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Abstract

:

In this study, flame-formed carbon nanoparticles of different nanostructures have been produced by changing the flame temperature. Raman spectroscopy has been used for the characterization of the carbon nanoparticles, while the particle size has been obtained by online measurements made by electrical mobility analysis. The results show that, in agreement with recent literature data, a large variety of carbon nanoparticles, with a different degree of graphitization, can be produced by changing the flame temperature. This methodology allows for the synthesis of very small carbon nanoparticles with a size of about 3–4 nm and with different graphitic orders. Under the perspective of the material synthesis process, the variable-temperature flame-synthesis of carbon nanoparticles appears as an attractive procedure for a cost-effective and easily scalable production of highly tunable carbon nanoparticles.
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1. Introduction


The scientific interest on the formation and characterization of soot from fuel-rich combustion processes has been historically motivated by mainly two factors: their environmental impact when released into the atmosphere, particularly their effects on climate change [1,2], and their negative effects on human health, especially when generated at the nanoscale level [3,4,5]. However, the formation of carbon nanoparticles from combustion and pyrolytic processes, commonly referred to as carbon black, has also attracted remarkable interest as a material for a long time, and many industrial applications are indeed available [6]. Practical applications for carbon nanoparticles, CNPs, are numerous, and to date many documented routes for their preparation have been proposed. Candle soot, for instance, has attracted much attention in recent years, mostly originating from the pioneering work of Liu et al. [7], which showed for the first time the use of candle soot as a source material for the preparation of photoluminescent CNPs. Other reported applications include the use of soot as a hole extractor layer in perovskite solar cells [8], electron acceptor material in blends with poly (3-hexylthiophene) (P3HT) for organic solar cells [9], anode material in high-rate lithium-ion batteries [10], or use as a supercapacitor electrode material [11]. The technological applications of soot CNPs are thus manifold and span from their use in optoelectronic devices, such as material for the energy and environmental sectors, to the realization of active coatings for sensing [12,13], surface wettability modification [14,15,16] and water purification [17,18], or coatings with customized anti-icing and antimicrobial performances [19]. Mulay et al. [20] recently reviewed the preparation and usage of candle soot for a large variety of applications.



The preparation methods for CNPs can be conveniently divided into two categories. “Top-down” routes, including laser ablation, arc discharge, and chemical and electrochemical oxidation of large carbon-based structures are to date among the most commonly implemented. Alternative routes for CNP synthesis are gas-to-particles “bottom-up” processes [21,22], which as a part of the soot formation process, starting from gas-phase precursors, produce particles that can be intercepted during the growth process or can be altered by acting on the combustion operative parameters to achieve particle property tunability. In this regard, flames appear as very attractive “reactors” for the controlled synthesis of highly tunable CNPs, owing to their simplicity and energy saving. Particularly, laminar premixed flames, because of their one-dimensionality and the absence of the complexity of coupling fluid dynamic and kinetics, easily allow one to control the property of the produced particles by selecting the main operative parameters. Indeed, owing to the vast literature on the soot formation process, it is well established that the fuel chemical composition, residence time, pressure, and temperature are all important parameters in controlling the shape, i.e., size, and properties of the soot particles [23,24,25,26].



Depending on the flame characteristics and particle sampling conditions, the size of flame-formed CNPs, namely soot nanoparticles, can range from a few nanometers, typically 2–3 nm, up to tens of nanometers [27,28,29,30,31,32]. Additionally, particle physicochemical properties, including optical, electrical, and electronic properties, have been shown to vary as a function of the residence time, the fuel composition, and the flame stoichiometry [33,34,35,36,37,38]. All these properties are strongly related to the nanostructure of the generated CNPs and in particular to the size of the aromatic constituents and to the structural order within the particle. In this respect, several earlier works have demonstrated that soot particles generated under most of the laboratory flame configurations are mainly composed of polycyclic aromatic hydrocarbons (PAHs) of moderate size. They have about the size of coronene to ovalene [39,40,41,42,43,44], with an average lateral size of the order of 0.8–1.0 nm that shows a rather small dependency on the abovementioned combustion operative parameters. However, very recently, Camacho and coworkers [45,46] reported a remarkable change in the graphitization degree of flame-generated CNPs under a relatively higher flame temperature as compared to most of the flames used in earlier studies.



The possibility of tuning particle properties by a fine control of the flame temperature is of great relevance from a practical standpoint, being an alternative and more advantageous method with respect to post-processing technologies, which are more energy- and time-consuming. In light of this, there is still a need for new research to fully understand the 3–4 nm between chemico-physical particle modification and flame temperature increase.



In this study, CNPs with average size of 3–4 nm, were generated in flames under very different flame temperature conditions, from 1700 K to 2000 K, and have been characterized in terms of particle size and nanostructures. The obtained results are in agreement with those recently reported in [45,46], thus paving the way for the possibility, by a direct gas-to-particles flame synthesis process, to generate highly tunable CNPs with a precise control of the size and of the optical, electronical, and electrical properties.




2. Materials and Methods


Different CNPs, generated from four laminar premixed ethylene/air flames stabilized on a water-cooled McKenna burner (Holthuis & Associates, Sebastopol, CA, USA), were analyzed in this work. A summary of the flame conditions is reported in Table 1. Two flames were characterized by a C/O = 0.67, corresponding to an equivalence ratio, φ, of 2.01, and a gas velocity of 9.8 cm/s. In the first flame, the feed gas mixture was at ambient temperature, while in the second flame the gases were preheated before they were mixed and entered into the burner.



Conversely, the other two flames were characterized by a slightly higher C/O, specifically C/O = 0.69 and C/O = 0.71, corresponding to an equivalence ratio, φ, of 2.07 and 2.13, respectively. These flame conditions were set by fixing the flow rate of unburned gas in order to have a gas velocity of 20 cm/s. Again, the gases were preheated before they were mixed and entered into the burner.



The flame temperature was measured by an R-type thermocouple (Pt/Pt-13%Rh) with a spherical junction with a diameter of 300 mm using a fast-insertion procedure. The flame temperatures were corrected for radiation losses following the procedure reported elsewhere [47].



The first flame, referred to as Flame A, which is the one not subjected to gas preheating, reaches a maximum flame temperature of 1720 ± 50 K at a height above the burner (HAB) of 3 mm. The second flame, referred to as Flame B, is similar to the previous one, with the application of a preheating of the feed gases, thus leading to a maximum flame temperature of 1820 ± 50 K at HAB = 3.5 mm. The temperature of the flame with C/O = 0.69 is the highest, reaching a maximum value of 2006 ± 50 K at a height of 3.5 mm above the burner; it is referred to as Flame C. Ultimately, the flame with C/O = 0.71, namely Flame D, arrives at a maximum of 1984 ± 50 K at a height of 4.0 mm. The high gas velocity and feed gas preheating, which were constantly monitored, allowed one to reach high temperature values. Figure 1 reports the entire temperature profiles for two flames: the one with the highest temperature (Flame C) and the one with the lowest temperature (Flame A). The latter was measured with and without the presence of the probe for CNP sampling inside.



CNPs were analyzed by using online and ex-situ measurements. The online sizing of CNPs was performed by the Differential Mobility Analysis (DMA). CNPs were withdrawn from the flame by a horizontally positioned tubular probe (1 cm outer diameter, 0.05 cm thickness) with a small downwards orifice (diameter = 0.2 mm). The sampled aerosol flow was immediately diluted by a flux of N2 in the probe, thus ensuring a dilution ratio of the order of 1:3000; in this way, particle coagulation and mass growth in the sampling line were prevented. The used scanning mobility particle sizer (SMPS) spectrometer (TSI Incorporated, Shoreview, MN, USA) consisting in an X-ray charger (Model 3088), an electrostatic classifier (Model 3082), and an ultrafine condensation particle counter (Model 3776). The aerosol flow was set at 1.5 L/min, the sheath flow at 15 L/min, and the measured particle sizes were in the 1.98–65-nm range.



A similar sampling system was used to collect CNPs on quartz filters (QMA, with a diameter of 25 mm by Whatman plc, Buckinghamshire, UK) for the offline Raman spectroscopy characterization. Specifically, the probe utilized for the sampling of particles had a larger orifice (diameter = 0.6 mm). Downstream of the tubular probe, the stainless-steel aerosol filter holder was positioned. On the base of the size distribution measurements, the tubular probe was placed at the appropriate distance from the burner to collect CNPs of approximately 3–4 nm in diameter.



Raman spectroscopy of the CNPs-loaded quartz filters was performed using a XploRA Raman microscope (Horiba, Ltd. Kyoto, Japan) equipped with a NA 0.9 100× objective (Olympus corporation, Tokyo, Japan). The laser source was a frequency-doubled Nd:YAG laser (λ = 532 nm). The laser beam power, exposure time, and other instrumental parameters were selected to avoid structural changes in the sample due to thermal effects and to ensure the best resolution. Spectra were obtained by keeping the laser beam power density constant for all the measurements and by using the accumulation and exposure time of five cycles of 30 s each. A total of five spots were randomly selected for each filter in order to obtain statistically relevant Raman spectroscopy results data. The obtained spectra were baseline corrected and normalized.




3. Results and Discussion


Particle size distributions (PSDs) as a function of the height above the burner (HAB) are reported in Figure 2 for the four investigated flames.



The distribution is expressed in terms of the number of particles, N, normalized to the total number, NT, and is reported as a function of the particle mobility diameter, Dm. This is the diameter of a spherical particle, which moves into the electric field of the DMA with the same mobility as the analyzed particle.



The PSDs of the four flames show some different behaviors. Flame A shows a mono-modal distribution at the lowest HABs, with a progression toward a bimodality starting from 9 mm and becoming evident at the highest HABs. The bimodal PSDs are characterized by the typical tail towards smaller sizes and by a trough separating the nucleation and coagulation modes. Flame B, with the same equivalence ratio but with a slightly different temperature with respect to Flame A, shows a similar behavior in the evolution of the mono- and bi-modality but with the formation of much larger particles. In addition, the trough between the two modes appears deeper and at higher mobility diameters.



As the flame temperature further increases, such as in Flames C and D, the PSD changes in shape, evolving into a mono-modal distribution also at higher HABs. This result is consistent with previous investigations in which it has been shown that, depending on the equivalence ratio and on the temperature, the tail, the trough location, and the shape of the PSD vary significantly [48]. In turn, all these features are highly dependent on the competition among the various processes leading to the formation of CNPs [49]. In PSDs of Flame D, it is possible to note a less evident bimodality with a less deep trough, which also shifts to smaller mobility diameters, leading to the near-disappearance of the tail. The scenario for Flame C is completely different, which is the one with the highest temperature among these studied in this work. Figure 2c shows the PSDs to be completely mono-modal. The disappearance of both the tail and the trough and the decreasing size of the particles is remarkable.



With higher temperatures, the formation of the CNP precursors in the flame is reduced, and this leads to a decrease of the size of the particles [49].



On the basis of the size distribution measurements, the appropriate distance from the burner in order to collect particles of approximately 3–4 nm in diameter was chosen. The relative size distributions are shown in Figure 2 as black dotted curves, and the average particles’ diameters, <Dp>, are reported in Table 2.



CNPs collected on quartz filters have been analyzed by Raman spectroscopy for structural characterization. Typical Raman spectra of CNPs are reported in Figure 3. In the 1000–1800-cm−1 spectral region, corresponding to the first-order spectral region, two Raman bands are present: They are characteristic of carbon-based materials: the D peak, often referred to as the disorder peak, at a Raman shift of about 1350 cm−1 and the G peak, often referred to as the graphitic peak, at ~1600 cm−1. The G peak is produced by phonon modes with E2g symmetry and is Raman-active for every hybridized sp2 carbon. Instead, the D peak is due to phonons that are produced by the ring breathing mode with A1g symmetry from sp2 carbon rings. This band, however, requires edges or defects to be activated, and for instance it appears in nanocrystalline graphite due to edge effects, or in defected and amorphous carbon materials [50,51,52] including soot nanoparticles [30,45,46,47]. Disorder also allows the activation of the so-called D’ band near 1620 cm−1, which overlaps to the G band in very disordered carbons. It is worth noting that for soot nanoparticles, as well as for any disordered carbon, other defect bands can be detected in the 1000–1800-cm−1 spectral region. These have been usually reported to be centered at ~1200 cm−1, ~1500 cm−1, and ~1620 cm−1, and various fitting procedures have been reported in the literature to deconvolute the Raman spectrum in terms of the different contributions [53,54,55,56,57,58], although there is not yet a widely accepted approach.



Most importantly, it is widely accepted that the relative intensity of the two major peaks, namely I(D) and I(G), correlates with the average size of aromatic islands, La, within the carbon matrix. For highly disordered materials with very small La values, which is the case of the investigated CNPs, the intensity ratio between the D and G peaks has been found to be proportional to La2 by the following equation [51]:


   L a 2  = 5.4 ·   10   − 2   ·  E L 4  · I  ( D )  / I  ( G )   



(1)




where EL is the energy of the incident photon expressed in eV. The La values (expressed in nm) for the CNPs sampled in the four flames and derived from the corresponding measured Raman spectra are reported in Table 2. The I(D)/I(G) value is of the order of 0.75 for both Flame A and Flame B conditions, indicating a similar size of La of about 1.1 nm, which is about the size of ovalene. A higher value of the I(D)/I(G) ratio is, instead, measured for the two flames with a higher temperature, namely Flame C and Flame D, indicating an increase of La as the flame temperature increases from 1700/1800 K to 2000 K. In addition to the I(D)/I(G) ratio, the analysis of the measured Raman spectra also allows one to obtain additional chemical information on CNPs and their differences under the various flame temperatures adopted. In particular, it is interesting to use the photoluminescence background in the Raman spectrum of CNPs, shown in Figure 3, to obtain an indication of the variation in the organic carbon content in the carbon matrix [59] and more specifically of the change in the amount of hydrogen atoms in the structure [60,61]. In this regard, Casiraghi et al. [60] found an empirical equation that can be used to determine the atomic percentage of hydrogen atoms, H[at.%], for hydrogenated amorphous carbon-based materials, based on the ratio, expressed in microns, between the slope of the photoluminescence background, m, and the intensity of the G peak, I(G):


  H  [  a t %  ]  = 21.7 + 16.6 · l o g  (   m  I  ( G )     )   



(2)







From the measured Raman spectra, the obtained m/I(G) values are reported in Table 2 together with the calculated percentage of hydrogen atoms using Equation (2). There is a considerable difference in the hydrogen content between the CNPs produced in the lower temperature flame conditions, Flames A and B, and the ones formed at a higher temperature, i.e., Flames C and D. Therefore, the results of both the I(D)/I(G) and m/I(G) ratios indicate a relatively higher graphitization degree of the high temperature flame CNPs (Tmax ~2000 K) as compared to those generated under the lower temperature flame conditions (Tmax ~1700/1800 K).



It is worth mentioning that other authors reported a linear trend analogous to Equation (2) but with slightly different coefficients [61]. The use of these 3–4 nms would produce a slightly different absolute value of the H percentage but does not affect the conclusion of this analysis regarding the temperature effect.



The differences between the two sets of flames are more clearly observable by a direct comparison of the normalized Raman spectra for all types of collected CNPs, as shown in Figure 4.



In addition to the abovementioned increase of the D peak as compared to the G one, other interesting features can be noticed as the flame temperature increases. The shift of the D and G peak positions to lower frequencies is very clear.



It is well known that an upward shift in wavenumber and broadening of the G band position is consequent to phonon confinement in small graphite crystal as the crystalline units become smaller [51], so that the G band shift towards the upper limit of 1600 cm−1. In addition, as the lateral size La decreases, also the intensity of the D’ band increases so that its contribution to the band made of the superposition of G and D’ bands increases, thus moving the maximum towards higher wavenumbers. A similar quantum effect has been reported also for the D band [62]. Consistently with the shift of the bands, the reduction of their broadening, also reported in Figure 5, is a further indication of a larger size of the aromatic islands in the particles and the increase of their graphitic character. Interesting is that in the more graphitic particles, produced at higher temperature, the increase of the D band does not seem to be associated to a concurrent increase of the D’ band. This evidence might be ascribed to a different amount of zig-zag and arm-chair edges of the aromatic islands. Indeed, a larger contribution of zig-zag edges in the particles produced at the lower maximum flame temperature would explain a larger contribution of the D’ band with respect to D, I(D’)/I(D).



Other differences in the Raman spectra concern the decrease of the signal in the region near 1500 cm−1 as well as in the region at about 1200 cm−1 and above 1650 cm−1. All these features indicate a reduction of the organic carbon content in the particles, consisting for instance in small aromatic units, a small carbon chain, and oxygen atoms.



The main differences in the Raman spectra are shown in Figure 5 as a function of the maximum flame temperature.



All of them indicate an increase in the graphitization degree of the CNPs as the flame temperature increases. Therefore, in accordance with the recent conclusions of Camacho and coworkers [45,46], the narrowing of the bands, the shifts of the peaks, and the increase of La indicate that as the flame temperature increases more ordered structures are produced. The fact that the observed graphitization is relative to very small nanoparticles <Dp> about 3–4 nm is particularly relevant. A graphitization path is generally observed in flames as a function of the residence time and is always combined with particle growth. The result of this work, instead, shows that particles with a constant size can be produced with a different graphitization degree when changing the flame temperature.




4. Conclusions


In this study, the transformation of carbon nanoparticles formed in flames as the flame temperature is increased is explored. The aim of this work is to corroborate this methodology as an efficient procedure for tuning particle properties.



Carbon nanoparticles with sizes of 3–4 nm have been generated and collected from fuel-rich laminar premixed flames having different maximum flame temperatures.



Raman spectroscopy analysis of the collected CNPs showed that the temperature had a major impact on the carbon structure of the particles. Particularly, and in agreement with some very recent studies, the higher the flame temperature, the higher the graphitization degree of the particles. Indeed, CNPs generated under high temperature conditions present a larger aromatic domain size. There is a transformation of the edges of the aromatic units with a reduction of zig-zag and an increase of arm-chair edges. The organic carbon content also decreases while the structures become more ordered. Therefore, carbon nanoparticles with a constant size can be produced with different graphitization degrees when changing the flame temperature.



As part of an ongoing research effort, future work will also explore the change of other soot properties including electrical conductance, electronic/optical properties by band gap analysis, and finally surface properties such as hydrophobicity.
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Figure 1. Temperature profiles for Flame A and Flame C conditions. Full dots refer to the unperturbed flames, i.e., without a sampling probe. Empty dots refer to Flame A with the CNPs sampling probe positioned at 8 mm, marked by the dashed line. 
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Figure 2. Normalized number PSD (1/NT*dN/dlogD) of CNPs as a function of HAB for: (a) Flame A, C/O = 0.67 and Tmax = 1715 K; (b) Flame B, C/O = 0.67 and Tmax = 1820 K; (c) Flame C, C/O = 0.69 and Tmax = 2006 K; and (d) Flame D, C/O = 0.71 and Tmax = 1984 K. Note: black dotted curves correspond to the selected conditions for particle sampling and characterization. 






Figure 2. Normalized number PSD (1/NT*dN/dlogD) of CNPs as a function of HAB for: (a) Flame A, C/O = 0.67 and Tmax = 1715 K; (b) Flame B, C/O = 0.67 and Tmax = 1820 K; (c) Flame C, C/O = 0.69 and Tmax = 2006 K; and (d) Flame D, C/O = 0.71 and Tmax = 1984 K. Note: black dotted curves correspond to the selected conditions for particle sampling and characterization.



[image: Carbon 07 00044 g002]







[image: Carbon 07 00044 g003 550] 





Figure 3. Typical Raman spectra of the CNPs collected under two different flame conditions. 
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Figure 4. Comparison of the normalized Raman spectra of CNPs collected for different flame conditions. Note: for clarity, the red lines refer to the two hottest conditions (Flames C and D). 
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Figure 5. Analysis of the main differences between the measured Raman spectra of the CNPs collected at different temperatures. Note: for clarity, red dots are used for consistency with Figure 4. 
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Table 1. Flame conditions.
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	Flame
	Feed Gas
	C/O
	Gas Velocity, cm/s
	Max Temperature, K





	A
	Ethylene/air
	0.67
	9.8 cm/s
	1715



	B
	Ethylene/air
	0.67
	9.8 cm/s
	1820



	C
	Ethylene/air
	0.69
	20 cm/s
	2006



	D
	Ethylene/air
	0.71
	20 cm/s
	1984
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Table 2. Properties of flame-generated CNPs.
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	Flame
	C/O

Tmax

HAB
	<Dp>
	I(D)/I(G)
	La (nm)
	m/I(G)
	H [%]





	A
	C/O = 0.67

1715 K

8 mm
	3.34 nm
	0.76
	1.10
	3.2
	30.0



	B
	C/O = 0.67

1820 K

7 mm
	3.80 nm
	0.75
	1.09
	6.6
	35.3



	C
	C/O = 0.69

2006 K

9 mm
	3.30 nm
	0.88
	1.18
	0.3
	13.5



	D
	C/O = 0.71

1984 K

8 mm
	4.06 nm
	0.89
	1.19
	0.5
	17.2
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