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Abstract 
Two different classes of carbon nanoparticles were generated in ethylene premixed 
flames operated in sooting and slightly sooting conditions. According to Raman 
spectroscopy, the carbonaceous material generated in slightly sooting flames 
corresponds to nano-organic carbon particles (NOC) with Raman features similar 
to those observed for amorphous carbon with very poor degree, if any, of three 
dimensional order. In addition, the presence of aromatic functionalities probably 
linked to olefinic chains can be inferred by its possible contribution to the band 
around 1610 cm‐1 (or D2 band) and the distinctive modulation observed at 1175 
cm-1. However, as flame condition becomes richer and the prevalence of soot 
particles becomes important, the intensity of both bands decreases followed by an 
increase in the graphitic character of the samples corroborated by the evolution of 
the G band around 1590 cm‐1. Also, it was observed in the second region of the 
spectra that the linewidth of the 2D1 band centered at 2700 cm-1 decrease from 
NOC particles to soot particles. This trend indicates that the three-dimensional 
order of the samples increasing as the material becomes more graphitic-like in 
character. 
 
Introduction 

Although the morphology and chemical structure of particles generated in 
flames has been widely studied by a variety of techniques, there are still some 
remaining questions related to soot precursor (or NOC particles) and incipient soot 
particles, since they are much more elusive to analytical techniques. To distinguish 
between NOC and soot particles, measurements in the UV–visible absorption range 
have been widely used [1, 2]. In this sense, NOC particles were defined as particles 
absorbing in the UV spectral range whereas soot particles absorb light in the visible 
and emit incandescence signal.  

Comparisons between the particle volume fraction obtained by light 
absorption and laser induced incandescence in ethylene/air flames indicate that the 
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soot formation threshold is reached a about  = 2.0 whereas the onset of particles, 
considered to be the condition in which the light absorption in the UV starts to 
noticeably increase above the gas phase background, is around () = 1.5, below 
which, data uncertainty is too large to detect the presence of particles. According to 
detailed chemical kinetic modeling results, the first onset of particles at  = 1.5 is 
attributable to aromatic macromolecules with equivalent spherical size of 1–1.5 
nm. In addition, a second onset of particles, measured by on-line DMA, coincides 
with the formation of clusters of aromatic macromolecules with an equivalent 
spherical size ranging from 1.5 to 3 nm corresponding to NOC particles. Primary 
soot particles and their aggregates are predicted to form at about  = 2.1, in good 
agreement with the threshold of soot particles determined by light absorption [1-4]. 

The above analysis evidences the need to shed light on the first steps of 
soot formation by improving knowledge of the composition of soot precursors and 
incipient soot particles. The objective of this paper is therefore to study the 
chemical composition of NOC particles and incipient soot particles produced in 
flames across the soot threshold limit. In this sense, Raman spectroscopy appears as 
an ideal tool for the investigation of carbon compounds, since spectra have been 
found to respond to not only to chemical but also to structural changes. 
 
Experimental setup 
Carbon nanoparticles were produced in atmospheric pressure ethylene/air premixed 
flames stabilized on a McKenna burner, with cold gas velocity of 10 cm/s and  
fuel/air mixture slightly richer than the stoichiometric, 1.73 (C/O = 0.61) < 
(C/O = 0.85). The samples were extracted from the flame by means of a 
dilution probe operated with nitrogen and collected on-line on a quartz filter during 
1 h to allow the collection of enough material for Raman spectroscopy. Raman 
spectra were collected by mean of a Horiba XploRA Raman microscope system 
with a wavelength of λ = 532 nm. The calibration of the system was performed 
against the Stokes Raman signal of pure Si at 520 cm-1 using a silicon wafer. The 
Raman spectrometer was generally operated in the accumulation scanning mode 
and the spectra were recorded in the range of the 500–4000 cm-1. To minimize the 
probability of a structural change due to thermal decomposition by the laser, the 
power of the excitation source was reduced to 10%. For each sample, 7-10 spots 
were randomly selected and averaged. Then, all spectra were multipoints baseline 
corrected, normalized at the G peak around 1600 cm-1 and fitted using the 8.5 
Origin package. 
 
Results and discusion 
Fig. 1 shows the first and second order spectra of samples coming from flames 
with prevalence on NOC particles (Flame-061) and soot particles (Flame-085).  For 
comparison purposes, the spectrum of the HOPG was also included. The first order 
region is dominated by two prominent peaks, the one observed at 1340 cm-1 or D1, 
is activated by disorder coming from defects of different types (small crystallite 
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sizes, small grains, presence of edges, etc..) while the second peak typically 
observed around 1580 cm-1 in high oriented pyrolytic graphite (HOPG) or 
graphitic-like structures, appears in our samples at frequencies between 1595-1610 
cm-1 due to the activation of a band disorder, D2, that merges along with the 
graphitic contribution when particles are in the nanometric size range [5].  
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Figure 1. First and second order region of the spectra of carbon nanoparticles 
generated in ethylene flames and HOPG. 
 
It is interesting to note that the apparent G peak position of our samples is shifted 
to low frequencies close to the one observed for HOPG as we move from Flame-
061(prevalence of NOC particles) to Flame-085 (prevalence of soot particles) 
indicating that the graphitic character of the samples is increasing as the flame 
becomes richer. Ferrari et al. [6], state that the dispersion of G peak produced by 
disorder separates the materials into two types. In materials with only sp2 rings, 
where the G peak dispersion for nanocrystalline-graphite saturates at a maximum 
of ~1600 cm-1. In contrast, in those materials also containing sp2 chains, the G 
peak continues to rise past 1600 cm-1 and can reach 1690 cm-1. Whereas, the 
increase of number of disorder like bond length and angle disorder at the atomic 
scale has the effect to shift the G peak towards 1510 cm-1. 

Another feature observed in the spectra is related with the line broadening of 
the G and D1 bands indicating that the distribution of phonons activated by 
desorder corresponds to crystallites of different sizes. This characteristic can also 
open the possibility of finding a different kinds of defects that would explain the 
increase of D1 band intensity in samples with prevalence of soot particles [6].  

On the other hand, the second region of the spectrum of the samples is 
governed by a modulated bump composes of three peaks (2D1, G+D1, and 
2D2,2G) and a shoulder (2D4) instead of the conventional 2D band observed in 
HOPG. The bands that appear in this region correspond to overtones (2D1, 2D2 or 
2G and 2D4) and combination modes (G+D1) of the bands observed in the first 
region. It is well known that the overtone bands are not defect activated, while the 
combination band (G+D1) is defect activated [5, 6]. 
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A deeper analysis has been performed by fitting the spectrum with multiple 
line-shapes following the recommendation of Sadezky et al [7]. The first order 
spectrum was fitted with 6 curves; five Lorentzians (G, D1, D2, D3 and D4) and 
one Gaussian peak (D3) while the second region was fitted by 4 Lorentzians (see 
Fig. 2). The fitting procedure showed that the apparent band located between 1595-
1610 cm-1 is composed of two peaks counting for the contribution of both the 
graphitic domain and the band disorder D2. Actually, the D2 band, at 1620 cm-1, is 
more intense than the G band in samples with prevalence of NOC particles and 
starts decreasing in soot particles followed by a significant evolution of the 
graphitic component (or G peak). The strong D and D2 signals probably originate 
by the large amount of edges in our sample being the probed region composed by a 
many nanoparticles [6].  
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Figure 2. First and second order Raman spectra of NOC and soot particles after 
curve fitting procedure 
 
In the first order region of the spectra, it is also possible to see that the contribution 
of the band disorder D3 associated to the presence of amorphous carbon and/or the 
inclusion of odd-membered ring structures becomes more intense in the samples 
coming from the richest flame (Flame-085). Assuming that in all samples the 
amount of amorphous carbon remains the same as in NOC particles (see upper part 
of Fig 2), the further increase of the D3 band intensity can be explained by the 
increase of curvature originated by the presence of 5 or 7 member rings as particles 
becomes mature [8].  

In addition, two Lorentzian peaks were necessary to fit the modulation 
band between 1100-1300 cm-1 to include the distinctive feature observed at 1175 cm-1 
in NOC particles. In general, this modulation band, which has a overtone in the second 
region of the spectrum, was called “D4” by Sadezky et al.[7], and has been associated to 
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sp2 and sp3 hybridized carbon bonds, stretching vibrations of carbon-carbon single 
and double bonds, and possibly ionic impurities. In contrast, the feature peak 
around 1175 cm-1 does not have a counterpart in the second order spectrum and its 
nature might be different to the one assigned to the D4 peak. A similar feature has 
been reported in Raman spectra of amorphous hydrogenated carbon a-C:H and was 
attributed to the CC–H  bending mode of the ring in neutral poly (p-phenylene 
vinylene) (PPV) chain inclusions which is resonant under visible excitation 
wavelength [9]. Thus, this peak is certainly of sp2 origin, 

The Raman spectrum in the overtone and combination bands region add further 
information on the sample (see lower part of Fig 2). The position of 2D1 band 
confirms the bi-dimensional nature of NOC particles. In fact, the center of the band 
is significantly shifted towards the lower frequency zone respect the signal of the 
2D band from HOPG, closer to the position of a single layer graphene while for 
soot particles the 2D1 band position is closer to the center of HOPG indicating that 
the three-dimensional order is increasing even though the linewidth is still large 
(see Fig 2). In addition, the appearance of relevant overtone of G and D2 lines and 
an evident G+D combination band indicate that beside the disorder due to edges, 
also lattice distortion can be present [5, 6].  

 

 
Figure 3. summary of the ID/IG ratio and average size of the graphite domain, La. 
 

The band intensity ID/IG ratio obtained from the first order region gives 
information about the average size of the graphitic domain (La) as well as the 
degree of ordering of the samples. In our samples, the ratio ID/IG increases from 
NOC to soot particles. In nano-cristalline samples, this trend indicates an increase 
of the probability to find aromatic rings in the total sp2 network, thus an increase of 
the in-plane correlation length, La, is expected as it is reported in Fig. 3.  The “La” 
values were determined using eq 7 in [6] 
 
Conclusion  
Through Raman spectroscopy two kind of carbon nanoparticles were identified, 
those corresponding to NOC particles which behaves like two dimensional 
structure with low graphitic component and the presence of aromatic moieties 
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connected by aliphatic bridges indicated by a distinctive feature at 1175 cm-1 and 
those corresponding to soot particles, which present opposite characteristics to 
those observed in NOC particles followed by an increases in the three-dimensional 
ordering as the graphitic component increases. 
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