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Abstract


Flame spray pyrolysis, widely used in chemical industries, is a technology to synthesize nanoparticles. While the flame spray pyrolysis uses fuels as a solution liquid, the flame-assisted spray pyrolysis method uses aqueous solutions. Since process parameters such as concentration of precursor, size of droplets, and ratio of the air–gas mixture affect the size of nanoparticles, developing a flexible system to control these parameters is required. This paper proposes a new type of nozzle system to produce nanoparticles using flame-assisted spray pyrolysis. The annular nozzle design allows flexible control of particle flow and temperature, and an ultrasonic nebulizer was used to produce droplets with different size. Experiments were conducted to analyze the relationship between nanoparticle size and process parameters, concentration of precursor, frequency of the atomizer, and flame temperature. A precursor solution consisting of silver nitrate (AgNO3) mixed in deionized water is used. The effects of the process parameters are discussed, and analysis of the nanoparticles shows that silver nanoparticles are deposited with an average size of 25~115 nm.
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1. Introduction


Flame Spray Pyrolysis is an economic, single-step, and versatile process to synthesize nanosized metals, alloys, and ceramics compared to other technologies such as vapor deposition, laser ablation, and plasma synthesis [1]. A wide range of produced materials are reported in the literature, such as tin dioxide for sensors in semiconductor industry [2], bimetallic materials [3], nanotubes [4], and so on. It is also a single step process, so that subsequent annealing processes are not required other than conventional methods [2]. Due to its single step process characteristic, the method is also applied to roll-to-roll deposition of nanoparticles [5,6].



Spray pyrolysis systems consist of a small droplet generator from precursor solution, a droplet carrier, a high-temperature treatment unit, and a particle collector. An ultrasonic atomizer, one of the droplet generators, produces equally sized droplets, and their flow rate is controlled by a carrier gas. The equation to estimate average droplet diameter is described below [7]:


   D P  = 0.34    (    8 π σ   ρ  f 2     )     1 3     



(1)




where Dp is the diameter of droplets, σ is the surface tension of liquid, ρ is the density of liquid, and f is the atomizer’s frequency. From Equation (1), the droplet size varies with parameters of atomizing transducers, such as supplying power and resonant frequency. For the high-temperature treatment unit, there are several types such as flame reactor and quenching device [8,9,10], heating substrates [11], diffusion flames from a mixture of a fuel, an oxidant, and a precursor aerosol [12], and spray flames by ignition of the mixture of a fuel and a precursor [13]. The generation and following deposition of nanoparticles varies with the type of treatment unit. Furthermore, when flame spray pyrolysis is used to deposit thin films, a substrate which is usually made of a poly-tetrafluoroethylene (PTFE) or a glass fiber-based filter is placed as an alternative to a particle collection unit [14].



However, the mechanism of how nanoparticles are formed and deposited is not generally defined. Since the process has a number of parameters with various precursors and reactor designs, several researchers [15,16,17] admitted that the method is not clearly generalized. Pratsinis [16] mentioned that bulk material properties change on the nanoscale because the principle of continuum does not fit to nanoparticles, and therefore the process was verified by experimental results and simulations.



The process parameters and the precursors decide the formation of nanoparticles. Several studies [18,19,20,21,22,23,24] have analyzed the effect of different precursors on the formation of nanoparticles. In the study of Cho et al. [18] about producing silica nanoparticles from silicic acid and tetraethyl orthosilicate (TEOS), the formation of particles can be explained by one of three routes: Vapor Phase Reaction (VPR), Intra Droplet Reaction (IDR), and the mixture of two routes. The routes are classified according to spray pyrolysis parameters, especially flame temperature. In case of VPR, the reaction is finished in a vapor phase. This case happens when the time for the precursor droplet to be evaporated is shorter than the time to form nanoparticles, while each duration is decided by flame temperature, precursor concentration, and so on. VPR happens more frequently at low precursor concentration and high flame temperature. Particles start to form aggregates after nucleation and they are deposited onto the substrate. In contrast, in the IDR case, the time taken for precursor droplets to evaporate is longer than that of particle formation. Therefore, precipitation makes tiny seed particles in the precursor droplet. By condensation, seed particles become larger, and precursor droplets are evaporated. In this case, precursors are highly concentrated due to the lower flame temperature than in the VPR case. When VPR and IDR are mixed, the time of precursor evaporation and the one of particle formation are similar, so that both cases are applicable. This explanation gives us understanding of how nanoparticles are formed, although it may not be generalized for all precursors.



It has been known that several parameters affect the shape of nanoparticles. For example, increasing the feed rate of nozzle reduces the amount of precursor per unit area, and fewer particles are deposited. When a mixture of precursor with high flow rate is combined with a carrier gas, shorter duration of particles on the substrate causes less deposition. When the flow rate of the carrier gas is increased, the concentration of precursor droplets and the flame temperature are reduced, resulting smaller particle size [20,25]. The distance between the nozzle end and the substrate decreases the number of deposited particles on the substrate since diffusion and thermophoresis happen at the passage of mixture in the air, decreasing the gradients of particles [5].



Temperatures at the passage and the substrate affect the thickness of the resultant coating. A dense film is formed when the temperature of the substrate is increased by the flame or external sources [2]. Because the flame is from a fuel such as hydrogen, methane, or propane, with oxygen, the flame temperature is decided by a stoichiometric ratio of the fuel and the oxidant. The temperature of hydrogen-air flame reaches up to 2200 °C, but it can be lowered with a lower stoichiometric ratio. A higher flame temperature causes shorter evaporation time and causes formation of smaller particles, but excessive temperature forms aggregates [20]. In addition to the ratio of a fuel to an oxidant, the type of fuel affects the contents of impurities on a film. For example, acetylene at higher temperature generates carbide impurities [26].



While flame spray pyrolysis can hold the flame, since its solution is based on fuels, the modified process called “flame-assisted spray pyrolysis” usually uses aqueous solutions so that they cannot sustain an initial flame [27,28]. Among particles for flame-assisted spray pyrolysis, silver nitrate (AgNO3) produces silver particles by thermal decomposition:


2AgNO3 (s) → 2Ag (s) + O2 (g) + 2NO2 (g)



(2)







Plyum et al. [29] produced micron-sized silver nanoparticles from the process. Similarly, other researchers [30,31] created nanoscale particles from a tube furnace and flame spray pyrolysis. Although silver nitrate can be decomposed at relatively low temperature with less energy consumption [32], flame-assisted spray pyrolysis is another method of silver nanoparticle decomposition which provides additional thermal treatment and is applicable to other nanoparticles. However, since the process parameters mentioned above affect the size of the produced nanoparticles, the spray pyrolysis system should flexibly change the parameters.



This paper proposes a new nozzle design to produce nanoparticles and deposit them on a substrate using flame-assisted spray pyrolysis. In Section 2, the nozzle design is introduced to allow flexible adjustment of process parameters. In addition, experimental setups are described to investigate the effects of parameters such as the atomizer’s natural frequency, precursor concentration, and flame temperatures on the size of the nanoparticles. In Section 3, studies of the parameters and analysis of deposited nanoparticles are discussed.




2. Nozzle Design and Testing


The structure of a dual velocity deposition nozzle is described in [33], and a port for fuel gas input was added to the literature’s nozzle design (Figure 1) so that it can be used for flame spray pyrolysis.



At the nozzle exit, there is a fuel gas cavity between the inner funnel and outer wall, which forms a narrow annular slit. For the fuel gas, hydrogen is supplied to the circular slit where it is mixed with air (oxidant) at the end of the annular slit. The high-speed oxidizer gas and carrier gas are supplied through a double-walled tube in the center, and the carrier gas controls temperature at the exit. A precursor aerosol is provided from two sides, while only one of the sides is shown in Figure 1. The cyclone effect generates circular motion in the lower section, and large droplets remain on the wall of the lower chamber. The honeycomb structure reduces turbulence of the aerosol, generating nearly axisymmetric flow. The velocity of the aerosol is maintained between 6 m/s and 10 m/s. At the exit of the nozzle, static pressure in the middle is lowered due to the high velocity of gases at the center. After a dome-shaped flame is formed, the decomposition of precursor and following formation of nanoparticles occur, which are deposited on the substrate or gathered for other uses. Axisymmetric gas flow helps uniform deposition, thereby enabling precise thickness control of a coating layer. In addition, supplying the precursor as an aerosol form allows one to suspend the current precursor and provide a new type of precursor, enabling composite coating.



A schematic of the entire system is described in Figure 2. The ratio of fuel gas to air is finely controlled by separated valves to maintain the optimal temperature for decomposition. Mass flow meters (HFM-200, Teledyne Hastings, Hampton, VA, USA) are installed on the pipes to monitor the flow rate of the gases.



Figure 3 shows the nozzle attached on the CNC router (HS-1, Romaxx CNC Inc., Redford, MI, USA) to control overlap, feed rate, and distance between the nozzle end and the substrate. The power of ultrasonic atomizing transducer was set to 12 W, flow rate was set up to 400 mL/h, and two resonant frequencies (2.4 and 3 MHz) are used. However, the actual flow rate after the atomizer is adjusted by the flow rate of carrier gas.



Experiments were performed to verify the system’s capability to deposit nanoparticles on a substrate. To prepare a precursor solution, 250 mg of silver nitrate (250 mg, AgNO3 > 99%, Sigma Aldrich, St. Louis, MO, USA) was dissolved into 250 mL of deionized water, and the solution was mixed by magnetic stirring for 25 min. According to the literature [34], silver nitrate begins to decompose at 450 °C, and finishes at 520 °C with 63.5% of the mass remained while the residual component is silver. Because AgNO3 reacts to light and produces silver ions, the precursor solution was prepared under low light conditions and the system components were covered with aluminum foil. As for the substrate, an ultra-high vacuum and contamination free aluminum foil (All–Foils Inc. Strongsville, OH, USA) was pasted on an aluminum stub and glued with conductive graphite paste (PELCO Conductive Graphite, Isopropanol base, Ted Pella Inc. Redding, CA, USA). The surface was pre-treated with a corona treater (BD-20, Electro-technics, Chicago, IL, USA) before the deposition to increase the surface energy, thereby stimulating the bonding and adhesion of the surface. The coating was processed with 1.83 m/min feed rate at 22 mm distance between the nozzle tip and the substrate. The nozzle’s trajectory was a zigzag style on the surface area of about 6.45 cm2.



In the first experiment, precursor solutions with three different concentrations (50 mg/L, 100 mg/L, and 200 mg/L) and two resonant frequencies of the ultrasonic atomizer (2.4 MHz and 3 MHz) were tested to observe effects of precursor concentration and droplet size. The experimental setup is summarized in Table 1. Two K-type thermocouples are used to check the desired flame temperature. Each K-type thermocouple was enclosed in a probing structure made of a steel tube of approximately 2.5 mm diameter. The probe was then placed into the corresponding position for thermal measurements using a bracket. One of the thermocouples was attached at 12 mm to 15 mm from the nozzle tip to measure temperature up to 780 °C in the center of the flame dome. The other thermocouple was attached at 22 mm from the nozzle tip to measure the substrate at around 550 °C. The flow rates of air and hydrogen were set to 7.87 L/min and 1.18 L/min, respectively.



The second set of experiments was conducted with the substrate preparation mentioned above with different concentrations (100 mg/L and 300 mg/L), and the temperature was adjusted around 780 °C at first, then increased to 830 °C.




3. Results and Discussion


In this section, the results of the experiments mentioned above are analyzed. The first experiment offered insight into the relation between nanoparticle size and experimental parameters, such as the concentration of precursor and the diameter of aerosol droplet. The second experiment shows the dependency of particle size on the flame temperature. Results of the third experiment verified that our system can produce one-step functional coatings. Silver nanoparticles are measured from scanning electron microscopy (SEM) images using image processing software, and the content was analyzed by EDX (Energy Dispersive X-ray).



3.1. Variable Concentration and Droplet Diameter


Silver nanoparticles were synthesized from the proposed nozzle design. The range of average particle size was from 25 nm to 40 nm with different experimental parameters. Table 2 summarizes the results to enumerate the average size and its standard deviation with different experiment sets.



The results in Table 2 were counterintuitive because the largest nanoparticles were obtained from droplets with the smallest diameter at higher atomizer frequency, and lower concentration of the precursor resulted in larger average size of particles. Because all other parameters were kept constant for whole sets, the results were not caused by the different temperature of the droplets or their travel time over the flame dome.



A reason for the first tendency may be explained by the duration of the precursors to attain the temperature for thermal decomposition where nanoparticles begin to form. The time taken for larger droplets reaching the thermal decomposition temperature is delayed because an evaporative cooling effect occurs, and the thermal conductivity of water is relatively low since the precursor solution is based on water. In contrast, small droplets have a shorter time for thermal decomposition, such that the reaction begins earlier and continues for a longer time, and the droplets form larger nanoparticles and agglomerates with higher temperature than is the case for large droplets coalescing to solid particles [25]. Another possible explanation is that surface precipitation at low droplet concentration causes hollow pores, thereby increasing particle size. At high droplet concentration, volume precipitation generates denser and smaller particles [35]. Experiments to investigate the structure of nanoparticles are required in further research.



The second tendency that smaller nanoparticles are generated at higher precursor concentration can be explained by smaller droplets agglomerating to form larger clusters at lower precursor concentration, which is explained before since the sizes of the particles are small, larger agglomerates may be mistakenly considered as a single particle during SEM image analysis, which results in larger average size. It also explains larger standard deviations at lower concentration of the precursor.



Figure 4 illustrates the size distribution of the nanoparticles, which shows similar tendency to the other experiments. It is known that the size of nanoparticles is mostly governed by size of the precursor droplets by the atomizer. Since the size of droplets at the exit of the atomizer varies from 3 µm to 10 µm at 2.4 MHz resonant frequency of the atomizer, the nanoparticle size distribution can be more concentrated when the sizes of the precursor droplets are regularly distributed.



Figure 5 and Figure 6 show SEM images of the resultant nanoparticles. The image was taken after depositing a layer of carbon for better charge dissipation. The specimen was analyzed in slow mode at 2 kV accelerating voltage with 45 K magnification and 1 kV with 100 K magnification. The image was captured at 5.1 mm working distance with 60% backscattering.



Next, EDX (Energy Dispersive X-ray) analysis was performed using Bruker Quantex EDS system at 6 kV to investigate the spectrum of bright spots in the SEM images. The voltage was set to maximize the L-line emissions for silver. Having 2.983 kV potential and twice the amount of accelerating voltage maximizes emissions, which results in better imaging quality. The spectrum maps of sample #3 at 200,000× magnification in Figure 7 verify that the content of the nanoparticles is silver. In the EDX analysis, aluminum and nitrogen contents were also detected. Aluminum is from the substrate, but nitrogen content can be explained by some droplets reaching the substrate without thermal decomposition and then drying on the surface. Figure 7 verifies that the clump of silver in the picture is not silver nitrate, since the clump is not visible in the picture of nitrogen. However, further measurements and analysis are needed to test for substances other than sliver, such as silver oxide (Ag2O).




3.2. Variable Flame Temperature


Table 3 summarizes the results of the second experiment. Samples #7 and #8 at lower flame temperature show a different tendency compared to the first experiment, demonstrating that nanoparticle size is increased at higher precursor concentration. However, nanoparticle size is drastically increased at higher flame temperature. These relationships agree with the other studies, however, Mäkela et al. [31] mentioned that the concentration of precursors has no effect to the nanoparticle size. The control of flame temperature seems to be more important for desired nanoparticle size distribution.





4. Conclusions


This paper proposes an annular nozzle design for flame-assisted spray pyrolysis to deposit nanoparticles. The nozzle with an ultrasonic nebulizer can control process parameters such as precursor size, flame temperature, and the focus point of the jet. Effects of parameters such as the atomizer’s natural frequency, precursor concentration, and flame temperature on the size of nanoparticles were studied. The ranges of the studied parameters were 50~300 mg/L precursor concentration, 2.4~3 MHz atomizer frequency, and 780~830 °C flame temperature, respectively. The first experiment showed that larger precursor droplets result in smaller nanoparticles, but less precursor concentration causes larger particle size due to agglomeration at high temperature. In the second experiment, increased flame temperature resulted in larger nanoparticle size, as described in previous studies. SEM and EDX analysis of the experiments verified that silver nanoparticles are deposited on aluminum substrates with the average size of 25~115 nm.



Further studies are required to improve the process. To reduce unwanted precursor residues, such as nitride and aluminum, fine tuning of process parameters such as precursor concentration, feed rate of the nozzle, flame temperature, and the distance between nozzle and substrate is required. In addition, the efficiency between consumed precursor and produced nanoparticles should be assessed, and further tuning of the parameters are required to improve the process.
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Figure 1. A new nozzle design based on the dual velocity nozzle with an additional fuel injection port. 
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Figure 2. A schematic of the nanoparticle coating system based on flame-assisted spray pyrolysis. 
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Figure 3. The nozzle system mounted on a CNC router and generated flame. 






Figure 3. The nozzle system mounted on a CNC router and generated flame.



[image: Jmmp 02 00075 g003]







[image: Jmmp 02 00075 g004] 





Figure 4. Size distribution of the nanoparticles for sample #3. 
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Figure 5. SEM image of sample #3 (concentration 200 mg/L, frequency 3 MHz). 
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Figure 6. SEM image of sample #6 (concentration 200 mg/L, frequency 2.4 MHz). 
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Figure 7. EDX analysis results of deposited nanoparticles. 
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Table 1. Parameters for the first experiment.
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	Sample #
	Precursor Concentration mg/L
	Atomizer Frequency MHz





	1
	50
	3



	2
	100
	3



	3
	200
	3



	4
	50
	2.4



	5
	100
	2.4



	6
	200
	2.4










 





Table 2. Average particle size with different conditions.
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	Sample #
	1
	2
	3
	4
	5
	6





	Average size (nm)
	40
	37
	33
	28
	27
	25



	Standard deviation (nm)
	10.6
	9.9
	6.5
	10.9
	4.8
	5.5










 





Table 3. Nanoparticle size with varying conditions.






Table 3. Nanoparticle size with varying conditions.





	Sample #
	Flame Temperature (°C)
	Precursor Concentration (mg/L)
	Size of Nanoparticle (nm)





	7
	−780
	300
	35~60



	8
	−780
	100
	26~48



	9
	830
	100
	100~115











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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