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Abstract

This study reports the development of anatase TiO, synthesized by facile photon-induced method (PIM) at various reaction
times of 6 days, 8 days, 10-day samples. The 10 days TiO, sample shows stable anatase phase, whereas 100% rutile phase
at the same temperature was observed for standard TiO,. Mainly, the PIM was used to tuning the properties of visible light
absorbance TiO, photocatalyst used for improving antibacterial performance. The antibacterial activity of TiO, against
Staphylococcus aureus and Escherichia coli was determined by the agar disc diffusion method. Anatase TiO, nanoparticles
demonstrated excellent antibacterial activity against extracellular S. aureus with 80% and E. coli with 82% killing efficacy
at concentrations as low as 100 pg/mL, which is 100% faster than the standard and other pure TiO, reported earlier. The
obtained undoped anatase Titania with enhanced chemical reactivity has great potential for antibacterial properties.
Moreover, the smaller crystallite size (25 nm) and narrowing bandgap (2.96 eV) TiO, nanoparticles were more effective in
killing bacteria compared with standard TiO,. Therefore, this work indicated that anatase phased TiO, under visible light

absorbance has good potential with excellent clinical applications.
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Introduction

The semiconductor-based photocatalysis has received great
attention in recent times. The reason is that it is inexpensive,
has good photostability and is environmental friendly for the
elimination of organic contaminants in the waste-water by
using renewable solar energy [1-4]. Moreover, photocatal-
ysis is also known as green technology as it eliminates
organic contaminants into nontoxic molecules of CO,, H,O
and mineral acids without producing any secondary pollu-
tion [5-7]. The titanium-di-oxide (TiO,) has great potential
in many research fields such as solar cells, batteries, self-
cleaning, antibacterial, and cancer therapy so far [8§—13]. The
TiO, is used as a promising photocatalyst material to deal
with energy and environmental application owing to its
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better behavior of non-toxicity, high chemical inertness, and
good photo-stability [14, 15]. The influence of structure and
surface properties of TiO,, such as phase type [16], particle
size [17], surface area [18], crystallinity [19] and oxygen
vacancy concentration [20] on its photocatalytic activities
have been extensively investigated so far. The large appli-
cation of TiO, photocatalyst is strongly hindered in visible-
light due to its low absorption in the solar light spectrum and
rapid recombination of photo-excited electron and hole pairs
via the band-gap energy of 3.2 eV. Hence, the focused
synthesis of highly visible-light active TiO, photocatalyst is
the most important task for practical application [21-27]

In this regard, researchers are focusing to prepare high
visible-active TiO, nanoparticles through numerous meth-
ods. A high-temperature stable oxygen-rich TiO, was
prepared from thermal decomposition of the peroxo-titania
complex through a precursor modification with H,O, by
Etacheri et al. [28] and Tan et al. [29]. Meanwhile, Jadhar
et al. [30] also synthesized oxygen-rich TiO, through
precursor modification with the help of H,O,. L. LV et al.
[31] prepared highly stable TiO, with pure anatase phase
from the tri-fluoro acetic acid (TFA) solution. In addition,
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K. LV et al. [32] reported the thermally stable anatase
phase TiO, from TiOF, precursor with increased photo-
catalytic ability under visible-light illumination. Apart
from that, many researchers have found the best percentage
of the mixed phases in the TiO, [33-35]. According to
these reports, it can be found that pure anatase TiO,
exhibited an improved photocatalytic ability toward the
removal of organic pollutants compared with pure rutile
and mixed phased TiO,, which is attributed to the lower
recombination rates in pure anatase Ti0O,.[36, 37]. Also, the
pure anatase-phased TiO, nanoparticles have low thermal
stability up to a maximum temperature of 650 °C. How-
ever, researchers have reported that the anatase phase sta-
bility can be improved by increasing the oxygen content of
the sample and achieving pure anatase-phased TiO,
nanoparticles up to 800 °C with better photocatalytic
activity [38, 39]

In this work, we have synthesized a highly stable anatase-
phased TiO, nanoparticles even up to 900 °C by using a
simple and low-cost new synthesis method of photon-
induced method [26, 27, 38, 40, 49, 50]. The anatase phased
pure TiO, nanoparticles showed strong solar-light absorp-
tion ability with low bandgap energy of 2.96 eV. However,
the pure anatase TiO, nanoparticles exhibited enhanced
photodegradation of methylene blue (MB) using a solar-light
illumination within 15 min reported earlier [40]. Here, a
comparison of the properties of pure Titania prepared by
other synthesis methods and pure Titania prepared by new
Photon induced method is presented in Table 1. Therefore,
the obtained pure anatase TiO, nanoparticles with high phase
stability from PIM will be potential photocatalytic materials
for clinical applications.

Materials and Methods
Materials

Titanium tetra isopropoxide of AR grade were purchased
from Sigma Aldrich and Double Distilled water.

Table 1 comparison of the properties of pure Titania

Preparation of Anatase TiO,

A simple and low-cost-photon induced method (PIM) was
employed to synthesize pure anatase TiO, nanoparticles.
Briefly, 600 mL of double-distilled water and the required
quantity of titanium tetra-isopropoxide (TTIP, 2 mL) were
mixed together and continuously stirred for 6 days, 8 days
and 10 days under the illumination of halogen light. Then,
this solution was allowed to dry under a halogen lamp to
collect a white powder. Finally, the collected PIM-pre-
pared powder was calcined at 900 °C for 1 h and standard
P25-TiO, was calcined at 900 °C for 1 h.

Antibacterial Studies

The antibacterial activity of anatase TiO, was examined by
the Agar diffusion well method. Four serial dilutions
yielded concentrations of 100, 75, 50, and 25 mg were
other alone into 4 Petri disks for extracts. Gram-negative
Escherichia coli (E. coli) and Gram-positive Staphylococ-
cus aureus (S. aureus) were incubated at 37 °C for 24 h
and was used to analyze the antibacterial perform of
nanomaterials. The antibacterial perform of nanomaterials
was under the dark and solar-light from 12:00 PM to 1:00
PM. Reference commercial disks used Chloramphenicol
30 mg. After that, the incubation confluent bacterial
growth was detected and bacterial growth was measured in
mm.

Results and Discussion

XRD Analyssis

Figure 1 illustrates the XRD patterns of standard pure TiO,
and PIM samples have been prepared for 6 days, 8 days
and 10 days, respectively, which were calcined at 900 °C.
Figure 1a, b corresponds to standard pure TiO, and PIM in
6-day samples, the peaks corresponding to the rutile phase
alone are observed (JCPDS # 21-1276), PIM- 8 days

TiO, prepared by other methods
(Standard pure TiO,)

TiO, prepared by new photon induced method (PIM)

Pure anatase phase stable below 600 °C

Anatase phase bandgap energy is 3.2 eV(600 °C)
Visible-light photocatalytic activity (0%)
Particles size above 25 nm (P25) (600 °C)
Crystalline size above 20 nm (600 °C)

Oxygen vacancy

Antibacterial activity 0% (900 °C)

Pure anatase phase stable above 900 °C
Anatase phase bandgap energy is 2.96 eV
Visible-light photocatalytic activity (100%)
Particles size below 40-50 nm

Crystalline size 16 nm

Oxygen rich

Antibacterial activity 80% (900 °C)
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Fig. 1 XRD patterns of calcined at 900 °C a Standard Pure-TiO,
(rutile phase), b PIM- 6 days prepared TiO, (rutile phase), ¢ PIM-
8 days prepared TiO, (mixed phase) and d PIM- 10 days prepared
TiO, (anatase phase)

sample mixed phase of anatase and rutile as shown in
Fig. 1c, while PIM sample obtained in 10 days exhibit the
similar characteristic diffraction peaks. It is shown that the
pure anatase phased TiO, nanoparticles do not change the
rutile phase. However, it can be noticed that the peak
intensities of the anatase phase are dominant even at
900 °C. XRD peaks appeared for the calcination temper-
ature of 900 °C at 20 =25.27°, 37.67°, 47.96°, 53.8°,
55.06°, 62.61°, 68.95°, 74.88° and 82.54° are ascribed to
the (101), (004), (200), (105), (211), (204), (116), (215)
and (224) hkl plane of anatase, correspondingly (JCPDS:
21-1272) as shown in Fig. 1d [28-30]. It may be noted that
only anatase-phased TiO, has been found in a 10-day
sample. This may be due to the increased oxygen content in
the sample when increased with reaction time, which has
increased the anatase phase stability. The average crystal-
lite size of PIM is prepared for 6 days, 8 days, 10 days and
standard pure are shown in Table 4.

Therefore, the pure anatase phase has retained even at
high stability up to 900°C for 10 days whereas, the stan-
dard pure TiO,, 6 days and 8 days samples exist at 100%
rutile and mixed-phase calcined at 900 °C respectively.
Clearly, the delayed effect on the synthesis method (photon
effect) plays a major role in the process of phase transition.
It is evident that the standard pure TiO, sample can lose its
phase stability when calcined at 900 °C, which is

confirmed through the emergence of peaks representing the
rutile phase reported by Yoko et al. [41]

The lattice constant and d-spacing were calculated from
the XRD data. The Bragg’s law is used to calculate the
lattice constant of the crystalline nanopowder. The lattice
spacing of (0 0 2) and (0 0 4) oriented tetragonal crystals.
The calculation of d-spacing used Bragg’s law.

d = nl/2sin6 (1)

A = 1.5406 A, 0 = Peak position, n = 1(order of diffrac-
tion) and d = interplaner spacing or d-spacing. Unit cell
lattice constant (a =b # c). The equation of interplaner
spacing for a tetragonal unit cell is given by

1/d* = (h* + k%) /a*> + 17 /c? (2)

where h, k and 1 is the miller indices, d is interplaner
spacing a and c is the lattice constant of unit cell. The
calculated lattice constant and d-spacing values given the
Table 2 [42-44].

FT-IR Analysis

The FT-IR spectra of the standard pure TiO, nanoparticles
from PIM prepared for 6 days, 8 days, 10 days are shown
in Fig. 2a, b, ¢ and d respectively. All the samples were
attributed to Ti—O-Ti stretching. Vibrations were identified

(d)

;

634 1075

(c)

724 (b)

779

Transmittance (%)

(a)

796
500 1000
-1
Wavenumber (cm')

1500 2000 2500 3000 3500

Fig. 2 FT-IR spectra of calcined at 900 °C a Standard Pure-TiO,,
b PIM- 6 days prepared TiO,, ¢ PIM- 8 days prepared TiO, and
d PIM- 10 days prepared TiO,

Lattice constant Standard values Our calculated values

Table 2 PIM- 10 days anatase - e
TiO, Lattice constant hkl d-Spacing (A)
200 3.7892
004 2.3852

a=b 3.7848
c 9.5124

3.7892
9.5421
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Table 3 FTIR peaks with points

‘Wavenumber (cm_l)
value

Vibrational assignments

(a) Standard (b) 6 days

(c) 8 days (d) 10 days

796 719

724 634
- 1075

Ti—O-Ti stretching
C-O alkoxy stretching

(aho)“z

_

2.0 2.5 3.0 3.5 4.0
hv (eV)
Fig. 3 UV-DR spectra of calcined at 900 °C a Standard Pure-TiO,,

b PIM- 6 days prepared TiO,, ¢ PIM- 8 days prepared TiO, and
d PIM- 10 days prepared TiO,

at 540-790 cm ™! [28, 29, 45, 46]. This peak confirms the
synthesis of oxygen-rich TiO, nanoparticles. Also, the peak
corresponding to the C-O bond is observed around
1075 cm ™' indicating C—O alkoxy stretching. The vibra-
tion was observed for the oxygen-rich TiO, sample shown
in Fig. 2d. However, the C—O peak does not appear in the
standard pure TiO, calcined at 900 °C [28, 38]. The FTIR
peaks with point value given the Table 3. This discussion
confirms that no chemical reduction occurred as the binary
composites prepared. As a result, confirming the successful
preparation of PIM pure Titania.

Optical Analysis

The optical properties of samples were assessed by the
UV-Vis DRS test. The absorption properties of pure TiO,

have been investigated by DRS. Figure 3a, b, ¢, and d
shows the optical band gap determination for PIM prepared
pure TiO, for 6 days, 8 days 10 days and standard pure
TiO, samples calcined at 900 °C using the DRS reflection
data modified Tauc relation given below [42—44, 47, 48]

ahv = A(hv — Eg)" (3)

where o is the absorption coefficient, a constant and n the
exponent that depends on the quantum selection rules for
the particular material. A straight line is obtained when
ohv'? is plotted against photon energy (hv). The calculated
indirect band gap of all samples is shown in Table 4. It has
been reported that pure anatase phased TiO, is a wide
bandgap semiconductor, and it can only absorb UV light.
The reported bandgap of standard pure TiO, with anatase
phase is 3.2 eV [2, 15], whereas the PIM prepared 10 days
TiO, sample calcined at 900 °C exhibited the strong visi-
ble-light absorption ability by small bandgap energy of
2.96 eV shown in Fig. 3d [28, 44]. The bandgap also
confirms the oxygen excess nature of the samples [28]. The
results are similar to those observed by Gao et al. [46].
Reports on the upshift of valence band due to surface
disorderliness are available [30]. This narrowing of the
bandgap is expected to provoke the visible light-absorbing
capacity of pure TiO,.

Morphology Analysis

The surface morphology of the PIM- TiO, and standard
pure TiO, samples with calcined at 900 °C was analyzed
using HRSEM and HRTEM. Figure 4 shows typical
HRSEM images of PIM-prepared TiO, for 6 days, 8 days,
10 days, and standard pure TiO,. A detailed HRSEM
investigation of the nanoparticle surface morphology states
that the agglomerates for standard pure and PIM- 6 days
sample shown in Fig. 4a and b, PIM—S8 days and 10 days
sample are uneven rods and roughly spherical in shape

Table 4 All characterization
results

Sample Phase Crystalline size Bandgap Particle size
calcined at 900 °C

P25-TiO, Rutile:100% 110 nm 2.74 eV 130-160 nm
PIM- TiO; for 6 days Rutile:100% 82 nm 2.80 eV 95-110 nm
PIM- TiO, for 8 days Mixed phase 42 nm 2.89 eV 50-70 nm
PIM- TiO, for 10 days Anatase:100% 25 nm 2.96 eV 40-50 nm
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Fig. 4 HR-SEM image of calcined at 900 °C a Standard Pure-TiO,, b PIM- 6 days prepared TiO,, ¢ PIM- 8 days prepared TiO, and d PIM-

10 days prepared TiO, particles

shown in Fig. 4c and d. High-Resolution Transmission
Electron Microscopic (HRTEM) image corresponding to
the TiO, samples calcined at 900 °C. Figure 5a standard
pure TiO, sample rod like-structures, Fig. 5b 6 days sam-
ple show agglomerates, Fig. 5c 8-day sample rods like
structures and 10 days sample particle like structures as
shown in Fig. 5d. The diameters of the anatase TiO, were
less than 40-50 nm. The high magnification HRTEM of
10 days-TiO, in Fig. 5e shows the appearance of the
mesoporous structure on the surface of TiO, particles.
Figure 5f the EDAX spectrum of pure anatase phased
TiO,. It is confirmed that only Ti and O are present in the
samples. The standard pure TiO,, PIM- 6 days, PIM-

8 days and PIM- 10 days TiO, samples calcined at 900 °C,
the particle size is presented in Table 4.

Raman and Photoluminescence

Figure 6a shows the Raman spectrum of PIM- 10 day’s
anatase Titania calcined at 900 °C. The Raman peaks
detected at 143 and 638 cm ™' are related to the E, modes
of anatase phase and also peak detected at 390 cm™'
maybe corresponds to the B1, mode. Likewise, the peak
appeared at 515 cm™' is a doublet of Al, and Bl, modes
for the anatase phase. Thus, it is clear that the sample exists
pure anatase phase-only even when calcined at 900 °C.
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Fig. 5 HR-TEM images of calcined at 900 °C, a Standard Pure-TiO,, b PIM- 6 days prepared TiO,, ¢ PIM- 8 days prepared TiO,, d EDAX
spectrum of anatase phased TiO, e PIM-10 days prepared TiO, and the zoom of Fig. e and h mesoporous structure

Figure 6b shows the PL spectrum of PIM- 10 days anatase
TiO, nanoparticles calcined at 900 °C. As seen in Fig. 6b,
the four prominent emission peaks are observed at 341,
564, 634 and 678 nm, which are attributed to the 5d-4f
emission band of the TiO,. The intense peaks at 564, 634,
678 nm are related to the 5Dy-7F, transition. The strong
emission peaks observed at 634 and 678 nm are due to the
electrical dipole transition (5Dg-7F,) of TiO, which gives
the red color to the luminescence signals (visible region).

Antibacterial Analysis

The PIM prepared 10 days anatase TiO, nanoparticles are
reported that it can range the spectral response to the vis-
ible region [27, 49, 50]. When the absorption range of TiO,
is induced to the visible light region, the photocatalytic
reaction occurs under the irradiation of solar light. These
reactive oxygen species are toxic to the bacteria [51].

@ Springer

Antimicrobial activity of TiO, nanoparticles were investi-
gated by well diffusion method against two bacterial
strains, E. coli, and S. aureus. The results of zone inhibition
method have been described from Fig. 7, it is seen that
TiO, NPs show good inhibition zone around the films. The
10 days prepared PIM- TiO, nanoparticles as an antimi-
crobial agent were assessed against Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus). We
observed that the size of inhibition zones significantly
increased when preserved with TiO, compared with zones
of inhibition in case of control as shown in Table 5. The
growth inhibition pattern of Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) with increasing con-
centrations of PIM- 10 days TiO, as shown in Fig. 7a and
b. The maximum concentration of TiO, (100 mg) inhibits
80% and 82% of TiO, quantum dots by S. aureus and
E. coli, respectively [52, 53]. Enhanced antibacterial
activity by PIM-TiO, than standard pure TiO, (0%) was
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(a) = reported earlier [54, 55]. This results in a promising
3 antimicrobial agent for inhibiting bacterial infections by
< Photon Induced Method prepared oxygen-rich anatase
E TiO,.

Conclusions

Herein, the enhanced temperature stable with solar-light
photocatalyst anatase TiO, nanoparticles was successfully
obtained from a simple and low-cost PIM. A series of TiO,
nanoparticles were synthesized through different reaction
times in 6 days, 8 days and 10 days, respectively, at a
T y T J calcined temperature of 900 °C. The phase transformation
0 500 1000 1500 2000 delay of anatase to rutile (PIM-TiO, for 10 days) is of great
Raman Shift (cm'1) significance to the study of Titania. The optical properties
of PIM-TiO, is greatly influenced by its crystallinity, sur-
face areas, grain size, and surface hydroxyl content than
678 nm standard TiO, earlier reports. This PIM-prepared TiO, for
solar cells, cancer cells killed, antibacterial and photo-
catalysis applications under visible light. Standard TiO,
and other TiO, samples only UV light photocatalytic
°| activity. Most doping or H,O, modified Titania ultimately
increase the thermal stability of the anatase phase and
visible light photocatalyst reported earlier. However, in our
case, the absence of dopant or H,O, Titania enhanced
thermal stability with solar-light activity via a facile syn-
thesis method (PIM) here reported for the first time. It
could be found that undoped anatase Titania exhibited the
superior antibacterial efficiency compared with standard
pure TiO, and other pure TiO, nanoparticles reported
700  earlier.
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Fig. 6 a Raman, and 6 b Photoluminescence spectrum of anatase
phased TiO, by PIM prepared 10 days with calcined at 900 °C

Fig. 7 showing antibacterial
activity of Anatase TiO, from
PIM -10 days calcined at

900 °C against a S. aureus and
b E. Coli

@ Springer



17

08

G. Nagaraj, S. Tamilarasu

Table 5 PIM- 10 days anatase
TiO, as compared with zones of
inhibition in case of control

Ac

Zone of inhibition level (in mm)
(mean value of three measurements)

Control sample

Antibacterial activity 25 mg 50 mg 75 mg 100 mg 30 mg
G +ve 1421 £0.68 17.33 £0.76 18.14 £1.04 20.23 +1.07 25.16 £ 0.76
G —ve 18.16 £ 0.66 20.33 £0.76 21.4 £0.65 233+ 125 28.06 £0.70
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