiCl; exposed to the plasma had its colour progressively van-

ishing, suggesting that the TiCl; is gradually converted into white suspended solid which
could probably be TiO, as shown in Fig. 2.
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These preliminary results may be illustrated by the oxidizing effect of the discharge and
the following reaction could explain the formation of titanium dioxide:

TiCl; + OH + H,0 — TiO, + 3HCI (14)

The HO' radicals mainly formed in the arc will be the determining agents for the chemical
reactions observed in the target solution. The formation of this radical has previously been
confirmed by spectroscopic measurements and results from electron impact on water
(Egs. 15, 16) [9]. However, the HO' radicals can also be formed by water reduction in a
liquid phase due to hydrated electrons [19].

H,O + e& — H + HO + e (15)
H,0 + ¢ — H'+ HO + 2" (16)

This is an essential feature and confirms previous observations on the plasma-chemical
properties of the gliding discharge relevant to the oxidizing degradation of organic wastes.

XRD Analysis

Typical XRD patterns of the plasma-synthesised titanium oxide powder are depicted in
Fig. 3. The assignment of XRD peaks showed that the obtained powder is a mixture of
anatase and rutile form of TiO,. The diffraction peaks of metallic titanium were not
detected. Furthermore, it is interesting to find that TiO, nanoparticles synthesised by
gliding arc plasma consist of both anatase and rutile phases since it has been shown that a
mixture of the two phases improve much more photocatalytic activity than each pure phase
[20].

FTIR Analysis

The FTIR spectrum of the plasma-synthesized is shown in Fig. 4. The broad peak between
3,100 and 3,600 cm ™" is assigned to the stretching vibrations of the OH groups of adsorbed
water. The peaks in the range of 1,620-1,630 cm ™" are attributed to the bending vibrations
of surface-adsorbed molecular water. The main peaks in the range 400-800 cm ™' corre-
spond to Ti—O and Ti—O-Ti stretching vibrations [21, 22] and confirm the presence of TiO,

phases in the synthesised material.
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Fig. 3 XRD powder patterns of gliding arc plasma-synthesized TiO, (A: anatase, R: rutile)
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Fig. 4 FTIR spectrum of TiO, synthesized by gliding arc plasma

Surface Morphology of Plasma Synthesized TiO,

Scanning electron microscopy analysis of plasma synthesized TiO, (Fig. 5a, b) shows that
the morphology of the particles consists of anisotropic rods. It is also seen that these rods
consist of porous agglomerates. This could be due to the permanent stirring of target
solution. On the other hand, the sample presents several macropores structures which could
allow the diffusion of pollutants and should increased the photo-degradation of organic
molecules. This result is confirmed by the TEM micrographs (Fig. 5c, d) that show that
these rods have length of 50-100 nm and a diameter of 5-15 nm.

Textural Properties of Plasma Synthesized TiO,

The N, adsorption—desorption isotherms of a typical plasma-TiO, sample are shown in
Fig. 6. The sample exhibits type IV isotherm with a hysteresis loop in the relative pressure
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100 nm

Fig. 5 SEM (a, b) and TEM (¢, d) micrographs of plasma-synthesized TiO, showing the rod shapes of
particles

range of 0.8-1.0, indicating the presence of inhomogeneous mesopores [23]. The inset
figure represents the pores size distribution curve calculated from the desorption branch by
the BJH method and displays several maxima in a range of 2-50 nm. Furthermore, the
observed hysteresis loop approach P/Py = 1 suggests the presence of several macropores
(>50 nm) [24]. This heterogeneity in the pores size distribution is correlated with the
variable particles size as shown by TEM micrographs. Considering the morphology of the
nanorods observed on these micrographs, the smaller pores (<10 nm) could correspond to
the pores inside the nanorods, while the larger pores (10-100 nm) can be attributed to the
aggregation of the nanorods [24].

The porous nanorods have a BET surface area of 158 m* g~'. Since sorption is one of
the controlling factors of the catalytic oxidation reaction [25], the high surface area of
plasma-TiO, particles is crucial for its use as photocatalyst.

UV-Vis Diffuse Spectroscopy

The UV-Vis absorbances of plasma-synthesized TiO, nanopowders are depicted in Fig. 7
and are compared to that of commercial TiO,. As shown on this figure, it is evident that
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UV-absorption edge of plasma-synthesized TiO, nanopowders extends to high wave-
lengths (towards visible region), which is useful for improving the photo-absorption and
photo catalytic performance of TiO, under visible light. This curve shows that unlike
commercial TiO,, TiO, synthesised by glidarc absorbs in the range of 200-375 nm. In that
case, it is possible that the plasma-TiO, was doped by nitrogen atoms during the synthesis
process, since TiO, doped with non metallic atoms like nitrogen shows high photocatalitic
activity under visible light. This result allows us to optimise the photocatalytic properties
of TiO, because nearly 5 % of the sunlight energy emitted which reaches the surface of the
earth is in the range of UV-A.

Conclusion

A nano-size TiO, adequate for sunlight photocatalysts have been successfully prepared
through electric discharges of the gliding arc type applied on TiCly solution. The use of
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non-thermal quenched plasmas at atmospheric pressure favours the formation of active
species and free radicals which confer to that process its particular chemical properties.
The plume of quenched plasma licks a target solution and its species react at the target-
plasma interface oxidizing the TiCl; precursor for give the nanorods of TiO,. The resulting
nanorods of TiO, are a mixture of anatase and rutile phase as shown by XRD analysis.
Beside this feature, the high porosity of plasma-TiO, as depicted by SEM, TEM and BET
results, can significantly improve the catalytic activity of the synthesised material. UV-Vis
analysis showed that the typical plasma-TiO, has a high absorption wavelength (low band
gap energy) as compared to a commercial TiO,. This work establishes that gliding arc
plasma is one of the most effective ways to synthesise TiO, nanorods that can be used as
photocatalyst in the degradation of organic pollutant under visible light.
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