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Abstract. In this study, fullerenes (Ceo) thin film was prepared via a novel combination of laser
pulsed and electrospray methods using wasted batteries’ electrodes as precursor. The effect of the
applied electric potential using electrospray process was investigated through the structural,
morphological and optical analyses. These in turn were examined using x-ray diffraction, field
emission scanning electron microscopy, energy dispersive spectroscopy, and photoluminescence
techniques. In particular, using Williamson-Hall relation, the average crystallite size of the
prepared nanoparticles was estimated in which it was found in the range of 41.46-111.84 nm.
While sample treated with 5.6 kV of electric potential exhibited particle size of 6.35 nm using
FESEM technique as compared to 7.4 nm for sample prepared under free potential. It is believed
that the applied electric potential plays a vital role in reducing the particle size which in turn
provides an alternative pathway for fabricating future optoelectronic design.
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1. Introduction

Modifications of carbon, including different types of fullerenes, diamond, graphene, graphite, amorphous
carbon, carbon nanotubes carbon dots, carbon aerogels, and several nano-designed fullerenes, have shown
an extensive investigation in the field of nanotechnology[1,2]. This is mainly due to their unique physical
and chemical properties such as pore size distributions, tunable porous structure, good mechanical and
thermal stability, and high electrical conductivity; thereby each carbon type exhibits different features
depending on its size and structure[3]. Unlike graphene and/or graphite, which are assumed as planar
geometries in the stable form, fullerene has spherical shape and a pyramidalization angle (65, — 90) in
which the latter depends on the total atoms number of carbon; this particular pyramidalization angle forces
the fullerene atoms to form a particular spherical geometry[4,5]. Among several types of fullerene, Cg is
considered the most stable and commonly known type because of its well-implemented photo-physical
and electron-accepting characteristics such as fast electron separation and transportation and high surface-
to-volume ratio. Therefore, Ceo has growing interest in various fields; for instance, nano-electronics[6],
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hydrogen storage [7], supercapacitors [8], and biomedical applications including drug and gene
delivery[9].

Thin film technology of Ceo deposited on variety of substrates is being extensively investigated for
wide-range of applications. However, the deposited Cg film is chemically unstable and fragile which
could be attributed to the Cso weak crystal formation by van der Waal’s force at room temperature[10,11].
Herein, in order to examine the Ceo layers feasibility, it is of crucial importance to acquire more stable and
stronger Ceo films taking into consideration the initial physical and chemical characteristics. Therefore, a
number of deposition techniques have been reported including poor solvent immersion[12], vacuum
thermally evaporated[13], droplet [14], dip-coating[15], spin-coating[16], and Langmuir-Blodgett[17].
Among of these techniques[18], the electrospray technique under a precise and controlled electric field
effect facilitates precise control of size and motion of the charged droplets by means of the applied voltage
and which results in a homogeneous film formation[19].

This attempt reports the preparation of fullerenes (Ceo) thin film via electrospray deposition process in
conjunction with laser pulse technique using wasted batteries’ electrodes as precursors. Furthermore, the
structural, morphological, and optical properties of the resultant films are systematically investigated as a
function of different applied electric potential values.

2. Materials and methods

2.1. Preparation of fullerenes (Csg) nanoparticles

The raw materials were obtained from wasted batteries’ carbon electrodes, where the collected electrodes
were smashed and continuously washed using ethanol then double distilled water (DDDW). The attained
powder was grinded and thermally treated using a muffle furnace at 1000 °C for 60 min with a heating rate
of 5 °C/min. Subsequently, the thermally treated powder was compressed under 400 bars to obtain 1 cm
pellet thickness. Hereinafter, using pulsed Nd-YAG laser, the prepared pellet was immersed in 100 ml of
DDDW with height of 8 mm placed on a rotary with a speed of 2 cycles /min. The target, pellet, was
pumped using a pulsed Nd-YAG laser with a wavelength of 1064 nm and energy of 100 mJ. The duration
and width of pulses were 6 Hz and 10 nm, respectively.

2.2. Deposition of fullerenes (Cey) thin film

During the deposition process, p-type silicon (Si) wafer with low resistance was used as substrate; in
which the pre-introduced Si wafer was cut into specific dimensions(1.5 X 1.5)cm. The substrate was
multi-washed using solution of HF acid diluted with DDDW (1:10 HF: H>O) in ultrasonic bath for 5 min.
Simultaneously, the carbon colloid was sprayed vertically on the Si waver which in turn was placed on a
hot plate (250 °C) with height of 30 cm from the jet nozzle (Figure 1). The on/off spraying time was
maintained at 5 and 12 sec respectively, with variety of applied DC electrical potential (0, 4, 5, and 5.6
kV). In order to ensure high crystallization process and avoid the occurrence of crystal defects, the Si
waver was left for 15 min once the spray process completed.

The structural property of fullerenes (Ceo) was performed on x-ray diffractometer (XRD-6000) using
CuKoa radiation and accelerated voltage of 40 kV. In the meanwhile, a field emission scanning electron
microscope (FESEM, INSPECT-550) 5.00 KV was introduced to investigate the homogeneous
distribution as well as the surface morphology of the deposited films. In conjunction with the FESEM
technique, the element composition analysis and purity of the prepared materials were perceived using
EDX spectrometer (Bruker X Flash 6L10). Finally, the optical behavior of the deposited films was
systematically studied on Perkin-Elmer LS-50B luminescence spectrophotometer.
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Figure 1: Schematic representation of the electrospray technique setup with the applied electric potential.

3. Results and discussion

The XRD analysis was performed to acquire a general observation of the structural formation of the
deposited fullerenes (Ceo) thin films. In particular, the films prepared without the effect of electric
potential showed a dominant peak at 27.9° which can mainly be indexed to the formation of Ceo crystal
structure with orientation of (220) (Figure 2, a). Moreover, it can also be clearly noticed that some peaks
indicated the occurrence of Cgo-polymeric structure as well as Graphite; where the polymerization of Ceo
could be attributed to the colloidal synthesis occurred within the deposition process. This in turn mainly
depends on the generation of high-pressure plasma cloud during the reaction between the laser beam and
the target and/or the nanoparticles[5]. Continuously, Figure 2 (b) presents the effect of the applied electric
potential (4 KV) throughout the deposition process. It can be observed from the Figure that the dominant
peak is located at 69.5° which can be indexed to the Ceo crystal formation with (446) of orientation;
additional two peaks were also noticed corresponded to the occurrence of CeoHz4 (hartite). The latter could
be due to the bonding between the Ceo shell and hydrogen atoms caused by heat and the electric field[2]. It
is worth mentioning that the aforementioned process resulted in Ceo peak intensity reduction and some
deformation was attained. The effect of 5 KV electric potential on the deposition process is illustrated in
Figure 2,c in which it is obvious that the dominant peak of Cso is located at 28.45° with orientation
of (123). Furthermore, the applied electric field resulted in the disappearance of hartite phase and
subsequently the of Cgo-polymeric peak at 79.30°. However, both hexagonal carbon and Ceo-polymeric
phases were noticed upon applying 5.6 KV electric potential alongside the Cqp crystal formation noticed at
20 = 28.10° (Figure 2, d). Generally, the results obtained (Figure 2, a-d) are in a good agreement, to a
certain extent, with previously published data [2,5]. Additionally, the crystallite size of the demonstrated
samples was estimated based on the Williamson-Hall relation[20].

D= (;—2—)+ (4esin6) (1)

Bhkl cos6O
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Where D (nm) is the crystalline size, k is dimensionless shape factor (0.89), A is the wavelength
radiation of the used X-ray (nm), Byis the full width at half maximum (FWHM) of the diffraction peaks,
and 0 (rad) is the radian diffraction angle.

In the meanwhile, the crystallinity indices (X 1) were also calculated [21]; the corresponded outcomes
are tabulated in Table 1. Under no electric potential effect, both average of crystalline size and X were
affected by the applied electrical potential that found to be 111.84 nm, while X¢ is 98.9%, where Cqo is
about 99.46% based on the intensity ratio (RIR) method.

The surface morphologies of the deposited films are investigated using FESEM technique for which
Figure 3 (a-h) is illustrated. The deposited film under free potential revealed the occurrence of nano-
porous structure with clusters size ranging from 29 to 890 nm; particularly, these clusters were formed by
average particle size of 7.4 F 0.06 nm and film thickness of 196.8 nm (Figure 3, (a and b)). The acquired
nano-porous structure was decreased in size under the effect of 4 KV electric potential in which the size
range was estimated as 47 — 235 nm (Figure 3 (c and d)); the average particle size was found to be
6.65 + 0.08 nm with film thickness of 272.25 nm. This can be explained by the droplets separation
phenomenon in which the applied electric potential during the electrospray process results in separation of
droplets produced from the jet nozzle and subsequently the production of small nanoparticles which
eventually assembled on hot plate to form clusters [21]. Subsequently, in Figure 3 (e and f), a coral reefs
structure was perceived under electric potential of 5 KV which exhibited cluster size ranging from 51.5 up
to 153.5 nm and average particle size of 6.35 4+ 0.06 and 357 nm film thickness. These morphological
properties could be related to the Cgq phase dominance as previously discussed in the XRD analysis.
Figure 3 (g and h) illustrates the effect of 5.6 KV electric potential on the deposited film. It can be clearly
noticed that the applied 5.6 KV electric potential leaded to the formation of random sheets with cluster
size range of 136 — 337 nm, while the average particle size and the film thickness were 6.35 + 0.03 and
498.35 nm, respectively. The size decreases with the increase of the applied potential due to the constant
breakage of the droplets along the spray path [22]. The elemental’s percentage as well as the purity of the
utilized chemicals in the deposition of Cg films using the different effects of the electric potential are
demonstrated (inset in Figure 3). All deposited Ceo films contain two dominant peaks which are well
corresponded to the presence of C and O elements. The attained C signal is mainly attributed to the carbon
exists in the final deposited film with a high percentage, while the O signal is attributed to the absorbed of
oxygen. However, there is an insignificant trace of gold (Au) which is resulted due to the FESEM sample
preparation process.



2nd Annual International Conference on Information and Sciences (AiCIS) 2020

IOP Publishing

Journal of Physics: Conference Series

1829(2021) 012018

doi:10.1088/1742-6596/1829/1/012018

(a) & Carbon 80 » Graphene ¢ Carbon 80 - Polymernic (b) 4 Garbon 60 v Hartite &
-
" L]
*0
.
— L] iy v
; ;
o "
= > * * *
g @ + &
@ LI N
3 . g
5 ‘ = A
10 1 0 a0 — A ® — —
J:a-rL A JSL_ s Temw § § g g 8|
228 §E8 § it gz & & 2 ) g o=
10 |I5 2'0 2 !II'I 3'! l:} 4'5 !‘O Sl.i &0 s
7 d _._.__.)\_.__L A_LJ '
i P-4Ky
T T T T L T T T L T T T LI
10 20 30 40 50 60 70 &0 10 20 30 40 50 &0 70 80
20 (deg.) 20 (deg.)
(c) & Carbon 80 + Carbon 60 - Polymeric (d) v Carbon  « Carbon 60 - Polymeric
-
+
L] +
. *
3 3
& 8 .
=y )
g 2 YW me § 5§ e
z g g 88 & °
= ko lll'l ‘!Iﬂ 0:? ?:) B8
*
+
z * = .
& il w & 1 % + N k
P — — A A A — - =
i = —_ —_—— 5 5 —
— oy - (3= — - o =
5 8 8 18 [P=skvl g = 8 [F=s6k]
¥ T T T — T T T T = — T T T T T T
10 20 30 40 50 60 70 80 10 20 40 50 70 80
20 (deg.) 20 (deg.)

Figure 2. XRD patterns of the deposited films under (a) 0 KV, (b) 4 KV, (¢) 5KV, and (d) 5.6 KV.

Table 1. The structural parameters as a function of the applied electric potential.

Potential Av. Cyst. crystallinity
(KV) Size(nm) indices
0 113.4 98.9
4 64.95 93.2
5 90.34 87.8
5.6 41.46 96.8
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Figure 3. Top-view and cross-section FESEM analysis of the deposited films under different electric
potential values; (a) free potential top-view, (b) free potential cross-section, (c) 4 KV top-view, (d) 4 KV
cross-section, (e) 5 KV top-view, (f) 5 KV cross-section, (g) 5.6 KV top-view, (h) 6.5 KV cross-section.
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The optical behavior of the reported films as a function of different electric field effect was studied
using photoluminescence (PL) technique as depicted in Figure 4 (a-d). Hypothetically, PL emission
spectra can be classified as two main regions; one of which, so-called NBE, is originated from the photo-
generated electron transition from conduction band (CB) to the valence band (VB). While the second PL
emission spectra is originated from the defect states of electron transition, so-called DLE [23].

In general observation, the PL spectra of the prepared films exhibited a NBE emission at above 1.7 eV
evidencing the emission transition of electron from the conduction band. In particular, the PL peaks
locations are to some extent shifted upon higher applied electric field; this could be attributed to the weak
Ceo solids inter-molecular bonds [24]. The major domination of the emission line in this region is due to
the self-trapped polaronic exciton radiative recombination. This particular complex exciton happens
because of the strong coupling of electron-vibration in the clusters of Cg. Continuously, the stated
excitation is localized and also could be a trapped Frenkel exciton by the dislocation of lattice [10].
Moreover, the deposited film under free potential showed four clearly sub-bands in de-convoluted
Gaussians at 1.742, 1.754, 1.769, and 1.786 eV, respectively. Whereas, the prepared films under 4 KV of
potential demonstrated two clearly sub-bands at 1.76 and 1.79 eV as shown in Figure 4 (b) (red dashed
line) with levels separation of 27.4 meV . Furthermore, three Gaussians peaks were emerged at 1.731, 1.76,
and 1.8 eV with 29, and 40 meV of separation for the prepared films with potential of 5 kV, respectively.
The prepared films under 5.6 kV of potential demonstrated one peak at 1.797 eV which is similar to the
findings reported by Bayramov et al. [24]. It should be mentioned that the PL spectrum of the prepared Ceo
films, demonstrated in Figure 4, are in an upright agreement with previous reports [10,25].
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Figure 4. Photoluminescence spectra of Ceo films at different electric field effect.
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4. Conclusion

The fullerenes (Ceo) thin film was successfully prepared using a combination of laser pulsed and
electrospray approaches using wasted batteries’ electrodes as precursor. The structural, morphological,
and optical properties of the deposited films were in detail studied. The crystallite size, obtained from the
XRD results, revealed an average size ranging from 41.46-111.84 nm. The effect of the applied electrical
field was clearly elaborated through the XRD analysis as well as the surface analysis; where a particle size
of 7.4 nm was attained under free potential. In the meanwhile, during 5.6 KV effect, the estimated particle
size reduced to 5.35 nm. The presented results suggest the usefulness of the electric field effect during the
deposition process for future optoelectronic design.
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