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Abstract

Commercial titanium dioxide is successfully plasma-treated under ambient
conditions for different periods, leading to reduced crystallite size and the cre-
ation of oxygen vacancies. Density functional theory-based calculations reveal
the emergence of additional localized states close to the conduction band, pri-
marily associated with under-coordinated titanium atoms in non-stoichio-
metric titanium-oxide systems. The plasma-treated samples exhibit improved
photocatalytic performance in the degradation of methylene blue compared to
untreated samples. Moreover, the 4-hour plasma-treated photocatalyst dem-
onstrates commendable stability and reusability. This work highlights the po-
tential of cost-effective plasma treatment as a simple modification technique
to significantly enhance the photocatalytic capabilities of titanium-oxide ma-
terials.
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1 | INTRODUCTION

Industrial activities, such as leather, paper, and textile
production, generate hazardous waste containing the
cationic dye, methylene blue (MB), which poses sig-
nificant health risks and requires effective removal from
industrial effluents [1,2]. Titanium dioxide (TiO,) and its
composites have emerged as highly versatile compounds
with applications in hydrogen evolution reactions and
sensor devices, but their most crucial application is as
photocatalysts [3-5]. Materials comprising titanium ox-
ide in various forms have displayed substantial potential
as highly efficient photocatalysts for a wide range of re-
actions involved in water and air purification [6-9]. This
efficacy is primarily attributed to their chemical stability,
non-toxic nature, and exceptional reactivity.

Titanium oxide-based photocatalysts operate by gen-
erating electron-hole pairs through band gap excitation.
These pairs are subsequently transferred to surface-ad-
sorbed substrates, a process influenced by the competi-
tion of charge recombination. Thus, the efficiency of tita-
nium oxide as a photocatalyst largely depends on its
ability to efficiently separate charges, its surface area,
and the exposure of reactive facets to the environment.
However, commercial titanium dioxide possesses low
surface area, a wide bandgap, and rapid charge recombi-
nation, all limiting its photocatalytic efficiency.

Several strategies have been devised to enhance the
photocatalytic performance of titanium oxide materials.
These methods include nonmetal or metal doping, syn-
thesis of “black” titanium dioxide, expansion of surface
area through chemical treatments and sol-gel synthesis,
deposition on high-surface-area substrates like graphene,
and the use of hydrothermal methods [10-16]. These
modifications commonly alter the band structure of tita-
nium oxide, extending its absorption range and/or im-
proving charge separation, thus reducing electron-hole
pair recombination time.

Another cost-effective method to enhance the photo-
catalytic performance of titanium dioxide is through
plasma treatment. This modification technique increases
the effective surface area, improves hydrophilicity, and
enhances reactivity by creating highly reactive species
like oxygen radicals and vacancies, which in turn leads
to the formation of defective species like Ti’*" [17-20].
The active sites facilitate the breakdown of organic pol-
lutants and other molecules during photocatalysis via a
delayed electron-hole recombination process. This study
explores the improved photocatalytic activity of plasma-
modified titanium dioxide under ambient conditions. To
investigate the influence of treatment time, samples

treated from one to four hours were analyzed. The
investigations include changes in its morphology, chem-
ical speciation, and charge-transfer resistance, along
with evaluating the composites’ photocatalytic perform-
ance in methylene blue degradation.

Molecular dynamics simulations have emerged as an
indispensable tool to provide insights into the atomistic
characteristics of titanium-oxide materials that hold par-
amount importance in predicting their photocatalytic
performance. Many investigations have aimed to reveal
crucial material properties using molecular dynamics
simulation, including structural features (bond di-
mensions, angles, and dihedrals), energetic factors (total/
activation energies, heats of formation, and thermody-
namic properties), spectroscopic characteristics (vibra-
tional patterns, chemical shifts, and absorption onsets),
and electronic attributes (band structures, density of
states, and charge redistribution) [21-25].

Preceding any molecular simulation investigation
of titanium-oxide systems, the foremost priority is the
construction of precise computer models that faith-
fully represent the material of interest. The quality of
the calculations heavily relies on establishing an ap-
propriate starting geometry [26-29]. To illustrate, at-
tempting to characterize the properties of a non-stoi-
chiometric, amorphous variant of a modified titanium-
oxide material by employing a crystalline structure of
stoichiometric titanium dioxide can lead to erroneous
conclusions. Hence, attention must be devoted to this
critical phase of the research. In this context, and to
provide support to experimental observations, this
study also employs density functional theory within
the Vienna ab initio simulation package (VASP) to
particularly examine the impact of oxygen vacancies
on the electronic density of states of titanium sub-
oxides (TiO,_,, where x<2). The discussion is limited
to the creation of localized electronic states in the gap
region between the valence band minimum and con-
duction band maximum. The computer models are
constructed using a well-defined protocol that begins
with randomly distributed titanium and oxygen atoms
in a cubic box. This procedure leads from stoichio-
metric to non-stoichiometric titanium-oxide models,
ultimately resulting in representative structures of the
amorphous phase induced by plasma treatment of
crystalline titanium dioxide.

Overall, the results obtained from this work highlight
the potential of air-plasma treatment as a cost-effective
and promising approach to tailor titanium dioxide prop-
erties for efficient industrial dye degradation and envi-
ronmental remediation.
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2 | MATERIALS AND METHODS

2.1 | Sample preparation

50 mg of titanium dioxide (99.8 %, CAS No: 1317-70-0,
Sigma-Aldrich) was uniformly spread in a flat-bottom
tube (35 mm X12 mm soda lime glass) and wetted with
200 uL. of deionized water to ensure surface uni-
formity. The plasma treatment was conducted at at-
mospheric pressure using a discharge potential of
15kV and a frequency of 25 kHz. The anode material
was a stainless-steel needle that was positioned 20 mm
apart from a copper tape cathode as described else-
where [30-33]. The prepared samples were divided
into five groups based on the duration of plasma treat-
ment (ranging from 0 h to 4 h). The underlying mech-
anisms at play during plasma treatment of titanium di-
oxide involve the energetic bombardment of its surface
by highly reactive plasma species. The high temper-
atures and kinetic energies associated with plasma
treatment provide oxygen atoms with the necessary
thermal energy to escape their binding sites within the
crystal lattice, leading to oxygen vacancy formation.
However, as the concentration of oxygen vacancies in
titanium dioxide increases the number of available va-
cant lattice sites decreases [34,35]. Consequently, in-
troducing additional vacancies becomes progressively
more challenging. It is worth mentioning that, while
this work does not provide explicit details, the initial
analysis involved plasma treatment for a 5-hour dura-
tion. Nevertheless, there were no discernible improve-
ments compared to the 4-hour treatment, leading to
the discontinuation of the evaluation of the 5-hour
plasma-treated samples. This observation reflects the
delicate equilibrium between the energy input from
plasma treatment and the intrinsic constraints im-
posed by the crystal lattice's ability to accommodate
oxygen vacancies in titanium-oxide systems.

To minimize statistical error, three samples were pre-
pared in each group for subsequent experiments, result-
ing in a total of 15 samples. The plasma-treated samples
were labeled as P¢h (where £=1, 2, 3, 4), while three
precursors (untreated samples) served as controls and
were labeled as POh. After plasma treatment, the sam-
ples were washed and filtered using deionized water fol-
lowed by drying in a vacuum oven at 60°C for 24 hours.
Methylene blue dye, purchased from Sigma-Aldrich, was
used without any treatment to assess the photocatalytic
degradation capability of the samples.

2.2 | Structural, physiochemical, and
electrochemical analysis

The surface morphology and elemental analysis were ex-
amined using a field emission scanning electron micro-
scope with an integrated energy-dispersive x-ray spec-
trometer. The structure and crystallite size of the
prepared samples were analyzed using an x-ray diffrac-
tometer with a copper K, radiation source. The chemical
configuration was investigated using x-ray photoelectron
spectroscopy with an aluminum K, x-ray source, and a
pass energy of 20 eV.

Photo-electrochemical characterizations were per-
formed using a three-electrode system with one mole of
sulfuric acid used as the electrolyte. The Bio-logic (SP-
150) EC-Lab instrument was used for electrochemical
performance investigations. The working electrode was a
glassy carbon electrode, with silver/silver-chloride as the
reference electrode and platinum wire as the counter
electrode. For analysis, a dispersion of the sample in iso-
propyl alcohol was drop-casted on the working elec-
trode. Additionally, Electrochemical impedance spectro-
scopy was conducted in the frequency range of 100 MHz
to 500 kHz for photo-electrochemical characterization.

The photodegradation experiments were conducted
at room temperature using methylene blue solution with
a concentration of 1.6x107*M (10 mg in 200 mL of de-
ionized water). 40 mg of the samples were added to this
solution in a 35 mm %12 mm flat bottom glass tube. The
mixture was magnetically stirred in the dark for 30 mi-
nutes to establish absorption/desorption equilibrium. At
specific time intervals during the irradiation, 3 mL of the
solution was extracted and centrifuged at 7000 min~* for
30 minutes to remove any remaining photocatalyst. The
dye content in the centrifuged solution was analyzed us-
ing an ultraviolet-visible spectroscopy spectrometer. Ad-
ditionally, the photocurrent responses of the samples
were measured at a constant potential of +1.0 V with
on-off intervals of ultraviolet irradiation lasting 30 sec-
onds.

2.3 | Molecular simulation

Three models of stoichiometric titanium dioxide (TiO,)
were generated using the quench-from-melt scheme,
which has been successfully utilized in building models
of titanium-oxides [26,27,36]. Using this approach, 192
atoms, consisting of 64 and 128 titanium and oxygen
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atoms respectively, were randomly distributed in a cubic
box to achieve a density of 3.8 g/cm®. To simulate melt,
the models were annealed at 2500 K for 9 ps, After the
first 2 ps, 3 liquid titanium dioxide configurations were
selected at 2 ps intervals till the end of the annealing
simulation. Each model was then independently cooled
to 2200 K over 5 ps and equilibrated for another 5 ps.
The models were further cooled to 1200 K at a rate of
80 K/ps and then equilibrated at this temperature for
2 ps. After this, they were taken to 300 K at a rate of
75 K/ps followed by conjugate gradient relaxation to an
energy-minimum configuration.

To simulate oxygen-vacancies in non-stoichiometric
titanium suboxide, depicted as TiO,_, (where x<2), the
models were initiated by randomly removing oxygen
atoms from the stoichiometric structures. Following this,
the systems underwent a two-step process: first, they
were heated to 550 K over 2 ps, then gradually cooled
down to 300 K within 2.5 ps. Subsequently, the models
were subjected to relaxation until they reached an en-
ergy-minimized configuration using conjugate gradient
relaxation. Given that the distribution of vacancies sig-
nificantly impacts electronic localization and stability, a
set of nine models was constructed. These models con-
sisted of three variations, each containing 1, 5, or 10 oxy-
gen vacancies. The ensuing discussion in this work en-
compasses observations made across all these models.

The calculations were implemented within the Vien-
na ab initio simulation package (VASP). The models
were constructed using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA) for the
exchange-correlation functional [37]. A plane-wave basis
set with a kinetic energy of 450 eV was used to expand

2 hours after mixing

the electronic wave functions. Since generalized-gradient
approximation does not provide the correct electronic
structure of the oxides of titanium, the electronic struc-
ture calculations were performed using the generalized
gradient approximation with the Hubbard U correction,
which is generally accepted to improve the electronic
structure results [22,23]. Values for U, between 2 eV to
3 eV, been reported to correctly describe the excess elec-
trons localization on titanium sites (Ti 3d states), hence
in this work, a U value of 2.5eV was utilized [22,23].
Static calculations were performed using a plane-wave
cutoff of 540 eV with a convergence criterion of 107> eV.
All simulations were performed under periodic boun-
dary conditions using a single I" k-point.

3 | RESULTS AND DISCUSSION

Hydrophilicity plays a crucial role in aiding photo-
catalysis, particularly in the context of photocatalytic re-
actions driven by semiconductor materials such as tita-
nium dioxide or other similar photocatalysts. A physical
examination of the hydrophilicity of the samples was
conducted by mixing the samples with distilled water to
create suspension and then allowing this mixture to set-
tle on a flat surface. The untreated POh sample settled
after just 1 hour, whereas the P4h sample took up to
4 hours to fully settle. The inclusion of a 5-hour treated
sample demonstrates that plasma treatment duration of
4 hours yields optimal hydrophilicity, Figure 1. These re-
sults indicate that plasma treatment enhanced the hy-
drophilicity of the titanium-dioxide, resulting in a stron-
ger affinity for water molecules. Consequently, providing

4 hours after mixing

FIGURE 1 Visual inspection of the samples’ hydrophilic characteristics over time.
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more reactive sites for photocatalytic reactions and
facilitating the generation of highly reactive hydroxyl
radicals (*\OH) - crucial for pollutant degradation. More-
over, hydrophilicity of the photocatalyst surface mini-
mizes aggregation or agglomeration, which can impede
photocatalytic activity.

The x-ray diffraction peaks for the untreated sample
(POh) were observed at 25.1°, 36.7°, 37.6°, 38.3°, 47.9°,
53.7°, 54.9°, and 61.9°. These peaks align close to the
(101), (103), (004), (112), (200), (105), (211), and (204)
crystallographic planes of anatase titanium dioxide
(JCPDS no. 00-021-1272), Figure 2. While the plasma-
treated samples exhibited similar diffraction peaks, their
intensities decreased with increasing treatment duration.
Notably, for P4h, the (103) and (112) peaks nearly dis-
appeared. Additionally, the prominent peak at 25.1°
slightly shifted to 25.08°, 24.72°, 24.56°, and 24.58° in
P1h, P2h, P3 h, and P4h, respectively. These shifts and
intensity reductions in the diffraction peaks could have
resulted from several factors, including structural mod-
ifications, lattice defects, or the presence of impurities
due to the plasma process.

To investigate the underlying cause of the reduced
peak intensity, we utilized the modified Scherrer for-
mula to obtain the average crystallite size of the samples

(101)

(004)
L (103) | (112)

(ZRO) (105) 211) (504
M A

POh

E)

8

z |emn M | Y —

8

£ | P2h J A AN A
| p3n | A A
| P4h A A A AN A
20 30 40 50 60

20 (degrees)

FIGURE 2 X-ray diffraction spectrum for the samples. The
spectra were shifted vertically for clarity.

based on the width of the x-ray diffraction peaks [38].
We start by taking the logarithm of the basic Scherrer
formula [39]:

1

cos(6) @

K- A
ln,B:lnT+ln

where D is the average crystallite size, K is the shape fac-
tor (typically taken as 0.9), 4 is the x-ray wavelength, 8 is
the full width at half-maximum (FWHM) of the dif-
fraction peaks for 20 values corresponding to the (101),
(105) and (204) planes. The single-valued crystallite size
(D), which decreased with increasing plasma treatment
duration, was obtained from the exponent of the inter-

cept (el"%;) in the linear plot of Ing vs In(1/cos6), second

column in Table 1. Additionally, scanning electron mi-
croscope images of the sample’s surface morphology in-
dicates that the samples exhibited a finer structure as the
plasma treatment time increased, Figure 3. Particularly,
P4h displayed a smooth and refined texture compared to
the rough structure of POh — a consequence of the re-
duced crystallite size.

The elemental composition of the samples from the
energy dispersive spectroscopy measurements indicates
that the plasma treatment significantly reduced the rela-
tive atomic weight percentage of oxygen in the treated
samples, Table 1 (third and fourth columns). This reduc-
tion in oxygen content prompted further investigations
into the chemical state of the samples, carried out using
x-ray photoelectron spectroscopy measurements. The

TABLE 1 Average crystallite sizes (D) calculated using
Scherrer formula (column II), and the relative weight percentages
of titanium and oxygen in the samples, obtained from the energy
dispersive spectroscopy analysis (columns III and IV).

Sample D [nm] Ti [wt. %] O [wt. %]
0h 3591 61.41 38.59
P1h 34.42 62.70 37.29
P2h 30.44 65.14 34.86
P3h 29.18 65.73 34.37
P4h 26.13 67.99 32.01

FIGURE 3 Scanning electron microscope images for the samples; (a) POh, (b) P1h, (c) P3 h, and (d) P4h.
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results revealed a remarkable shift in the peaks
corresponding to titanium-2p states, Figure4. In the
pristine sample (POh), distinct titanium 2p doublet peaks
were observed at 459.1 eV and 464.8 eV, representing the
Ti**2p,, and Ti**2p,,, states, respectively. However, in
P4h, these doublet states were shifted to higher energies,

- a=459.1eV
- b=464.8 eV

Intensity (a. u.)

458 460

- a=459.5eV
- b=465.4eV
-== c=461.1eV

Intensity (a. u.)

458

460 462 464
Binding Energy (eV)

FIGURE 4 X-ray photoelectron spectroscopy data showing
the (a) Ti4 +2p3/2, (b) Ti4 +2p1/2, and (c) Ti3 + 2p3/2 states of
POh and P4h samples.

specifically at 459.5eV and 465.4¢eV,

respectively.

Interestingly, a deconvolution analysis of the P4h spec-
trum revealed the presence of an additional state at
460.1 eV, corresponding to the Ti’*2p,, state. The ob-
served shift in energy and the emergence of the Ti’"
state in the plasma-treated sample result from oxygen
vacancies within the system. These vacancies, in turn,
give rise to donor states located within the bandgap of
titanium dioxide [40].

Molecular dynamics simulations were employed to

complement the x-ray photoelectron spectroscopy meas-
urements, offering additional insight into the manifes-
tation of Ti*" species due to the presence of oxygen va-
cancy sites. Within these simulations, the electronic
structure of stoichiometric titanium dioxide (TiO,)
showed a clear gap region situated between the valence
band minimum and conduction band maximum, Fig-
ure 5a. Notably, the width of the band-gap in stoichio-
metric titanium dioxide approximates 2.3 eV, consistent
with previous findings for the anatase phase of titanium
dioxide [41,42].

In contrast, the introduction of oxygen vacancies into

the models, forming non-stoichiometric titanium-oxide
(TiO,.,), resulted in the emergence of new Kohn-Sham
states within the gap region, Figure 5b—-d. The presence
of these gap states introduces additional energy levels
which serve as effective traps for photogenerated elec-
trons, significantly impeding rapid electron-hole re-
combination [43]. This trap states promote efficient
charge carrier separation by enabling photo-generated
electrons to actively engage in redox reactions on the
surface of titanium-oxide-based photocatalyst.

Unlike the models featuring 1 and 10 oxygen vacancy

sites, the electronic density of states for the model with 5

0.4

2.0

0.4

Eg =2.37 eV (a)

—— Total
— O-p
— Tid

| (C) —— Total
— O-p
— Tid
-1 0 1 2

Energy [eV]

(b)

04}

Total
O-p
Ti-d

Hos
Ho0.6
{04

10.2

2.0

0.4

Energy [eV]

FIGURE 5 Total (black line) and partial (colored lines) electronic density of states (EDoS) plots for stoichiometric (a) and non-
stoichiometric titanium-oxides with 1, 5, and 10 oxygen vacancy sites (b, c, and d respectively). The gray lines represent the extent of
localization of the Kohn-Sham states, as calculated using the inverse participation ratio (IPR).
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oxygen vacancy sites did not exhibit localized states
within the gap, Figure 5c. While the complex interplay
between vacancy distribution, electron localization, and
structural stability is beyond the scope of this work, an
in-depth analysis is anticipated in future research. Nev-
ertheless, it is worth appreciating the intricacy of this re-
lationship by comparing the energy-optimized local con-
formation of the model featuring 5 oxygen vacancy sites
before and after vacancy creation. During the energy
minimization phase, a substantial number of under-co-
ordinated titanium atoms, resulting from the oxygen va-
cancies, exhibited a strong preference for forming new
bonds with 2-coordinated oxygen atoms in their vicinity,
effectively stabilizing back to their initial bond coordina-
tion before the oxygen vacancies arose, Figure 6. This
bond rearrangement did not occur in all the models, an
example is the model with a single oxygen vacancy site
where the titanium atoms did not form new bonds after
relaxation, Figure 7.

The extent of localization of the Kohn-Sham states (¢)
was quantified using the electronic inverse participation ra-
tio (IPR) as defined by Equation 2 [44,45]:

i, [

Ay @
(ile[)

I(¢n) =

where a, denotes the contribution to the eigenvector (¢,)
from the i" atomic orbital. The IPR with high (low) values
indicates localized (extended) states, gray lines in Figure 5.
The states created in the gap region were localized on the
titanium atoms, blue line in Figure5b, d. This

phenomenon was particularly evident in the model with a
single oxygen vacancy, where the dangling bonds on the
titanium atoms, a consequence of the oxygen vacancies, re-
mained immobile. These under-coordinated titanium
atoms did not establish bonds with any other oxygen atoms
in their relaxed configuration. Consequently, the defective
state resulted in the presence of a localized state, at
2.76 eV. The projection of the localized states on the atoms
indicated that the state was exclusively localized on the 3
titanium atoms that were initially bonded to the removed
oxygen atom that created the vacancy site, Figure 7.
Although no clear gap state was observed for the tita-
nium-oxide model with 5 oxygen vacancy sites, there
were notable manifestations of states with appreciable
inverse participation ratio values occurring at the tails of

FIGURE 7 The projection of the localized state at 2.76 eV in
the model with 1 oxygen vacancy (discussed in Figure 5b). In (a),
the black oxygen atom marks the vacancy‘s location, and the
predominantly responsible titanium atoms are depicted in blue.
Atom contributions to the localized state are indicated by their
size, with larger radii indicating greater localization. Oxygen and
titanium atoms are shown in gray and red, respectively.

. Oxygen atoms

' Oxygen vacancies

O Titanium atoms

Titanium near to

O 2-coordinated Oxygen
vacancy sites

Titanium near to
3-coordinated
Oxygen vacancy sites

FIGURE 6 The upper panel shows the stoichiometric titanium dioxide model before random oxygen vacancy creation (the oxygen
atoms that create the vacancies are shown in black). The lower panel displays the energy-optimized configuration. Titanium atoms near
the oxygen vacancy are color-coded: yellow (2-coordinated oxygen proximity) and blue (3-coordinated oxygen proximity). Red and gray

colors represent other oxygen and titanium atoms, respectively.
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the conduction band, Figure 5c. Nevertheless, a closer
examination of the projection of these states onto the
atoms in the energy range from 2.84 eV to 3.09 eV, in-
dicates that they were not truly localized, as they were
distributed across a limited number of atoms, Figure 8.
This ,,pseudo-localization” phenomenon can be attrib-
uted to the stabilization of the under-coordinated tita-
nium atoms following energy relaxation, leading to a

—— Total — Tid 103

— O

2.85 2.90 2.95 3.00 3.05
Energy [eV]

FIGURE 8 Localized states near the conduction band edge in
a non-stoichiometric titanium-oxide with five oxygen vacancy
sites. These states (a, b, and c) are projected on the atoms in the
lower panel.
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FIGURE 9 (a) The resulting solution after complete MB
degradation using all the samples. (b) Photocatalytic degradation
of methylene blue using the samples (c) Time-dependent
degradation of methylene blue (MB) using the P4h sample for
210 minutes. (d) Spectra from ultraviolet-visible spectroscopy at
the absorption peak around 600 nm for MB degradation using the
P4h sample.

system-wide restructuring. The restructuring resulted in
strained bonds in specific regions of the model to com-
pensate for the structural rearrangement. These ob-
servations portray the influence of vacancy distribution
on electron localization and the stability of these de-
fective structures, a facet further complicated by the lo-
cal amorphous structure of the non-stoichiometric tita-
nium-oxide system.

The x-ray photoelectron spectroscopy data showing
the presence of Ti’" states, and the localized gap states
obtained from density functional theory calculations, are
supported by the photo-degradation of methylene blue
under ultraviolet irradiation. It is worth noting that all
samples displayed significant degradation of the methyl-
ene blue dye over different periods, Figure 9a. The per-
centage of photo-degradation (D) of the dye is de-
termined based on the initial dye concentration (C,) and
the concentration at the observation time t (C,) as:

D=(1—ﬁ> x 100 % 3
G

The optimal point of degradation for methylene blue
was determined by its convergence to a specific value. In
the case of samples POh and P1h, this convergence oc-
curred after 240 minutes, resulting in an approximate
74% degradation of methylene blue, Figure 9b. Con-
versely, sample P4h achieved convergence after just
180 minutes, with a mere 7% of the dye remaining in the
solution, Figure 9c. The close similarity between the UV-
Vis spectra obtained at 180 minutes and 210 minutes
suggests that the optimal degradation time for the P4h
sample is 180 minutes, Figure 9d.

To quantitatively evaluate the photocatalytic activity
of the catalysts, the reaction rate constants (k) were de-
termined by first-order approximation of the Langmuir-
Hinshelwood kinetic equation given as [46]:

CO _ ~
—In (E) = kKt =~ kt “

k and K are the degradation rate constant and equili-
brium constant for the adsorption of methylene blue by
the catalyst respectively. x is the apparent rate constant
[47]. The apparent rate constants of 0.018, 0.018, 0.019,
0.022, and 0.025 min"' were obtained for POh, P1h, P2h,
P3 h, and P4h, respectively. The increased apparent rate
results from the shallow trap states in the plasma-treated
samples that facilitate the separation of photo-generated
electron-hole pairs. This allows more sites to become
available for the adsorption of water molecules to pro-
duce hydroxyl radicals ("OH), and thus increase the deg-
radation rate.
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Based on these results, a proposed photo-degradation
mechanism of methylene blue using the plasma-treated
samples involves an initial step wherein oxygen vacan-
cies are formed within the titanium dioxide lattice. This
leads to the formation of a modified material, denoted as
TiO,_,, which signifies the presence of oxygen vacancies:

TiO, + heat — TiO,_, (5)

Furthermore, in the presence of these oxygen vacan-
cies, TiO,_, has a high affinity to adsorb oxygen mole-
cules (O,) onto its surface [48]:

TiO,_, + 0, — Tioz—x(oz) (6)

Under the influence of ultraviolet irradiation (hv),
the adsorbed oxygen molecules on TiO,_, becomes ener-
gized to an excited state (TiO,_(O,)*):

TiO,_, + hv — TiOz,x(Oz)* ™

The presence of Ti*" species facilitates the transfer of
electrons to the adsorbed oxygen, resulting in the for-
mation of super-oxide radicals (O7) and the conversion
of Ti*" to Ti*":

TiO, ,(0,)" + Ti** — TiO, , + 0; + Ti** (8)

Finally, the super-oxide radicals proceed to undergo a
reaction with water, yielding hydroxyl radicals (*OH).
This crucial reaction is notably enhanced in the plasma-
treated samples, which exhibit improved hydrophilicity -
a prerequisite for hydroxyl radical generation. These hy-
droxyl radicals then interact with the methylene blue
dye, catalyzing its degradation into a range of inter-
mediate products and, ultimately, achieving complete
mineralization:

0, + H,0 — OH + OH 9)

methylene blue + OH — Degradation Products  (10)

Electrochemical impedance spectroscopy was em-
ployed to investigate the surface charge transfer resist-
ance of the samples, providing valuable insights into
their electrochemical behavior. The semicircular Nyquist
plot corresponds to the charge transfer resistance at the
electrode interface, Figure 10. To analyze this impedance
behavior, an equivalent circuit was utilized. The circuit
comprises several components: R; and R, represent the
bulk resistance of the electrolyte and the charge transfer
resistance respectively. W is Warburg impedance and
CPE corresponds to the constant phase element, inset in

Figure 10. The Nyquist plot clearly illustrates that P4h
exhibits the smallest semicircle, indicating the most rap-
id interfacial charge transfer and efficient separation of
photo-generated charges. The calculated charge transfer
resistances for POh, P3h, and P4h were found to be
19.8 Q, 17.7 Q, and 16.9 Q, respectively. These findings
suggest that time-dependent air plasma treatment of tita-
nium dioxide effectively retards the recombination of
photo-generated charge carriers and facilitates interfacial
charge transfer.

To gain deeper insights into the recombination rate
of the composite, the photocurrent responses of the sam-
ples were also examined. The initial photocurrent re-
sponses of the samples upon toggling the ultraviolet on
and off showed sharp anodic spikes, indicating the sepa-
ration of electron/hole pairs at the catalyst/electrolyte in-
terface, Figure 11. Subsequently, a time-dependent
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—— P4h
c
N 5k
E
0 . . . :
5 10 15 20
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FIGURE 10 Electrochemical impedance spectroscopy
Nyquist plots under ultraviolet irradiation. Only the plots for POh,
P3 h, and P4h samples are displayed. The inset depicts the
equivalent circuit used for the experiment.
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FIGURE 11 Transient photocurrent response under
ultraviolet irradiation.
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decrease in photocurrent occurs until reaching a steady-
state current. This decline signifies the occurrence of
electron-hole recombination. At the equilibrium current,
a delicate balance is achieved between the competing
processes of separation and recombination of electron-
hole pairs. Notably, P4h exhibits the highest photo-
current, displaying a pronounced anodic peak. This sug-
gests a delayed recombination process, leading to a more
efficient separation of electron/hole pairs. Furthermore,
the gradual decay of photocurrent to zero upon light de-
activation indicates the release of charge carriers from
shallow trap states. This observation implies a higher
concentration of oxygen vacancies in P4h resulting from
extended plasma treatment.

The reusability of the P4h photocatalyst for methyl-
ene blue degradation was examined through the analysis
of transient photocurrent response. The P4h photo-
catalyst was subjected to centrifugation and reused in
four consecutive cycles for methylene blue degradation
under ultraviolet irradiation. The percentage degradation
in cycles 1, 2, 3, and 4 was 93.3%, 91.9%, 90.2%, and
87.8%, respectively. Even after the fourth cycle, the effi-
ciency of the photocatalyst remained above 80%. This
demonstrates the excellent stability, sustainability, and
reusability of the air plasma-treated titanium dioxide
photocatalyst.

4 | CONCLUSIONS

This work highlights a simple and cost-effective mod-
ification of titanium dioxide through air plasma treat-
ment as a promising candidate for advanced photo-
catalytic applications, offering an efficient and
sustainable approach to address environmental pollution
challenges. Commercial titanium dioxide samples were
treated using plasma, under ambient conditions for ex-
tended durations, leading to a reduced crystallite size in
titanium dioxide. The formation of gap states is also evi-
dent, supported by calculations based on density func-
tional theory, which reveals that non-stoichiometric
models of titanium dioxide exhibit additional localized
states in the gap region between the valence band mini-
mum and conduction band maximum, primarily asso-
ciated with titanium atoms. Furthermore, the utilization
of plasma-treated materials in the degradation of methyl-
ene blue demonstrates enhanced performance compared
to untreated samples. Particularly noteworthy is the 4-
hour plasma-treated photocatalyst, exhibiting commend-
able stability and reusability.
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