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Abstract Optical properties of carbon nanostructures
produced by laser ablation method in different liquid
environments have been studied experimentally. In this
work we used a 7 ns fundamental wavelength of pulsed
Nd:YAG laser at 1064 nm and 10 Hz repetition rate to
produce carbon nanostructures including graphene in dis-
tilled water, acetone, alcohol, and CTAB. Structure and
morphology of carbon nanostructures were studied using
their UV-Vis-NIR spectrum, TEM images, and Raman
scattering spectrum. Results show that in our experimental
condition distilled water was the most capable medium for
producing graphene. Color of suspensions varied with the
amount of carbon nanoparticles in the suspension while the
bandgap energy of samples decreases with increasing the
amount of graphene.
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TEM - Band gap energy - Graphene

Introduction

A wide range of electronic properties of carbon from
insulating/semiconducting diamond to metal-like graphite,
nanotubes and graphene sheets yields many technological
applications in different areas of human activity [1]. In
general, carbon-based materials play a major role in
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today’s science and technology and the discovery of gra-
phene is the last of a long string of continuous advances in
the science of carbon [2]. Graphene is the experimental
realization of a truly two-dimensional material [3]. Elec-
trons in this two-dimensional crystal can be described by
Dirac’s equation, are fully relativistic, and exhibit extre-
mely high mobility. Moreover, bi-layer graphene allows
the fabrication of a field effect transistor with electric-field-
tunable band gap [4]. Carbon nanostructures and specially
graphene with their extraordinary characteristics is expec-
ted to show fantastic effects in different field of optics as
well. Incomparable electronic structure of graphene may
open a new area in the interaction of electromagnetic wave
with matter.

In this manuscript, we have investigated the optical
effects due to the presence of graphene in the liquid sus-
pension of different carbon nanostructures. Carbon nanos-
tructures were produced by ablating a graphite plate with
laser pulse in different liquid media. Usually in the ablation
process the liquid medium in laser ablation process may
determine the pressure of plasma plume which form on the
surface of target in the ablation process [5]. Structure, size,
and morphology of nanostructures may be affected strongly
by the pressure of plasma plume. Regarding graphene
production, penetration of the ablation liquid medium
between graphite planes may lead to ablation of the plane
structure of graphite, i.e. graphene. In this case the size of
liquid molecules is important.

In our experiments we made different combinations of
carbon nanostructures in different liquid media. Using
absorption and transmission spectra of samples, their
absorption coefficient, extinction coefficient, and bandgap
energy were extracted and effect of carbon nanostructures
especially graphene on them are discussed in detail. This
work can be noticeable from two points of view. First is the
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behavior of carbon nanostructures against the UV—Vis-NIR
spectrum of electromagnetic wave and second is the effect
of carbon nanostructure morphology, i.e. nanoparticles or
nano-sheets on this behavior.

This manuscript is organized as follows: following the
introduction in Sect. 1 the experimental detail is described
in Sect. 2. Section 3 is devoted to results and discussion
and conclusion is presented in Sect. 4.

Experimental

Carbon nanostructures were produced by pulsed laser
ablation of a graphite plate (99.9 %) in various liquid
environments. A graphite plate was placed on the bottom
of an open glass cylindrical vessel filled with 40 mL of
liquid. Height of liquid on the target was 0.8 cm. The
graphite plate was cleaned ultrasonically in alcohol, ace-
tone and deionized water before the experiments. Graphite
target was ablated with the fundamental wavelength
(1064 nm) of a pulsed Nd:YAG laser operated at 7 ns pulse
width and 5 Hz repetition rate. 5000 laser pulse was used to
produce carbon nanoparticles in various liquid environ-
ments. The fluence of laser beam was 1.5 J/cm? with 6 mm
diameter. Output of laser was focused on the surface of
graphite target using a 80 mm focal length convex lens.

The spot size of laser pulse on the surface of target was
calculated to be 30 um, leads to laser fluence of 60 kJ/cm?
on the surface of graphite target. Samples 1 to 4 indicate
the produced carbon nanostructures in distilled water,
acetone, alcohol, and 0.01 molar Cetyl trimethylammo-
nium bromide (CTAB), respectively. Details about the
samples preparation are presented in Table 1.

A variety of analytical techniques were applied for the
characterization of products. The optical properties of the
nanoparticle solution were examined at room temperature
by UV-Vis—NIR spectrophotometer from PG instruments
Ltd. Transmission electron microscopy (TEM) was done
by deposition a drop of the concentrated suspension on a
carbon-coated copper grid. Raman Thermo Nicolet dis-
perse spectroscope from Almega was utilized to determine
the structure, quality and amount of graphene in dried
drops of suspensions on Si.

Results and discussion

Pictures of nanoparticle suspensions are presented in
Fig. 1. They contain carbon nano-sheets, i.e. graphene and
carbon nanoparticles. The first visual optical property of a
material is its color. Color of carbon nanostructures solu-
tions differs from dark brown to a colorless. Graphene is a

Table 1 Introduction and

Sample number S1 S2 S3 S4
parameters of carbon
nanostructpres produce.d by Liquid environment Water Acetone Alcohol CTAB 0.01
laser ablation method in .
different liquids Wavelength of absorption peak (nm) 290 304 271 262
Band gap energy (eV) 2.80 3.50 3.95 4.48
Fig. 1 Carbon nanostructures
produced by pulsed laser Water Acetone Alcohol CTAB
ablation in various liquid sl s2 s3 s4

environments

* @ Springer




J Theor Appl Phys (2016) 10:7-13

Fig. 2 Absorbance spectrum of 1.4

carbon nanostructures
suspensions in different liquids 12

Absorbance
o o
()] [00]

T T

o
IS
T

©
N
T

*********

900 ’ 360

transparent and colorless sheet. In this case the color of
suspensions may depend on the carbon nanostructure size,
concentration, and morphology. As can be seen the color of
carbon nanostructures in alcohol is darker than other lig-
uids. After that from acetone to CTAB and water the color
of solutions decreased, respectively.

To explain the reason, one may have a look at absorp-
tion spectrum of samples, TEM images, and Raman spec-
trum of samples which are presented in Figs. 2, 3, and 4
respectively.

The UV-Vis-NIR absorption spectra of samples in the
1 cm thickness quartz cuvette with the absorption of the
liquid environment as the baseline are shown in Fig. 2. The
absorption peak due to n—n* transition of C=C band and n—
n* transition of C=0 band have been occurred around
250-300 nm [6, 7]. This absorption features are seen due to
surface plasmon resonance (SPR) in the free electron cloud
of carbonaceous material 7 electrons [8]. The intensity of
SPR peaks is proportional to the amount of carbon
nanoparticles in the suspensions. The highest peak occurs
due to carbon nanoparticles in alcohol. By decreasing the
number of carbon nanoparticles in suspension, the SPR
peaks of acetone and CTAB were decreased. And finally in
the case of water as the ablation environment SPR peak is
minimum. From the wavelength corresponding to SPR
peak, we can compare the size of produced nanoparticles in
different liquid media. The wavelength corresponding to
SPR peaks of samples are indicated in Table 1. The SPR
peak of nanoparticles is red shifted from CTAB to alcohol
and to water and acetone. In other words, the size of the
produced nanoparticles is increased from CTAB to alcohol
and water and acetone. Although the laser wavelength,
pulse width, and energy were the same for producing all
samples, we have different carbon nanostructures in dif-
ferent ablation environments.

Morphology, size, and amount of produced carbon
nanostructures can be studied using TEM images which are

: : TR
500 600 700 800 900
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presented in Fig. 3. Data were recorded from the dried drop
of suspensions on TEM grids. The number of carbon
nanoparticles in water is minimum in comparison with
other samples. After water, the number of carbon
nanoparticles in CTAB and acetone is fewer than their
number in alcohol, respectively. Furthermore in CTAB the
aggregation of carbon nanoparticles are so high that we see
them in a cluster like morphology, but in other liquids
nanoparticles can be seen separately and the boundary
between them is clear. The other carbon nanostructure
which can be seen in TEM images is carbon nano-sheets.
Bright color and transparency of nano-sheets in TEM
images are what we exactly expect from graphene. The
amount of graphene in CTAB is less than other samples.
Produced nano-sheets in CTAB are small and condensed.
The amount of nano-sheets increased in alcohol, acetone,
and water.

The Raman spectra of samples in the range of
1200-1700 cm ™" are presented in Fig. 4. Data have been
recorded from the dried drops of suspensions on silicon
substrate with 0.1 cm™' spectral resolution. The lines at
1354 and 1601 cm™' are due to generated graphite and
nanocrystalline graphite, respectively, while the D band at
1325cm™!, G band at 1589 cm™', and D’ band at
1618 cm ™! are attributed to the graphene in the samples.
Similarly the lines at 137 and 1382 cm™" are attributed to
the amorphous carbons. In acetone and CTAB environ-
ments, Raman feature appears at about 1450 cm ™' and this
line was assigned to be disordered carbons attributed to
interstitial defects [1, 9-11]. According to the Raman
spectra, the intrinsic property of well-ordered sp® carbons
generated in CTAB is smaller than those created in the
other liquid and amount of graphene in water, acetone and
alcohol are larger than these sheets in CTAB environment.

So far we can conclude that the color of carbon nanos-
tructure suspensions was due to concentration of carbon
nanoparticles in the ablation environment and with
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Fig. 3 TEM micrographs of samples
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Fig. 4 Raman scattering spectrum of samples
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increasing the amount of carbon nanosheets, i.e. graphene
in the suspension, it tended to a colorless fluid. By
increasing the amount of graphene in the suspension, the
intensity of SPR peak in the absorption spectrum decreased
and the width of the peak increased.

The variation of transmittance 7 as a function of
wavelength for samples 1-4 were recorded at room tem-
perature and are shown in Fig. 5. Sample 1 is the most
transparent sample among these four. The absence of
absorption edge can be seen only in the transmittance
spectrum of this sample. The sharpest absorption edge was
formed in sample 4 at wavelength <300 nm. The slope of
absorption edge was reduced in samples 3 and 4, respec-
tively. The sharp increase in the transmittance spectrum of
samples 2—4 is due to the presence of carbon nanostruc-
tures band gap. This figure clearly indicates that in the
transmittance spectra of samples 2-4, a valley at
A <300 nm occurred, that its intensity is different for
different samples. The appearance of this valley is due to
the surface plasmon resonance (SPR) nature of the carbon

nanoparticles in the suspensions and its intensity depends
on the amount of carbon nanoparticles in the suspensions.
The results show that by increasing the amount of graphene
in the suspensions the transmittance and
absorption edge disappears.

The optical absorption coefficients of samples are
evaluated from the transmittance data using [12]:

increases

1. |1
o= Eln [T] (1)
where « is the absorption coefficient, 7 is the transmittance,
and d is the thickness of samples, which was taken 1 cm,
equal to the thickness of quartz cuvette of spectrometer.
Figure 6 presents the optical absorption coefficients of
samples. Here also sample 1 with largest amount of gra-
phene shows an exceptional behavior. Its absorption coef-
ficient increased very slightly by increasing the photon
energy and decreased to O when the energies of photons are
larger than 4.3 eV. The absorption peaks at 4.75, 4.65, and
4.3 eV for samples 4-2 represent the characteristic surface

Fig. 5 Transmission spectrum 1
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Plasmon resonance dedicated to carbon nanoparticles. The
presence of nanoparticles in the suspensions could be
conveniently followed by monitoring the Plasmon
absorption peaks in the absorption spectrum. The larger
absorption peak, appeared in UV range, is due to the
energy gap of samples in this area. The position of the
absorption edge was determined by extrapolating the linear
portions of o versus hv curves to zero absorption value. It is
clear from Fig. 6 that the band edge showed a decrease
with increasing the size of carbon nanoparticles in the
suspensions. The absorption edge shifted towards higher
wavelength side, indicating the decrease in the optical band
gap for the samples. Thus, shift of the absorption edge in
the UV region, is due to changes in the electron-hole in the
conduction and valence bands.

The most used method for the estimation of the band
gap from optical measurement is the one proposed by
Tauce [13]. The optical band gap of samples was deduced
from the intercept of the extrapolated linear part of the plot
of (¢E)* versus the photon energy E with abscissa (see
Fig. 7). This follows by the method of Tauce where:

oF = B(E — E,)’ (2)

In this equation, o is the absorption coefficient, E is the
photon energy, B is a factor that depends on transition
probability and can be assumed to be constant within the
optical frequency range and the index p is related to the
distribution of the density of states is an index which
assumes the values 1/2, 3/2, 2 and 3 depending on the
nature of electronic transition. Taking p = 1/2, which
corresponds to directly allowed transition in carbon
nanoparticles; the band gap energies of samples were cal-
culated. In a direct gap, a photon can be emitted because
the electron must pass through an intermediate state with-
out transferring momentum to the crystal lattice. Bandgap
energies of samples are presented in Table 1. As can be
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seen, the energy gap of samples is increased noticeably
from sample 1 to 4. E, (5S4 =448eV, E,
(S3) =3.95¢eV, E, (S2) =3.5eV, and E, (S1) = 2.8 eV
is reduced. Actually by increasing the amount of graphene
in the suspension, the bandgap energy decreases. In the
case of samples 2—4 the magnitude of bandgap energy is
inversely proportional to the size of carbon nanoparticles,
which is a general rule. Variation of bandgap energy of
samples is in very good agreement with the results of TEM
images and their absorption spectrum SPR peaks, as well as
Raman data. By increasing the amount of graphene in the
suspensions, the band gap energies of samples is decreased.

Conclusion

With the aim of understanding the condition to produce
graphene by laser ablation method, the effect of graphene
amount on the optical properties of carbon nanostructures
was investigated experimentally. Raman data and TEM
images indicate that the amount of produced graphene
sheets in water was the highest in comparison with other
samples. This amount decreased in acetone, alcohol, and
CTAB. The intensity of absorption peaks confirms that the
amount of carbon nanoparticles is maximum in alcohol and
decreased in acetone, CTAB, and water. The wavelength
corresponds to SPR peaks show that the largest carbon
nanoparticles are produced in acetone and their size
decreased in water, alcohol, and CTAB. In this case the
color of suspensions is due to the amount of carbon
nanoparticles and graphene in the suspension, while the
bandgap energy of nanostructure strongly depends on the
amount of graphene in the suspensions.
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