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Experimental findings on the application of electric fields to enhance the deposition rate of Carbon Nanoparticle films in flame-synthesis 
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1.Introduction
Flame generated Carbon NanoParticles (CNPs) are recognized as hazardous materials [1], but their fascinating properties turn them into potential candidates for diverse applications in the fields of bioimaging, nanomedicine, photo/electro-catalysis and bio/chemical sensing [2]. CNPs are simply collected in a flame by thermophoretic forces generated after the rapid insertion of a cold substrate into the flame. Different film properties can be achieved by changing the position and the duration of substrate insertion and by varying combustion parameters [3]. This paper, which is part of the PRIN 2017PJ5XXX: MAGIC DUST project, provides first experimental results on the use electric fields to improve the harvesting process. The substrate has been kept at a fixed negative potential and the burner is grounded in order to generate an electric field directing toward the substrate and ignite electrophoretic deposition phenomena of CNP [4] that are influenced due to the presence of positively and negatively charged particles, whose dynamics are highly impacted by the presence of additional electrostatic forces [5]. Recently, a dedicated CNPs deposition model has been developed through COMSOL Multiphysics software [6]. It simulates the flame environment in terms of temperature, fluid-dynamics and space charge condition using the momentum balance equations over CNPs particles to sample their trajectories close to an electrified collector. The model matching the trend of experimental data predicts an increase in the harvesting rate up to six times combining electro and thermophoretic effects respect to the sole thermophoresis by applying a -3kV potential to the substrate. Preliminary experimental results on the electrophoretic-enhanced CNP film synthesis onto the cold substrate used for CNP harvesting in flame are also reported. To this aim, a controlled flame reactor has been equipped with a CNPs collector unit which is pneumatically driven to provide a given number of temporary insertions of a substrate in the flame, at a given height above the burner (HAB), with controlled residence time and speed of insertion. The substrate has been connected to a high voltage DC generator and kept at a constant potential up to -3kV. CNPs deposited on electrified substrates have been analyzed by Atomic Force Microscopy (AFM) and  UV-visible light absorption. Overall the results show the possibility to tune film features in terms of morphology and optical properties just by changing the electric field.
2. Methods
A flat laminar premixed ethylene-air flame stabilized on a water-cooled McKenna burner to generate CNPs. The carbon-to-oxygen ratio (C/O) was adjusted at 0.67, which corresponds to a slightly sooting flame, and the cold gas velocity was 9.8 cm/s. During the last decade, these flame conditions have been thoroughly described [3,7], revealing a typical bimodal particle size distribution (PSD) at distances from the burner surface (HAB) greater than 10 mm, with a first mode about 2-3 nm and a second made up of particles bigger than 10 nm. Furthermore, prior studies [8,9] have revealed particle charge distributions. Accordingly, it is possible to assume an even distribution of positively and negatively charged particles sampled from flames at atmospheric pressure and that all the particles with sizes up to 20 nm carry on at most a single electric charge [10]. CNPs are deposited on glass circular substrates. The insertion time tins is of 100 ms, and the HAB is 15 mm. The probe containing the substrate is kept at a fixed electric potential by connection with a controlled high voltage DC generator (Bertrand 230-20R), while the burner is grounded. The electric potential on the substrate is varied from 0 kV up to -3kV, below the onset of corona disharge [11]. AFM images were acquired over freshly cleaved mica substrates with a single insertion in flame in order to obtain a morphological characterization of CNPs. AFM measurements were performed with Scanning Probe Microscope NTEGRA Prima from NT-MDT, operated in semi-contact mode in air and equipped with NANOSENSORSTM SSS-NCHR super-sharp silicon probes with nominal tip radius of 2 nm. AFM images were postprocessed in order to obtain information about the fraction of substrate that is covered with CNPs (degree of coverage) at different applied voltages. Chemical/structural characterization of the thin films obtained with different electric potential was performed by UV–vis absorption spectroscopy via an Agilent UV-vis 8453 spectrophotometer. From the light absorbance, it is possible to estimate the film thickness, δAbs, under the assumption of absence of voids, using the classical Lambert-Beer expression [3]:

		
For the refractive index of CNP, k(λ), a typical value found for soot particles of k=0.56 at λ=532 nm has been used [12]. 
3. Results and discussion
Figure 1 shows the AFM degree of coverage obtained with a single insertion in flame varying the electric potential from 0kV to -3kV and representative AFM images. 
[image: ]
Figure 1. From left to right: AFM degree of coverage, % as a function of electric potential and AFM images at 0 kV and -3 kV (C/O=0.67, HAB=15mm, tins=100ms; Nins=1). 

Deposited CNPs increase as the absolute values of the electric potential increase. In particular, the estimated degree of coverage increases from 5% at 0kV to 30% at -3kV. Interestingly, these experimental results are consistent with the model predictions [6], showing both a six-fold increase. Moreover, in the case of pure thermophoresis at 0 kV, CNPs are distributed uniformly on the substrate and appear mostly as single spherical entities following a ballistic deposition mechanism, whereas in presence of -3kV applied to the deposition substrate, CNPs are organized as fractal petal-like structures. These morphological results are consistent with literature [13,14] and can be explained through a polarization model [11]: positively charged CNPs are deposited on the negatively charged substrate as a result of Coulomb interactions. CNPs reach the negative charge at equilibrium with the substrate. The neutral CNPs in the flame - the majority - can be polarized by the applied field determining faster deposition that takes place preferentially over the already deposited particles due to the higher chemical affinity [8,9]. 
Figure 2 shows the UV-vis absorption spectra of CNPs films deposited on glass substrates after 100 insertions, varying the electric voltage from 0 to -3kV and the film thickness δAbs(λ=532nm), obtained using the Lambert-Beer expression [3]. 
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Figure 2. From right to left: UV–Vis spectra of CNP as a function of wavelength varying the electric potential (0,-1,-2;-3) kV applied to the glass substrate; film thickness δAbs(λ=532nm) against the electric potential V (kV). (C/O=0.67, HAB=15mm, tins=100ms; Nins=100). Images of real samples are showed.

Figure 2 shows an increase of absorption, and consequently of the film thickness, as the electric voltage increases. The trend of the thickness increases with the electric potential more than the AFM degree of coverage. This could be explained by considering that during film formation CNPs are deposited over carbon layers to which they are more chemical affine, so that nanoparticle aggregation, also favoured by the lower substrate temperature, may take place. 
4. Conclusions
This paper presents results on the application of electric field to the flame synthesis of CNPs over electrically charged collectors. An ethylene/air premixed laminar flame with C/O=0.67 at atmospheric pressure stabilized on a McKenna burner and a collector device consisting of a probe alternatively inserted inside the flame have been used. The probe is kept at a fixed electric potential (from 0kV to -3kV) while the burner is grounded. CNPs have been firstly deposited on a mica substrate after a single insertion in the flame and analyzed with Atomic Force Microscopy. Additionally, CNPs films have been obtained with 100 insertions over glass substrates in flame varying the electric potential from 0 to -3 kV. Both AFM degree of coverage and film thickness show the enhancement in CNPs deposition up to six times. This paper findings indicate that the production of a film of a required thickness can be achieved with a much faster rate than those used in thermophoretic deposition, by using electric fields at medium potential (up to -3 kV in this work). This enhancement makes also reliable the production of films of CNPs from flames at low C/O values, producing films with properties different from those generated by more sooting flames. Further studies will be conducted to assess the morphological properties of deposited films in the presence of electric fields.
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