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Abstract

Graphene has emerged as a potential material in various scientific disciplines, ranging from material science, engineering, and more
recently biomedicine. The paper describes the investigation of the presence of graphene and graphene oxide (GO) in the carbon soot of
internal combustion diesel engines. The UV-Visible, Fourier transform infrared (FTIR), X- ray diffraction (XRD), Photoluminescent
(PL) and Raman spectroscopic analysis of the sample provided a conclusive evidence of the formation of graphene and GO. The Field
Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive Spectrum (EDX) of the sample show carbon nanoparticles
(CNPs) of size less than 50nm. The High -Resolution Transmission Electron Microscopy (HR-TEM) analysis confirmed the formation
of graphene sheets with carbon nanospheres attached to it. The study reveals the possible exploitation of the diesel soot for potential
applications in science and technology.
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Introduction

Graphene, an allotrope of carbon, is a single-layer planar sheet of sp? bonded carbon atoms that are packed in a two-dimensional
honeycomb lattice. It is the thinnest and strongest free-standing two-dimensional (2D) basic structural element of other allotropes,
including graphite, charcoal, carbon nanotubes and fullerenes. The mechanical strength, large conductivity, large surface area, and
light weight make it a suitable material for high-capacity energy storage batteries. Intrinsic graphene behaves like a semi-metal
or zero-gap semiconductor. It can be considered as an indefinitely large aromatic molecule, the ultimate case of the family of flat
polycyclic aromatic hydrocarbons. Its unique honeycomb carbon geometry makes it a potential material in various scientific
disciplines, ranging from material science, engineering and more recently biomedicine [1-8].

A bulk solid made by oxidation of graphite with increased interlayer spacing is termed as graphite oxide. Chemically modified
graphene formed as a byproduct of this oxidation process is called graphene oxide (GO). Reducing graphene oxide by various
physical, thermal and chemical methods produce reduced graphene oxide (r- GO) which is commonly employed for producing
large quantities of good quality graphene for various industrial applications. Based on the number of well- defined countable
stacked layers there are the bilayer, tri-layer, multi-layer and few-layer graphene. The single-atom-thick sheet of carbon atoms
having a thickness or lateral dimension less than 100nm are classified as Graphene nanoplates, nanosheets, nano- flakes [9]. The
most commonly used bottom-up and top-down methods for the synthesis of graphene and its derivatives are chemical vapor
deposition, micromechanical exfoliation, solvent stripping, ball milling, oxidative functionalization etc.

Nowadays the world is worried about the pollution due to old vehicles and internal combustion engines. The present work is an
attempt to investigate the formation of GO by the incomplete combustion of the hydrocarbon- diesel. In internal combustion
engines (ICE), combustion of the fuel, diesel takes place at high temperature producing carbon nanoparticles. The high-temperature
combustion may lead to the formation of graphene sheets containing carbon nanotubes and graphene oxide [10]. Lesser the
efficiency of ICE greater is the possibility of formation of particulate matter in addition to carbon dioxide and water. Soot particles
are solid, carbon-rich (~ 98%) material formed by the vapor phase condensation as a product of combustion [11]. Thus the study
is helpful in turning the hazardous diesel soot into useful material for super capacitive energy storage applications.
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Materials and Methods

The soot particles formed by the incomplete combustion of diesel from ICE are collected and purified by liquid phase oxidation
method. Purification of the carbonaceous soot particles are essential since the impurities in them may affect the properties of the
nanotubes, graphene layers etc. present in the sample. In the liquid phase oxidation method the sample is mixed with sulphuric
acid and nitric acid in the ratio 1:3, ultrasonicated using Scientech SE-366 for 20 minutes, filtered with Whatman Filter paper 41
and washed with distilled water four times. Then it is quenched with ice-cooled water and base neutralized with sodium hydroxide
[12]. Then the sample is again washed with distilled water four times and filtered with Whatman Filter paper 42. The purified
sample is subjected to morphological characterization by Nova Nano FESEM and JEOL JEM- 2100 TEM. The composition study
is carried out by EDX. XRD measurements are done in Bruker D8 Advanced Diffractometer with CuKa radiation (A=1.5406 A).
The functional groups are identified by FTIR which is recorded using Shimadzu IR Prestige-21 and Raman spectrum using Lab
Ram Micro-Raman Spectrometer with Argon ion laser (at 514.5nm wavelength and power of 5 mW) as the excitation source. UV-
Visible spectrum is recorded using Jasco V 550 UV-Visible spectrophotometer and Photoluminescent Spectrum of the sample is
recorded using Horiba Fluoromax.

Results and Discussions

The FESEM image of the carbon particles formed from the internal combustion diesel engine is shown in Figure 1(a). It indicates
spherical carbon nanoparticles with size less than 50nm. Elemental analysis by EDX spectra of the sample shows the presence of
carbon, oxygen, sodium, sulphur, calcium and potassium. The EDX spectrum of carbonaceous diesel soot is shown in Figure 1(b).
The HR-TEM images of the sample are shown in Figure 2. The TEM images confirm the formation of graphene sheets with carbon
nanospheres attached to it. The image shows the multi-layered graphene sheets.
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Figure 2: HR-TEM images of graphene sheets with carbon nanospheres attached

The UV-Visible absorption spectrum gives the electronic transitions from the ground state to the excited state. The spectrum
shows a peak at 247nm that arises from the n-n* transition of C-C and C=C bonds in the sp? hybrid region. The peaks at 278-
290nm region is due to the n-mt* transition of the C=0 bond of the sp® hybrid region [13,14]. This type of absorption spectrum is
reported to be exhibited by graphene comprising a single layer of carbon atoms [15]. The UV- Visible absorption spectrum of the
sample is shown in Figure 3(a).
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Figure 3: (a) UV- Visible spectrum (b) FTIR of the sample

The identification of the surface functional groups is done with the FTIR spectroscopy. The FTIR spectrum of the sample is
shown in Figure 3(b). Graphene oxide is considered as the precursor for graphene synthesis. It contains various functional groups
including C-O, C=0, -OH, -C-O-C that have a significant role in the properties exhibited by the graphene oxide sheets [16,17]. The
peak around 1343 and 1410 cm™ is attributed to the deformation of CH, and CH, groups [1]. The region 1500-1650 cm™" is said
to be the aromatic region, in which peak at 1577 cm™ may be due to the double bonds with one substitution [18,19]. The region
2500-3650 cm™ corresponds to —OH stretching vibrations and the presence of aromatic and unsaturated bonds present in the
sample [15,20]. The FTIR spectrum of the sample under investigation shows the characteristic peaks of graphene as evidenced by
literature. This gives an indication of the possibility of the presence of graphene in the sample.

Photoluminescent (PL) spectroscopy is a contactless, nondestructive method for getting information about the electronic structure
[21]. The Photoluminescent Spectra of the sample are recorded for three different excitation wavelengths 350nm, 430nm, and
510nm. The corresponding emission spectra obtained in the range 400-800nm are shown in Figure 4 (a), (b) and (c).
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Figure 4: PL Spectra (a) A_=350nm (b) A_=430nm (c) A _=510nm

It can be seen that as the excitation wavelength is increased from 350nm to 510nm, the maximum emission is shifted to the longer
wavelength region. From literature it can be seen that the broad emission band in the region 400-800nm is exhibited by the PL
spectra of GO [22]. The PL spectra of the sample also indicate a similar nature and thereby revealing the presence of GO. This
type of redshift is an indicative of combined aromatic groups or cyclic molecules with several pi (1) bonds [22]. The fluorescence
exhibited by the graphene oxide may be due to the optical transitions occurring in the n- ¥ gap of sp? sites [23,24]. The role of sp?
clusters within the sp® matrix is very prominent in deciding the emission wavelengths. Thus the PL spectra of the sample provide
an information about the presence of GO which is in agreement with the FTIR spectra.

A color emission from the sample on photoexcitation are measured and expressed in terms of the resultant chromaticity coordinates
(%, y). Taking the International Commission on Illumination (CIE) XYZ color space as the standard reference the chromaticity
diagram of the sample is plotted for the three different excitations at 350nm, 430nm, and 510nm and is shown in Figure 5. The x
and ¥ chromaticity coordinates for the three excitation wavelengths are calculated in the CIE XYZ color space. For the excitation at
350nm, 430nm and 510nm the emissions are obtained at the CIE coordinates (0.321,0.313) in the bluish pink region, (0.272, 0.280)
in the purplish blue region and (0.424, 0.567) in the yellowish green region.
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Figure 5: CIE plots of the sample at different excitation wavelengths

The XRD spectrum of the sample is shown in Figure 6(a). On deconvolution of the spectra, a small peak can be seen in the range
10-15° which is a characteristic of GO. The two-theta values at 25.17° and 42.96° are identified as graphite peaks corresponding to
planes (002) and (101). The presence of these peaks suggests the formation of multi-layered GO sheets due to the strong interactions
existing between the layers. This further confirms the presence of GO in the sample.
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Figure 6: (a) XRD pattern (b) Raman spectra of the sample

Raman spectroscopy is an efficient non-destructive tool for the characterization of all types of carbon allotropes. This technique
is one among the most reliable methods to determine the quality of graphene by understanding the defect density within the
C-framework [1]. It gives various information about the sp* hybridized nano carbons which includes graphene and graphene-
related materials, carbon nanotubes etc. [25]. The Raman spectrum of the sample is shown in Figure 6(b). The Raman peaks
observed and its assignments are given in Table 1. The presence of D peak, G and 2D (or G’) peaks at 1379, 1580 and 2400-3250
cm'! respectively are the characteristic peaks exhibited by graphene. The G band corresponds to the first order scattering of the E,
stretching vibration mode of sp? carbon and is an indication of phonon emission around 1580 cm.

The D peak shows the disorder in the crystal structure whereas the 2D peak indicates the graphene structure. If the defect density
is about 1-3% then the 2D peak is only barely detectable (no sharp peak). The low intensity of 2D peak shows that the structure
of graphene is destroyed and a considerable amount of defects are introduced within the carbon framework as a result of the
formation of graphene [28]. Figure 5 also exhibit the same nature with low-intensity 2D peak indicating the formation of graphene.

The defect density can be evaluated from the ratio of I /I, or I, /I ratio and in the present case, it is found to be ~3 which is in
agreement with the literature [22]. The planar microcrystallite size (L) for the samples are calculated from the intensities of D and
G bands of Raman spectra using empirical relation L =(102*(I/1)))**nm [29]. The crystallite size is found to be ~5nm, for the
Raman excitation wavelength at 514.5 nm.
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Raman Shift (cm™) Vibration Modes Spectral assignments
329 R Nanotube only, vibration of radius [26]
Mode)
IEM (Intermediate Fre- Combination mode OTQ—LA [2.6] ((.)ut -
758 uency Mode) of plane transverse optic - longitudinal
q Y acoustic mode)
Double resonance eftects in sp? carbon
1379 D band [27] Attributable to the presence of
graphene
- Raman active mode of graphite [26] At-
1580 SRLIET tributable to the presence of graphene
1656 G+ band Raman active mode of graphite [26]
2130 M~ band Overtone of 0TO mode [26]
, Overtone of D mode [24,27]
212 SHL Attributable to the presence of graphene
s Overtone of D mode [24, 27]
2830 @ band Attributable to the presence of graphene

Table 1: Raman spectral assignments

Graphene exhibits two hexagonal structures such as zigzag and armchair. It is well reported in the literature that the strong D
peak compared to the weak G peak arises from the armchair structure [30,31]. Figure 6(b) is in agreement with the reports in the
literature. These peaks along with UV, FTIR, PL and XRD data provide a conclusive evidence for the existence of graphene in the
diesel soot from ICE. The TEM images provide the direct proof for the formation of graphene sheets.

Conclusion

The study reveals the possible exploitation of the diesel soot for potential applications in science and technology and suggests a
solution for the worry of the world about the pollution due to old vehicles and internal combustion engines. The analysis of the
purified samples from the ICE reveals the formation of graphene oxide and opens a new window for the effective use of the soot
particles in fuel cell, nanocapacitors, etc. The HR-TEM and FESEM analysis show multi- layered graphene sheets with carbon
nanospheres of size less than 50nm and the EDX revealed the richness of carbon in the sample. The structural (FTIR, XRD,
and Raman) and optical (UV and PL) characterizations of the particulate matter collected from the internal combustion diesel
engines are found to exhibit the existence of graphene. Thus the hazardous diesel soot can be converted into an useful material for
electronic applications.
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