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ABSTRACT

Au-decorated fullerene:TiO, films were created via electrospraying at a temperature of
300 °C and a bias voltage of 5 KV. The structural properties, Raman spectra,
photoluminescence (PL), and photoconductivity were studied by changing the ratio of TiO,
to carbon. X-Ray diffraction spectra revealed changes in the distribution of Cg and
polymeric Cgq and Cy, structures. Raman spectra unveiled the characteristic vibrational
modes of fullerenes H™, Fy”, and A® with slight changes in the intensity and breadth of
lines. The PL spectra under excitation at a wavelength of 280 nm displayed an increase in
the peak intensity at approximately 562 nm without alterations in its position. The spectra
resulting from excitation at a wavelength of 320 nm displayed transitions in the ultraviolet-
visible region, whose locations and intensity changed depending on the percentage of TiO,.
This finding led to a modification in the optical response of the prepared films measured by
<R/R,> as a function of the optical conductivity under irradiation at wavelengths of 200—

(@O

800 nm. The optimal photoconductivity of the fullerene:TiO, film was 30%.

1. Introduction

Photocatalysts are materials that can accelerate a
chemical reaction under light irradiation. They are
widely used in various fields such as environmental
remediation, energy conversion, and chemical synthesis
[1]. Recently, photocatalysts have also been applied in
biosensing, which is a rapidly growing field that
involves the detection of biological molecules or
organisms [2]. Photocatalysis is a process that involves
the absorption of light by a material, leading to the
generation of electron-hole pairs. These electron-hole
pairs can then participate in redox reactions with
adsorbed species on the surface of the photocatalyst [3].
The most commonly used photocatalyst is titanium
dioxide (TiO,), which has a wide bandgap and can
absorb ultraviolet (UV) light. When TiO, is irradiated
with UV light, it generates electron-hole pairs that can
react with water or oxygen molecules to produce
reactive oxygen species (ROS), such as hydroxyl
radicals (*OH) and superoxide radicals (<O5).
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These ROS can then oxidize or reduce target
molecules on the surface of the photocatalyst [4].
Addition to, fullerene has two interesting properties,
which are the delocalized conjugated structures and
electron-accepting ability. C60 can efficiently promote
rapid photo induced charge separation and slow charge
recombination. Although the role of Cg in accepting the
photogenerated electrons from TiO, particles has been
demonstrated, a few efforts are being made to utilize the
unique properties of Cg to increase the efficiency of
photocatalysis [5]. Photocatalysis has been mostly
focused on TiO,-based photocatalysts because of their
physical and chemical stability, low cost, availability,
nontoxicity, and unique electronic and optical properties.
However, there are still some problems to be solved to
improve the photocatalytic activity of TiO,. The high
rate of electron-hole recombination in TiO, particles
results in a low efficiency of photocatalysis. It is
undeniable that further increasing the activity of TiO,
will be of great interest to extend the practical
application of the material carbon structures such as
activated carbon and carbon nanotubes offer new
opportunities to develop nanocomposites with unusual
photocatalytic properties. Therefore, it is possible that
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the photocatalytic activity of TiO, can be enhanced if
fullerene is introduced into the TiO, photocatalyst [6].

Numerous modification methods, such as
impurity doping, semiconductor coupling, and dye
sensitization, have been employed to improve the
efficiency and capability to utilize visible photons. A
promising alternative to improving the photocatalytic
property of TiO, is the decoration of its surface with
gold nanoparticles (Au NPs). Au NPs can act as electron
traps for electron-hole dissociation, which improves
guantum vyield. In addition, Au NPs can serve as
photosensitizers that generate high-energy electrons
upon surface plasmon resonance (SPR) excitation in the
visible range. Therefore, the formation of hybrid
materials composed of TiO, and Au NPs allows one to
combine the attractive properties of these classes of
materials. SPR is highly sensitive to the size, shape, and
loading amount of noble metal NPs, which determines
the photocatalysis efficiency of the composite structure
[7].

Many studies discussed the enhancement of
fullerenes to photosensing whether as photodetectors or
photocatalysts;  Vishnoi et al[8]. synthesized
nanocomposite AuNPs- coated (Cg and Cy) thin films
using the thermal co-evaporation technique to estimate
the SERS and SPR. Qin et al.[9] used graphene as a
layer for a Cg collecting (a large-scale all-carbon hybrid
film) for inherently strong and tunable UV absorption
about 10" A/W of photoresponsivity and a long
operating time relatively. Liu et al. have enhanced a
hybrid structure by introducing a fullerene n-type
semiconductor hybrid into PC71BM/g-C3N4. This
outcome was achieved through self-assembly on the
surface of g-C3N4, which synthesized a photocatalyst in
the range of 450-650 nm. This photocatalyst exhibited
efficient inhibition against E. coli and S. aureus bacteria,
and it demonstrated a high capability for the
photocatalytic degradation of rhodamine B and
tetracycline[10]. P. Bhargava et al. improved the
photocatalytic activity of CC-TiO heat treated at
different temperatures and investigated it in the presence
of low concentrations of methylene blue and crystal
violet. This study aimed to prepare and investigate the
increase in TiO, levels in addition to the concentration
of fullerene NPs (fullerene-TiO,) as a photocatalyst
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decorated with Au[11]. Peng et al. produced a series of
composites by combining graphite-like C3N, with Cg
using an in situ generation method. The resulting
graphite-like C3N;@Cg composites exhibited a
considerable improvement in the efficiency of
photocatalytic degradation of formaldehyde and
achieved a wvalue of 99% under Vvisible-light
exposure[12]. In this work, we attempted to evaluate the
photosensitizers of the prepared films of fullerene-TiO,
previously discussed in our previous work[13].

1.Materials and Method

For the preparation of precursors and films, all
practical procedures were relied upon as referenced in
our previous work; TiO, and Au concentrations in their
colloidal forms (0.22 and 0.412 ppm, respectively) were
determined via atomic absorption spectroscopy [13].
1.1. Preparation of Colloidal

TiO, colloidal solution was prepared by
pumping their pellet with pulsed Nd: YAG laser (A =
1064nm, 100mJ energy, 6 Hz pulse rate, 3000 pulses,
and 6.67 J/cm? laser fluence). The distance between the
target surfaces and laser lens is 12 cm. Next, the
carbon/TiO, colloidal solution was prepared by
irradiating carbon pellet in TiO, colloidal at (0, 10, 30,
and 50) vol. percentage of 50 mL of distilled water
(DW) using the same laser parameters as well as the
same number of laser shots. A colloidal of gold
nanoparticles AuNPs (with a concentration of
0.412ppm) was prepared by bombarding a piece of high-
purity gold (99.999%) into 50 ml of DW employing the
same laser parameters used previously but with 1000
shots.
1.2. Preparation of films

Fullerene: TiO, films were produced through
thermal spraying of carbon colloidal solution (50 ml) on
quartz glass substrates with an enhanced potential bias
of 5 kV. The spraying process was carried out at a
temperature of 300 £ 25 °C with a flow rate of
approximately 1 ml/min (with the enhanced compressed
air) and switched on and off at 10 and 30 s intervals,
respectively. The distance between the nozzle and
substrates was around 28 cm.
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Fig.1 the setup of the used device for prepared films

1.3. Characterization:

The analysis of X-ray diffraction (XRD) patterns
provided structural properties, employing X-ray CuKa
radiation and an accelerated voltage of 40 kV.
Crystalline size (Dyng) was estimated based on the
Williamson—Hall relation[14]

A ,
thl = (m) + (48 sin 9)

M)

where A, A, Bpi, €, and 6 (rad) include a dimensionless
shape factor (0.89), wavelength radiation of the used X-
ray (0.15405 nm), full width at half maximum of the
diffraction peaks, strain, and diffraction angle (radian),

respectively.

Morphological properties of the prepared film
surfaces were assessed through field emission scanning
electron microscope (FE-SEM) images obtained with
INSPECT-550. Additionally, Vibrational and rotational
characteristics were determined using Raman spectra,
and photoluminescence (PL) spectra were recorded.
Furthermore, the photo-response was evaluated by
measuring changes in electric resistance upon exposure
to light in the range of 200 to 800 nm, with increments
of 20 nm.

2. Result and discussion
2.1. Structural Properties

In general, XRD patterns of the prepared films
showed polycrystalline systems depending on the TiO,
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presence ratios, as shown in Fig. 2. Furthermore, there
is a change in the distribution of the phases, the type of
dominant phase, and the crystal size according to the
proportions of TiO,, as the films prepared without the
presence of TiO, showed structures of fullerenes (Cego,
Ceo-polymer, and Cy) with a dominant phase of Cgo-
polymer with a crystalline size estimated at
approximately 80.77 nm. While the dominant phase
changed when starting by adding TiO, (10%) to Cy
(600) with a size of 69 nanometers. When TiO; ratio
was increased to 30%, Cg (211) appeared as the
dominant phase with a size of 31.68 nm. Sequentially,
with an increase in the percentage of TiO, to 50%, C70
returns to dominance, but at the (141) phase, with an
increase in the crystalline size of approximately 96.7
nm. Table 1. Explains the XRD parameters of the
dominate phases of the prepared films.

H vC H _¢Ti C O

* CGO 4 CGO— POIymer M C?O A C14 10 200 36 147104 724
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Fig. 2. XRD patterns of the prepared Fullerenes: TiO,

films

Table. 1 XRD parameters for the dominate phases

TiO, crystalline  Cryst.

Ratio  Phase Nkl e (nm) Syst. Ref. Card

0% Cy 311 8077  Cubic Icsgsglséoso-
10% Cro 600 69 r%rr;hboig ICSIgSQOSéOO?-
30%  Cg 211 31.68 Cubic |C5259188-060-
50% C, 141 96.7 k%r;hbczg ICSI259086007-
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2.2. Raman spectroscopy

Raman spectroscopy is one of the effective
techniques for characterizing carbon structures[15].
Fullerenes like Cgo or C4o have high symmetry and show
numerous vibrational modes, with Cgy having ten modes
and Cy, having 53 [16]. However, in the Cgq Spectra, the
apparent mean vibrational modes are Ag® Hg"¥, Hg",
and Hg®[17]. The Ag ® mode is the strongest non-
degenerate among the Raman-active modes, along with
Hg ®, and has been frequently used to indicate Cg
solids. Repeatedly, its position accurately reflects the
physical state of Cg molecules[18]. While, Hg(7) is
related to pentagon shear in Cg[19].

Raman spectra of the prepared films were
measured from 0 cm™ to 1800 cm™ (Fig. 3). Hg™ peaks
dominated all the prepared films, starting at 288 cm™
with free TiO,, but shifted to 293 cm™ for 10% and 30%
of the TiO, ratio and 295.6 cm™ for 50% of TiO,. This
location and intensity changes were due to the crystal
field effect of Cg polymerization and increased chain
length during nano peapod formation as shown in the
SEM images in later discussion[20]. Meanwhile, the
internal active Raman mode of the Cg molecule Ih
polarization emerged, which is represented by Fzg(l) ata
wavenumber of 640.6 cm™; this mode fluctuated with
the increase in TiO; ratio due to changes in the rotation
factor[21]. Although the presented mode at around 900
cm™ did not refer to any vibrational modes of fullerenes,
it may be related to AuNPs [13]. In addition to the
increase in its intensity with the TiO, ratio, the
maximum intensity was 50 vol.% of the TiO, ratio at
907 cm™. This finding can be attributed to the increased
abundance of TiO, that led to alterations in the vibration
modes, especially when referring to the XRD patterns
that confirmed the appearance of the phases of carbon
structures other than fullerenes. Furthermore, the
traumatic deterioration observed at the 1172 cm™ peak is
related to Tl(s) vibrational modes in the infrared (IR)
region[22]. Raman’s vibrational mode of A,? appeared
at 1449 cm’™; its frequency increased with the increase in
the TiO, content, but it declined again with the 30% and
50% increase in TiO,.
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2.3. Morphological properties

The prepared films of fullerene:TiO, revealed
various NP shapes dependent on the TiO, addition ratio,
where a separation was observed between different
particles, especially the rods (Fig. 4). The nanorods
shown in Fig. 4a are likely to be Cg polymeric with an
average diameter of 39 nm. The difference in the surface
energy may contribute to particle separation [23]. Fig.
4b reveals the notably pronounced morphology of
polymeric C60 in contrast to the other figures. The
particles formed exhibited a resemblance to
longitudinally stacked disks, with a thickness of
approximately 80 nm, and interspersed spherical
particles measuring approximately 34 nm as they
converged toward the assembly line. Nevertheless,
elevating the TiO, ratio to 30 and 50 vol.% led to the
creation of heterogeneous aggregates with indistinct
components (Figures 4c and 4d, respectively). In
general, the behavior of particle assembly into the
prepared films with 0, 10, and 30 vol.% exhibited fiber-
like patterns.

{ ——Tio, (0%)

H(l)
g

TiO, (10%) TiO, (30%) TiO, (50%)

Intensity (a.u.)

— T T T
0 200 400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm™)
Fig. 3. Raman spectra of the prepared Fullerenes: TiO,
films
However, the porosity varied with the change of
TiO, ratio, where was (53.60+0.12, 59.71+0.08,
64.13+0.15, and 61.60+0.18)%. The nonlinearity in the
change in porosity and the abnormality of its value at a
higher ratio of titanium oxide is due to the increase in
particle size and increased agglomeration, which led to
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randomness and non-response to the effect of the applied
electric field as was the case in previous ratios.

2.4. Photoluminescence

In semiconductors, the population of electrons
can be imbalanced due to the absorption of certain light
energy. This absorption causes electrons to move from
lower to higher quantum states and then back down to
lower states and emit photons in the process. This
process is known as PL [24]. PL parameters are essential
indicators for the detection of the quality and transitions
and identification of point defects in
semiconductors[25]. Given their electronic structure,
carbonic materials, including fullerenes, exhibit unique
optical and PL properties depending on the size, shape,
and crystalline structure. In addition to the surrounding
environment, that present at the wavelengths in the
visible (Vis)-near-IR region[26]. Comprehending the PL
spectra of Cg is a challenging task. This venture
involves multiple symmetry considerations and deals
with complex processes, such as Jahn—Teller distortions,
which further complicate the problem. Moreover,
extremely low temperatures are required to eliminate
certain effects, which adds to the complexity of the
task[27]. In this work, a laser with 332 nm wavelength
was used to excite the prepared films. Fig. 5 illustrates
the PL spectra of the prepared fullerene:TiO, films. The
figure also reveals the spectra of the AuNP-decorated
fullerene and fullerene films:TiO,excited at wavelengths
of 280 and 320 nm. Excitation at a wavelength of 280
nm without TiO, addition resulted in a strong emission
at the 562.2 nm line, with a red shift of 0.4 nm when
TiO, was added (10% and 30%). Excitation at a
wavelength of 280 nm without TiO, addition showed a
strong emission at the 562.2 nm line, with a red shift of
0.4 nm when TiO, was added (10% and 30%).
Meanwhile, those prepared with a 50% addition of TiO,
had a shift of 0.88 nm. The emission intensity increased
with the increased addition of TiO,, which confirmed the
transition to energy states below the Cg highest
occupied molecular orbital band[5]. To detect weak
emission lines, we excited the films at a wavelength of
320 nm and room temperature. The positions and
intensities of the lines under UV-Vis light varied based
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on the TiO, ratio. However, those emissions may be
attributed to the T,, — Hystate[26].

Fig. 4 SEM images of the Au-decorated Fullerene: TiO,
films

2.5. Photoconductivity

The functioning of the Au: TiO,: Fullerene
system is based on the photoelectric conduction
mechanism, as shown in Fig.6. In this system, Vis. light
is absorbed by AuNPs through surface plasmon
resonance (SPR), which excites the electrons. The
excited electrons then cross the Schottky junction
between the AuNP and the TiO, particles on the surface
and move to the conduction band of TiO,[28]. These
electrons have the ability to move to the HUMO band,
which helps in stabilizing the charge and slowing down
the recombination process. These results in a longer
lifespan for the free excited conduction electrons,
allowing them to react with oxygen adsorbed from the
surroundings. As a result, 05, OH, and OOH radicals
are produced, which are capable of bonding with organic
groups[29,30].

To determine the optimal photoconductive
behavior of the prepared films, we exposed them to
monochromatic light at increments of 200-800 nm and a
step of 20 nm using a tunable monochromatic light
source. The current was measured with a fixed voltage
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using the setup system in Fig. 7a with 10 min exposure.
Fig. 7b illustrates the prepared fullerene:TiO2 films.
However, the best active wavelength was determined by
graphing the incident wavelength versus average
<R/Ro>, where R and Ro denote the resistance of
sample during light exposure and in the dark,
respectively.

Fig. 7c shows that all fullerene films achieved
the lowest value of <R/Ro> in the visible region at
around 400 nm. The <R/R,> value increased with the
increase in the percentage of TIO, to 10% and 30%, and
this finding may be due the absorption of light (about
500 nm) during the SPR of Au. This condition led to an
abundance of electrons that shifted to the conduction
band in TiO,; these electrons then transitioned to lower
energy states in fullerene’s HUMO, which boosted
electron lifetime and reduced compound resistance[28—
30].
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and (c) photo-behavior of the prepared Au-decorated
Fullerene and Fullerene: TiO, films

Conclusion

Carbonic wastes can be used as one of the raw
materials for the production of fullerene through
inexpensive techniques. Fullerene materials possess
unique properties that can be controlled through the
design of energy bands. The addition of TiO, and Au to
achieve an abundance of electrons can improve
photoconductivity. However, Au-decorated fullerene:
TiO2 films showed that the vibrational modes of
fullerene increased with a limited ratio of TiO2. The PL
of the films depended on the intensity of the irradiating
light source and the ratio of TiO2. Similarly, these
factors affect the conduction of light within the Vis
region.
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