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ARTICLE INFO ABSTRACT

Editor: Dr. G. Palmisano The use of photocatalytic materials in plasma systems has the potential to enhance the selectivity and yield of

desired products. However, the surface interaction between the photocatalyst and plasma is a complex process

Keywords: that is not well understood. This work presents a comprehensive study of the effects of combining titanium
Ersma Chlemlmy dioxide (TiO,) photocatalysts with non-thermal atmospheric pressure nitrogen-oxygen plasmas, which increases
otocatalyst

the production of ozone and dinitrogen pentoxide (N2Os) while limiting the formation of harmful nitrogen di-
oxide (NO) and nitrous oxide (N20) by products. TiO, coatings were deposited by magnetron sputtering onto
barium titanate (BaTiO3) particulates for use within a packed bed dielectric barrier discharge reactor (DBD). The
presence of titanium dioxide can affect the plasma chemistry in the DBD by acting as a sink for atomic oxygen,
through photocatalytic formation of superoxide anion radical (O3), and alteration of the dielectric constant of the
BaTiOj3 particulates. This work explains the complex interaction of these effects on oxygen and nitrogen plasma
chemistry. The effect of the photocatalyst surface properties, gas composition and residence time on the reaction
pathways for the formation of ozone and nitrogen oxides (NxOy) were investigated. The photocatalytic activity of
titanium dioxide was improved by annealing the coated surface, and was subsequently found to enable the
formation of ozone, increase the formation of N2Os while significantly decreasing the formation of harmful NOy

Packed bed reactor
Titanium dioxide
Ozone

Nitrogen oxides

and N,O with a residence time of 0.011 s

1. Introduction

Recent years have seen a large emphasis on heterogeneous photo-
catalysis in the literature due to its potential for environmental and
energy related applications [1-4]. Titanium dioxide has received a large
amount of interest since the discovery of its light induced water splitting
properties in the 1970 s [5]. TiO; is a well-known photocatalyst and
semiconductor with a band gap of 3.2 eV. Photons with a high enough
energy are absorbed by electrons and can cause the electrons to be
promoted from the valence band to the conduction band, resulting in the
creation of electron hole pairs, which can lead to reduction and oxida-
tion reactions [6]. TiO5 has three main crystal phases, anatase, rutile and
brookite, with anatase being the most photocatalytically active phase
[7]. Furthermore, tailoring of the morphology of the TiO,, either
through the use of porous structures [8], or the tailoring of nanoparticle
size and shape [9], can increase it’s photocatalytic activity.

Non-thermal plasma, often referred to as ‘cold’ plasma, is produced

at low, or atmospheric pressure by devices such as the dielectric barrier
discharge, which consists of two electrodes separated by a dielectric
material [10,11]. One of the main advantages of non-thermal plasma is
the ability to produce chemically active species at reduced temperatures
and as such, these types of plasmas are used for chemical synthesis and
the degradation of pollutants, in addition to many other applications
[12,13]. Photocatalysts are activated by photons of sufficient energy and
as plasma emits photons of ultraviolet and visible radiation, plasma has
the potential to activate photocatalytic materials, thus improving yield
and selectivity of plasma based chemical reaction processes. The com-
bination of photocatalyst and non-thermal plasma has received signifi-
cant interest in recent years due to its potential for increasing product
yields and energy efficiency in a variety of processes [14-17] The un-
derlying mechanisms of combining catalysts and plasma are not
completely understood however, as the plasma can modify the catalyst
surface, in turn, the presence of the catalyst can affect the plasma
properties, and so further investigation into the interaction between the

Abbreviations: UV, Ultraviolet; NO, Nitric Oxide; SED, Specific Energy Density; FTIR, Fourier Transform Infrared Spectroscopy; XPS, X-ray Photoelectron Spec-

troscopy; SEM, Scanning Electron Microscopy.
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two is required.

Ozone is an oxidant that sees widespread use in water treatment due
to its being effective in sterilization of bacteria and viruses. The pro-
duction of harmful nitrogen oxides is unavoidable when using air
plasma for the formation of ozone. However, plasma photocatalysis
presents a promising approach to increase ozone selectivity. NoOs is an
environmentally friendly nitrating agent and an industrially significant
precursor chemical that is used for manufacturing a range of energetic
polymeric materials, explosives and propellants [18].

Pekarek et.al [19] reported the use of TiO, and ZnO in a surface
dielectric barrier discharge for the production of ozone from air. They
found that the concentration of ozone increased slightly when using
TiO5 and ZnO, compared to when no catalyst was used. TiO catalysts
have also been investigated for their effect on N,Oy reaction pathways
and production yields. Jogi et.al [20] produced ozone using a coaxial
dielectric barrier discharge and investigated the effect of TiO2 on ozone
induced oxidation of NO to NO, and N5Os, At high temperatures the
TiO4 catalyst was found to improve the efficiency of oxidation of NO; to
NOs.

One potentially viable method of adding the photocatalyst to non-
thermal plasma is through surface coating of components of the DBD.
Magnetron sputtering is a widely used technique for producing high
quality thin films onto a variety of substrates. The use of magnetron
sputtering to produce alloys and doped films allows for the production of
tailored photocatalytic thin films [21,22]. Magnetron sputtering is a
widely used technique in which the deposition parameters can be pre-
cisely controlled. This, in turn, allows for a high degree of control over
the final properties of the films produced [23]. Furthermore, magnetron
sputtering allows for adjusting the morphology of the coated TiOy [24],
increasing the surface area and improving photocatalytic activity [25].

The underlying mechanisms of the interaction between plasma and
photocatalyst for the formation of ozone and NxOy species is still not
fully understood, and this work aims to address this gap in literature. For
this work, TiO5 coatings were deposited onto the surface of a packing
material of a packed bed DBD. The packing material used in this case
was barium titanate particulates (1-3 mm diameter), which was placed
in-between the two electrodes. Magnetron sputtered TiO, coatings with
different photocatalytic activities were deposited onto the BaTiO3 par-
ticulates in order to assess the effect of photocatalysis on the formation
of ozone and nitrogen oxides in an oxygen and nitrogen discharge. This
novel approach of combining plasma and photocatalyst aims to improve
the interaction between the catalyst and non-thermal plasma, allowing
the photocatalyst to be activated by UV and light photons, whilst also
being in direct contact with active species produced within the plasma
region. Moreover, introducing the photocatalysts as a thin film coating
on the packing material eliminates any disturbance to the gas flow
through the DBD.

2. Experimental
2.1. Thin film deposition

TiO4 coatings were deposited onto BaTiO3 dielectric particulates for
use within a packed bed DBD reactor. All coatings were deposited using
a 300 mm x 100 mm planar unbalanced type II magnetron with a ti-
tanium target of 99.5% purity, located in a vacuum chamber which was
pumped down to a base pressure of 1 x 10~2 Pa. The magnetron was
installed through the chamber roof in a sputter down configuration. The
reactive sputtering process was carried out in an argon and oxygen at-
mosphere. A dual channel Advanced Energy Pinnacle Plus power supply
operated in pulsed DC mode was used to power the magnetron. Depo-
sition runs were carried out; with a frequency of 150 kHz, a duty cycle of
50% and power of 1000 W for the deposition of titania. The flows of
oxygen and argon were controlled using mass flow controllers and fixed
to 11.5 scem and 15 scem, respectively. A deposition time of 3 h was
performed for all coatings.
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The deposition process for the TiO, photocatalyst onto BaTiO3 par-
ticulates was carried out using a bespoke oscillating bowl for the uni-
form coating of the particulates. The bowl oscillates vertically with
springs connected between the electromagnet and the base plate which
also impart a lateral twisting moment to the oscillation. The resulting
motion causes particles in the bowl to roll or hop in a circular path
around the bottom of the bowl and, thus, over time all surfaces of the
particles are exposed to the coating flux. The design of the oscillator is
described in detail in previous work [3,26]. In order to obtain an anatase
phase of TiO,, heat treatment of the coated BaTiO3 particulates was
performed for an hour at 500 °C in an air filled muffle furnace, model
Carbolite 3000 [27].

2.2. Surface characterisation

To assess the topography of the coatings on the particulates, scan-
ning electron microscopy (SEM) measurements were performed with a
JEOL JSM-5600LV SEM. To assess the chemical composition of the
coatings, Raman spectroscopy was performed on the coated and un-
coated particulates using a Thermo scientific DXR Raman microscope
with a 532 nm laser at 1 mW, 50x LWD microscope, 900 line per mm
grating, an estimated spot size of 1.1 um and a 25 pm pinhole, in order to
determine the crystalline structure of the TiO,. To further probe the
chemical composition of the coatings, X-ray photoelectron spectroscopy
was performed on the coated and uncoated particulates with an AMICUS
photoelectron spectrometer (Kratos analytical AXIS Supra+) equipped
with Mg K X-rays as the primary excitation source. The binding energy
was referenced to the C 1s line at 284.8 eV for calibration. Curve fitting
was performed applying a Gaussian function with a Shirley background.

The photocatalytic activity of all used particulates was assessed using
a dye degradation test, to establish the difference in photocatalytic ac-
tivity between uncoated BaTiOs3, as-deposited TiO»-coated and annealed
TiOs-coated BaTiOs. Methylene blue was chosen due to its frequent use
in testing for photocatalytic activity [28-31]. 1.5 g of BaTiO3 particu-
lates were used per test. An Ocean Optics DH-2000-BAL UV-VIS-NIR
spectrometer, UV-A source (2 x 15 W Sankyo Denki black light blue
lamps, peaked at 365 nm) and Spectrasuite software, which measures
and displays the absorption of light passing through the cuvette dye
solution, were used. Particulates were placed within a covered cuvette
(40 x 40 mm) with 50 mL of methylene blue solution (2 umol/L) and left
in the dark until the absorption of methylene blue on the surface of the
particulates was in equilibrium with the methylene blue in solution.
Subsequently, the samples were radiated by UV light and the degrada-
tion of methylene blue was measured for 2 h. The characteristic wave-
length of the absorption peak of methylene blue dye which was
measured is at 664.11 nm. The increase in light passing through the
solution is proportional to the degradation of the methylene blue dye.
The pseudo-first-order rate constant k, was obtained from the gradient
of the plot, In(A,/Ay) against time, where A, is the absorbance at the
start (time equals zero) and A is the absorbance at time, t. The obtained
ko values were used to compare the photocatalytic activity of each
sample [32].

The stability of the TiO, coating in terms of the production of final
products was considered. Experiments were repeated over several days,
ozone and NyOy concentrations did not show significant variation. Av-
erages of repeated measurements are presented in Figs. 8 and 9. Previous
work by the group [32,33] showed a good durability and usability of
TiO4 coating produced using magnetron sputtering.

2.3. Packed bed reactor experimental conditions

The packed bed reactor consists of two stainless steel circular mesh
electrodes, separated by BaTiOs dielectric packing particulates, and
enclosed by a 30 mm inner diameter Pyrex tube. Stainless steel funnels
at the entrance and outlet of the packed bed DBD were used to uniformly
distribute and collect the gases entering and exiting the reactor. A 12.5
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Fig. 1. Schematic of the experimental setup.

Fig. 2. SEM images of - (a) BaTiO3 particulates with no coating. (b) BaTiO3 particulates with TiO, coating. (c) BaTiO3 particulates with no coating and 10 times
increased magnification. (d) BaTiOs particulates with TiO, coating and 10 times increased magnification.
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Fig. 3. Raman spectra of — (black line) uncoated BaTiOs particulate. (red line)
annealed TiO,-coated BaTiO3 particulate for an hour at 500 °C in an air-filled
muffle furnace. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

em® packing volume was used for all experiments, with both coated and
uncoated BaTiO3 particulates being investigated. The power supply is
detailed in previous research [34]. Current and voltage measurements
were made with a Pearson 4100 current monitor and a Tektroniks
1000:1 voltage probe and were recorded on a Tektronix MDO 3014
digital oscilloscope. Applied power was calculated from the current and
voltage measurements, and was kept constant at 15 W, with a peak to
peak voltage of 8.6 kV and a frequency of 16 kHz. A total flow rate of
1-3 standard liters per minute (SLM), resulting in a residence time of
0.0111 s and 0.0037 s respectively was used. The nitrogen and oxygen
gases were used as delivered with a purity of 99.999% and 99.5%
respectively. The concentration of oxygen was varied from 3% to 21% in
3% increments and was controlled by MKS mass flow controllers. Fig. 1
shows a schematic of the experimental setup.

2.4. Gas analysis

A Perkin Elmer Spectrum Two Fourier Transform Infrared Spec-
troscopy with a Specac Tornado 5 m path length gas cell, situated about
1 m away from the reactor, was used to qualify and quantify the exhaust
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Fig. 4. XPS measurements of uncoated BaTiO3; and annealed TiO, coated BaTiO3 particulates, a and b are magnified spectra for the highlighted ranges in c.
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Fig. 5. Photocatalytic activity of various samples as determined from the
degradation of methylene blue dye.

gases from the packed bed reactor. A spectral resolution of 4 cm™! with
5 averages per scan was used. The system was flushed with nitrogen and
oxygen and allowed to reach a steady state before measurements were
commenced. Once the plasma was initiated, three measurements were
taken at equally spaced intervals and results were averaged. The con-
centrations of ozone and nitrogen oxides were determined by inte-
grating the area under each absorbance band using MatLab and then
comparing these areas to those obtained from integration between
similar limits from standard spectra database and literature. Standard
spectra for ozone was obtained from National Institute of Standards and
Technology (NIST) [35]. Pacific Northwest National Laboratory (PNNL)
database [36] was used to obtain standard spectra for NO, and N,O. The
concentration of NyOs was calculated with reference to work done by
Fitzsimmons et al. [37].
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Fig. 6. Example FTIR spectra for air plasma after the packed bed plasma
reactor with a peak to peak voltage of 8.6 kV, a frequency of 16 kHz and a total
flow rate of 1 SLM and annealed TiO, coated BaTiO3 packing material.

3. Results and discussion
3.1. Surface characterisation

SEM images presented in Fig. 2 show the surface of the BaTiOs
particulates before and after coating. Fig. 2A and C show the surface of
uncoated BaTiO3 at different magnifications, while B and D show the
surface of the TiO5 coated BaTiOs beads, at different magnifications.
Fig. 2A shows that the surface of the BaTiOg3 particulates compromises of
small micro particles, this is due to the process of forming the particu-
lates from powder by CATAL International Ltd.

Raman spectroscopy was used to verify the presence of anatase TiO;
on the surface of the coated particulates. Anatase peaks were only found
on the surface of annealed particulates as shown in Fig. 3. Characteristic
anatase peaks could be seen at 144 cm’l, 197 em ! and 399 em ! [38].
No anatase peaks were observed on the surface of uncoated BaTiOs
particulates. As-deposited TiO; coated particulates showed a similar
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0,

Fig. 7. Reaction pathways for the formation of ozone and NyOy species in
air plasma.

spectrum to that of uncoated particulates.

X-ray photoelectron spectroscopy was carried out on 100 um by
100 pm areas to analyse the stoichiometry of the surface of the partic-
ulates and enable an understanding of the role that the surface coatings
could play in non-thermal plasma experiments. Fig. 4 shows the XPS
spectra for uncoated BaTiO3 and annealed TiO coated BaTiOs. The
spectra show a clear increase in the signal of Ti 3p orbitals for TiO5
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coated BaTiOg particulates and a strong decrease in signal of Ba 4d, 4p
and 3d orbitals. This illustrates an increase in surface coverage of Ti
compared to Ba due to the TiO5 coating.

3.2. Photocatalytic activity

Fig. 5 shows the photocatalytic activity of the uncoated BaTiO3 and
with TiO;y coating, both as-deposited and annealed. As-deposited TiO;
coated BaTiOj3 particulates showed little increase in photocatalytic ac-
tivity compared to the uncoated sample due to the fact that there was no
heat treatment performed to obtain the photocatalytic active phase of
anatase. The annealed particulates showed photocatalytic activity, with
an average reaction rate constant of 1.4 x 10~> s~%, with 2.8 times in-
crease in photocatalytic activity compared to the as-deposited TiOs
coated BaTiO3 sample. This is in-line with findings in Fig. 3, illustrating
that further treatment of the TiO, coated particulates is required to
produce the photocatalytically active anatase phase.

3.3. Effect on plasma chemistry

The effect of photocatalytic coatings on plasma chemistry was
investigated using the packed-bed plasma reactor with the formation of
ozone and nitrogen oxides in flowing oxygen and nitrogen gas mixtures
being investigated. Fig. 6 shows a typical FTIR spectrum of the outlet
gases from an air plasma generated in the packed bed dielectric barrier
discharge. The main end products detected are NOy, NoO, N2Os and
ozone. The formation of energetic electrons, active nitrogen and oxygen
species in the plasma region [39-43]leads to a complex reaction scheme
resulting in the formation of the end products seen in the FTIR spectrum.
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Fig. 8. Effects of oxygen concentration on a) ozone production b) NO, production, ¢) N,O production and d) N,Os production for uncoated, coated, and coated and
annealed BaTiO3 packing material at a residence time of 0.0037 s, specific energy density of 0.3 kJ/L and an applied power of 15 watts.
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Fig. 9. Effects of oxygen concentration on a) ozone production b) NO, production, ¢) N,O production and d) N,Os production for uncoated, coated, and coated and
annealed BaTiO3 packing material at a residence time of 0.011 s, specific energy density of 0.9 kJ/L and an applied power of 15 watts.

A simplified reaction scheme for the production of nitrogen and oxygen
species using atmospheric pressure plasmas was developed with refer-
ence to literature [37,39,43-48] and is shown in Fig. 7.

The effect of coating conditions and gas residence time on the pro-
duction of ozone and nitrogen oxides species was investigated and re-
sults are presented in Figs. 8 and 9.

Fig. 8 represents the effect of uncoated, as-deposited TiO,-coated and
annealed TiO,-coated BaTiO3 on the formation of ozone and nitrogen
oxides as a function of oxygen concentration in oxygen-nitrogen
plasmas. The total flow rate was set to 3 SLM, giving a residence time
of gases in the plasma region of 0.0037 s and specific energy density of
0.3 kJ/L. SED is calculated by dividing the applied power by the total
flow rate. The applied power was measured as the total power supplied
to the packed-bed plasma reactor; this is not to be confused with plasma
power.

Results show that negligible concentrations of ozone and nitrogen
oxide species were detected with uncoated BaTiO3 particulates. How-
ever, increased concentrations of all these species were observed with
the use of TiO coated particulates indicating modification of the plasma
chemistry as a result of plasma surface interaction.

Fig. 8-a shows the effect of oxygen concentration and coating con-
ditions on the formation of ozone. Ozone is mainly produced in non-
thermal plasmas by a two stage reaction scheme with the collision of
oxygen and electrons followed by the three body reaction as seen in Eqs.
(1) and (2) [49].

0,+e=20+e (€D)]

0+0,+0,-0;+0, 2

In the case of uncoated BaTiO3, small concentrations of ozone gen-
eration were detected in the outlet gases of the plasma reactor. The
dielectric constant for BaTiOs is in the range of 5000-15000, this leads
to the formation of a strong electric field at the contact points between
the particulates, which is thought to cause the decomposition of any
ozone that is generated in the plasma [12]. Various studies, as sum-
marized by Chen et al. [46], confirm that particulates with too high
dielectric constants can cause the decomposition of ozone, it is theorized
that hot spots at the contact points between the particulates cause this
decomposition.

A clear increase in ozone concentration was observed when the
BaTiO3 was coated with TiOs. It is thought that this is due to the reduced
dielectric constant of the coated particulates. TiO2 has a much lower
dielectric constant, in the range of 17-64 [50], compared to BaTiOs. As a
result, the electric field at the contact points between the coated par-
ticulates is reduced, which in turn reduces the decomposition of ozone at
these contact points. Moreover, in the presence of photocatalytically
active annealed TiO,, the formation of ozone is thought to be further
enhanced due to the generation of O3 [51], via the following reaction
[49,52].

0, +0-0;+¢ 3

In the case of the as-deposited TiO,, both the lack of O3 production,
and the oxygen vacancies present at the surface of the particulates,
which act as a sink for the atomic oxygen, reduces the rate of production
of ozone in comparison to using photocatalytically active annealed TiO»-
coated BaTiOs. The oxygen vacancies are significantly reduced when the
TiO5 has been annealed in air, and the vacancies have been filled. With
both annealed and as-deposited TiO; coated beads, ozone concentration
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increased with increasing oxygen concentration as a result of increased
production of active oxygen molecules and atoms in the plasma region
leading to increased formation of ozone as described in Egs. (1) and (2).

Fig. 8-b,c and d show the effect of oxygen concentration and coating
conditions on the formation of NO,, N2O and N3Os respectively. An
increase of the concentration of all NxOy species was noticed with TiO2
coated particulates compared to uncoated particulates. This is mainly
due to the formation of ozone, as explained earlier, which activates the
pathways to the formation of NO, NO, and subsequently the formation
of NoO and N,Os as explained in the reaction pathway in Fig. 6.
Furthermore, the formation of NyOs reduces the final concentration of
NO; and N30 as N3Os is mainly formed via a two-stage reaction scheme
consuming NO,, limiting the amount of NO, available to react with
nitrogen atoms and form N2O [53].

The effect of increasing the residence time of gases in the plasma
region was investigated and results are shown in Fig. 9. The total flow
rate was reduced to 1 SLM, giving a residence time of gases in the plasma
region of 0.011 s and SED of 0.9 kJ/L. The effect of the coating condi-
tions and oxygen concentration with the increased residence time was
investigated.

Again, a clear difference in the concentration of ozone and nitrogen
oxide species can be seen as a result of coating conditions, indicating
that plasma chemistry was modified as a result of plasma surface
interaction. Ozone and NOs were only detected with annealed TiO»-
coated BaTiO3 as shown in Fig. 9-a and d respectively. The formation of
ozone in the presence of photocatalytically active annealed TiO»-coated
BaTiOs, is a direct result of the formation of O3 species as explained
previously. Negligible concentration of ozone was detected with un-
coated and as-deposited TiO; coated BaTiOs. The effect of the strong
electric field at the contact points of the particulates, in the case of
uncoated BaTiOs, and the effect of the oxygen vacancies on the surface
of the as-deposited TiOs-coated BaTiOg is thought to be increased with
increased residence time. The longer residence time of the gases in the
plasma leads to more decomposition of ozone at the contact points of the
uncoated particulates, and an increased consumption of atomic oxygen
at the oxygen vacancies on the surface of the as-deposited TiO,-coated
particulates. As the formation of N»Os is directly linked to the formation
of ozone via a two-stage reaction scheme with NO5 to form NOsg, fol-
lowed by further reactions between NO3 and NOs to form N2Os [53], no
formation was detected with uncoated and as-deposited TiO» coated
BaTi03.

The formation of NO5 and N0 shown in Fig. 9-b and ¢ showed an
increased concentration with uncoated BaTiO3 and as-deposited TiOo-
coated BaTiO3 compared to annealed TiO,-coated BaTiOs. This is a
direct result of the absence of ozone related chemical pathway reactions
that lead to the formation of NOs, limiting the amount of NO, available
to react with nitrogen atoms and form N»O. Furthermore, in the case of
as-deposited TiO,, the concentration of NO3 and N0 were less than that
with uncoated BaTiOs. This is a result of the oxygen vacancies on the
surface of the as-deposited TiO,, leading to a reduced availability of
atomic oxygen that could react with NO and N3 to form NO3 and N»O
respectively.

Results showed an increase in the formation of NO; and N,O with
increased residence time when uncoated and as-deposited TiO»-coated
particulates were used. When the residence time is increased, more
active species were formed in the plasma, increasing the chemical re-
actions taking place, and subsequently causing further formation of NO,
and NyO. The concentration of all detected species increased with
increasing concentration of oxygen, this is a direct result of increased
formation of active oxygen molecules and atoms in the plasma region
leading to increased formation of end products.

Increasing the residence time by mean of reducing the total flow rate,
leads to an increase of the SED. It is reported that increasing the SED in
air plasma leads to increased concentrations of NOy and N»O, which in
turn stops the formation of ozone. Increasing the SED leads to fast re-
actions of oxygen atoms with NOy forming NO and NO; and
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subsequently N5O, an effect known as discharge poisoning [47]. Our
results for uncoated and as-deposited TiOz-coated particulates are in
agreement with these findings. However, the presence of photo-
catalytically active annealed TiO,-coated BaTiOs stopped the effect of
discharge poisoning with increased SED. No increase in the concentra-
tion of NOy and N,O was observed. The increase in NoOs concentration
after the reactor must be a result of increased ozone formation within the
reactor. This again proves that photocatalyst have a significant effect on
plasma chemistry. More investigations are required to further under-
stand the role that the photocatalysts play in stopping the discharge
poisoning effect in air plasma.

In summary, increasing the residence time of gases in the plasma
region allowed for the formation of more active species per unit volume,
resulting in further chemical reactions taking place both in the gas phase
and due to the gas-catalyst surface interaction.

4. Conclusion

A comprehensive study of the effects of combining photocatalytic
materials with plasma on the plasma chemistry of nitrogen and oxygen
mixtures has been carried out. In this case, TiO, coatings were deposited
by magnetron sputtering onto BaTiO3 particulates and used in a packed
bed dielectric barrier discharge. The presence of TiO, on the surface of
the packing material affects the plasma chemistry through acting as an
atomic oxygen sink, photocatalytic formation of O3, and modification of
the dielectric constant of the BaTiOs particulates. The photocatalytic
activity of the coated particulates was improved by annealing the TiO,,
which enabled the formation of the anatase phase. The results show that
the anatase phase is responsible for the improved production of desired
products, O3 and N2Os through the photocatalytic formation of O3
species, which enhanced the formation of ozone via reaction (3). This in
turn resulted in enhanced formation of N2Os through the two-stage re-
action scheme consuming NO; and subsequently limiting the formation
of NO. The increase in NyOs formation in the presence of annealed
TiO9, opens up a potential new route for synthesis of this industrially
significant chemical. Moreover, the presence of photocatalytically active
annealed TiOs-coated BaTiOs3, stopped the effect of discharge poisoning
with increased SED. The findings of this study show that it is possible to
tailor the plasma chemistry of nitrogen and oxygen mixtures through the
modification of the plasma facing materials and surfaces, optimising
yields of ozone and NOs whilst limiting the formation of harmful by-
products.
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