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Abstract

:

In this study, an integrated electrospray pyrolysis process was designed to continuously produce a representative nano-catalyst TiO2. A numerical model was also developed to simulate the flow behaviors and droplet transport inside the reactor. The electric field model and particle tracking model were coupled to describe the electrospray pyrolysis process. The effects of key parameters, including electrode configurations, applied voltage, droplet charge density, and flow type of carrying gas on the electric field distribution, particle distribution, and particle collection efficiency, were investigated to help the design and optimization of the integrated electrospray pyrolysis reactor. The results show that the electric potential and electric field strength decrease rapidly with increasing distance away from the nozzle. In addition, the results show that the droplet charge is an important parameter affecting the collection efficiency. The investigation of the key parameters shows that applying a voltage on the ring and using the “gas-bleed” introduction method are more conducive to the improvement in the collection efficiency.
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1. Introduction


TiO2 photocatalysts are widely used in various applications in the environmental and energy fields, including air and water purification, hydrogen evolution, photoelectrochemical conversion, etc. [1,2,3,4,5]. To achieve continuous production of photocatalysts, ultrasonic spraying pyrolysis was mainly used [6,7,8]. This method employs ultrasound to atomize the precursor solution into droplets and continuously transports them into a high-temperature region for pyrolysis to obtain the final photocatalysts [9]. However, this continuous-preparation method is not suitable for the system with a polymer as the matrix in the precursor solution due to the high viscosity. Electrohydrodynamic atomization (EHDA) is considered to be an efficient and promising preparation method of micro-/nano-materials due to the advantages of a simple device, one-step processing, and a controllable process [10,11,12,13,14,15,16]. In the EHDA process, a strong electric field is formed between the grounded substrate and the nozzle [17,18]. When the electric field force overcomes the surface tension of the liquid, the liquid breaks up into small charged droplets. Electrospray pyrolysis is a preparation method combining EHDA technology with droplet flying heat treatment (pyrolysis reactor), which can deal well with the high viscous precursor systems with the assistance of an electric field.



In recent years, many thin film materials have been prepared by electrospray pyrolysis, such as CaP, CdS, CeO2, LiCoO2, MgO, ZnO, etc. [19]. In addition to the preparation of nano-film materials, many micro/nanoparticles have also been produced by this method. Lenggoro et al. [20] produced non-agglomerated spherical ZnS nanoparticles with a diameter of 20–40 nm by electrospray pyrolysis. Subsequently, a simple colloidal particle classification technology was developed by combining EHDA with aerosol methods [21]. Terada et al. [22] prepared and characterized TiO2 by electrospray pyrolysis and also explored its photocatalytic hydrogen evolution activity. In the previous research regarding the preparation of nanoparticles by electrospray pyrolysis, most of the works mainly focused on the evaluation of particle size distribution, crystal structure, properties, and functionalities. There is still a lack of detailed information on the electrospray pyrolysis process during the production of micro/nanoparticles.



Numerical simulations of the EHDA process have been carried out for a long time, which provide a theoretical basis for further exploring the preparation process of electrospray pyrolysis [23,24,25,26,27]. Gañán-Calvo et al. [23] developed a numerical model to describe EHDA droplet transport. Wilhelm et al. [24] studied the transport, evaporation, and deposition of a single droplet on the heating substrate by particle tracking for the EHDA system. Rezvanpour et al. [25] developed a computational model to simulate the fluid and particle dynamics in a chambered EHDA process, which was used to predict the drug particle collection efficiency. However, studies on the internal details, droplet transport, and collection efficiency were seldom reported for the electrospray pyrolysis process. These aspects are the key issues that must be considered for the reactor design, process optimization, and large-scale production towards the industrial application of the electrospray pyrolysis technology.



In this study, an integrated electrospray pyrolysis process was developed to continuously produce a representative nano-catalyst TiO2. A numerical model was also developed to simulate the flow behaviors and droplet/particle transport inside the reactor. The electric field model and particle tracking model were coupled to describe the electrospray pyrolysis process. The effect of key parameters, including applied voltage, electrode configurations, droplet charge density, and flow type of carrying gas on the electric field distribution, particle residence time, and particle collection efficiency, were investigated to help the design and optimization of the integrated electrospray pyrolysis reactor.




2. Experiment Section


2.1. Materials


Tetra-n-butyl titanate, ethanol, polyvinyl pyrrolidone (PVP), and glacial acetic acid are all analytically pure and purchased from Sinopharm Group Co., Ltd., Shanghai, China.




2.2. Experimental Procedure


2.2.1. Conventional Electrohydrodynamic Process


As shown in Figure 1A, the EHDA experimental device consists of a high-voltage power supply (ES20, GAMMA), a syringe (10 mL), a syringe pump (LSP01-1A, Baoding Dichuang Electronic Technology Co., Ltd., Baoding, China), a nozzle (0.5 mm × 60 mm), and collecting device. The syringe with precursor solution controls the flow rate through the injection pump. When the solution passes through the nozzle connected to the positive electrode of the high-voltage power supply, it is atomized, and there is a collection device at the bottom of the nozzle for collection. Unless specially stated, the flow rate of the solution used in the experiment was 1 mL/h. The specific experimental procedures are as follows: (1) an amount of 0.45 g of PVP was dissolved in a mixed solution of 3 mL of tetra-n-butyl titanate, 5 mL of ethanol, and 2 mL of acetic acid to prepare the precursor solution of TiO2; (2) the syringe with TiO2 precursor solution is fixed on the syringe pump; (3) put an aluminum foil on the collection device for grounding; and (4) after setting the parameters of the syringe pump, turn on the high voltage power supply to atomize the solution onto the aluminum foil.




2.2.2. Electrospray Pyrolysis Process


The integrated electrospray pyrolysis experimental setup includes the EHDA device and a heating device (tube resistance furnace (SK2)), as shown in Figure 1B. Specifically, a syringe pump is used to control the flow rate of the syringe containing the TiO2 precursor solution. The solution is atomized when it passes through a nozzle connected to the positive electrode of a high-voltage power supply. The atomized droplets fall into the pyrolysis reactor. The nitrogen gas fed into the reactor inlet carries the atomized liquid droplets through the high-temperature heating zone. Subsequently, the droplets are solidified to form particles, which are finally collected at the outlet of the reactor with a grounded mesh electrode. The specific experimental steps are as follows: (1) prepare the TiO2 precursor solution (same as EHDA process), and fix the syringe containing the precursor solution on the syringe pump; (2) ground the collection substrate at the outlet and introduce nitrogen into the reactor from the inlet of the reactor; (3) setup the metal ring; and (4) after setting the parameters of the syringe pump, turn on the high-voltage power supply to atomize the solution. In addition, the distance between the nozzle and the metal ring is 4 cm, and the metal ring is grounded or connected to a low voltage to form a stable electric field between the ring and the nozzle. By controlling the voltage, the precursor solution can be kept in the cone jet mode for continuous atomization of droplets.






3. Numerical Simulation


3.1. Governing Equations


A two-phase flow model is chosen for this process, where one phase is the discrete phase (droplet phase), and the other is the continuous phase (nitrogen gas). The mass conservation and momentum conservation equations of the continuous phase can be expressed as [7,8,28]:


  ∇   ·      u   f   = 0   



(1)






   ρ f    ∂  u f    ∂ t      + ρ   f   u f  · ∇  u f   =  − ∇  P    − ∇ ·  τ     + ρ   f  g  



(2)






  τ =  μ f    ∇  u f   +        ∇  u f     T  −  2 3  δ ∇  u f    .    



(3)




where    ρ f    is the continuous phase density,    u f    is the continuous phase velocity, P is the atmospheric pressure, τ is the viscous stress tensor, g is the acceleration due to gravity,    u f    is the continuous phase viscosity, and δ is the Kronecker sign function.



The potential distribution can be obtained by solving the Laplace equation:


   ∇ 2  ϕ  = 0   



(4)







The electric field strength distribution can be obtained by solving the Poisson equation:


   E =  − ∇ ϕ  



(5)




where ϕ is the potential and E is the electric field strength.



After the discrete phase (droplet) is ejected from the nozzle, the motion of the droplet (charged particle) is governed by Newton’s second law. The force balance for the charged particles is given by:


   m p      d u  p    dt    =  ∑    F = F   D     + F     B         + F   g     + F   E     + F   q   



(6)




where    m p    is the mass of the droplet,    u p    is the velocity of the droplet,    F D    is the drag force,    F B    is the buoyancy force,    F g    is the gravity,    F E    is the electric field force on the droplet, and    F q    is the Coulomb force among the droplets.


   F   D       =   1 2   C D       π R   p 2     ρ f   u p 2   



(7)




where    R p    is the droplet radius and    C D    is the drag force coefficient.


   C D   =    24     Re  p       1 + 0     . 15 Re   p  0  . 687       



(8)




where     Re  p    is the droplet Reynolds number.



The buoyancy force and gravity can be expressed by [28]


   F g  +  F B  =  4 3     π R   p 3     ρ p  −      ρ   f    g  



(9)




where    ρ p    is the density of droplet.



The electric field force can be calculated by the following formula:


   F E   = q E =  − q ∇ ϕ  



(10)




where q is the charge carried by the droplet.



The Coulomb repulsion can be calculated by


   F q   =    ∑    j = 1   N    q ·  q j     4 π   ϵ 0     1   r j 2     



(11)




where    r j    is the distance between the droplet and other droplet j, and    ϵ 0    is the vacuum permittivity.



The collection efficiency at the outlet can be calculated by


   C E   =     particle   number   of   outlet    total      ×   100 %   



(12)




where “particle number of outlet” represents the number of particles collected at the outlet, and “total” represents the total number of particles.



Information about the radius (Rp) and charge (q) of each droplet can be calculated by the following formula [29,30]:


   R p   = 1     . 89 π    -  2 3    ·  Q   1 2    ·        ρ p   ϵ 0     γ   K         1 6    ·  f b   



(13)






   q R   = 8 π   ϵ   1 2     γ   1 2     R p   3 2     



(14)






   q  ave    =     4 π   3  ·  R p 3  ·        γ QK       1 2     Q   



(15)




where  Q  is the liquid flow rate,  γ  is the surface tension of the liquid, K is the conductivity of the liquid,    f b    is the dimensionless radius of the jet at the breaking point (   f b    ≈   0.6  ),    q R    is the limit charge carried by the droplet,  ϵ  is the relative dielectric constant of the liquid, and    q  ave     is the average charge carried by the droplet.




3.2. Geometry and Mesh


According to the dimension of the experimental setup, the geometry and mesh of the computational domain were generated using the COMSOL software. Figure 2a gives the details of the computational domain used to simulate the electrospray pyrolysis process. The nozzle length is 0.01 m, the inner diameter is 2.6 × 10-4 m, and the outer diameter is 5 × 10-4 m. The distance between the nozzle tip and the metal ring was kept at 0.04 m, and the diameters of the thin and thick tubes of the pyrolysis reactor were 0.01 m and 0.03 m, respectively, which was consistent with the experiment. The mesh was built by using the self-adaptive grid function in the COMSOL software, as shown in Figure 2b.




3.3. Modeling Strategy and Conditions


The electrospray pyrolysis process was simulated by coupling the electric field model with the particle tracking model. First, by solving Equations (4) and (5), an electric field is obtained in the computational domain (Figure 2a). After determining the electric field strength, the flow field information is obtained by solving Equations (1)–(3). According to the flow field information, multiple forces, such as the electric field force, can be determined, and the particle position and velocity can be obtained according to Equations (6)–(11). In addition, the radius (   R p   ) and charge ( q ) of each droplet can be calculated by Equations (13)–(15). The model parameters and boundary conditions used in the simulation are shown in Table 1 and Table 2.





4. Results and Discussion


4.1. Experimental Results


Figure 3 shows the SEM image of the TiO2 particles prepared under different operating conditions by both the conventional EHDA process and the integrated electrospray pyrolysis process. Figure 3a,b show the morphology of precursor particles obtained by conventional EHDA. It can be seen that the precursor particles have a smooth surface. Figure 3c,d show the morphology of TiO2 particles obtained after heating the precursor particles at 500 °C for 20 min. It can be clearly seen that there are wrinkles on the surface of the particles. This may be because the organic components in the precursor particles are pyrolyzed and gasified during the calcination process. In this study, TiO2 particles were also successfully prepared by using the self-made integrated electrospray pyrolysis device in one step. Figure 3e–h show the morphology images of TiO2 prepared by electrospray pyrolysis process with ring grounded and ring voltage of 500 V. As shown in Figure 3, the final TiO2 particle size is much smaller (nanoscale) when using the electrospray pyrolysis method. The experimental results demonstrated the feasibility of this one-step preparation method of TiO2 nanoparticles by the integrated electrospray pyrolysis device. However, it can be also found that the number of collected particles is much lower than that prepared by the conventional two-step method, indicating that this electrospray pyrolysis device needs to be further optimized to achieve a higher collection efficiency.




4.2. Simulation of Electrospray Pyrolysis


To enhance the collection efficiency, a simulation of the electrospray pyrolysis process was carried out to understand the characteristics of the electric field and particle motions inside the reactor. Figure 4 shows the potential distribution under different conditions. It can be seen that the potential near the nozzle is higher than that in other regions. From the enlarged T-shaped vertical segment, it can be found that the potential drops rapidly along the vertical direction from the nozzle. However, the potential change is not obvious in the T-transverse segment. This is due to the large potential difference between the nozzle and the metal ring. It is worth noting that only by forming a large potential difference can a strong electric field be formed, which is able to atomize the highly viscous liquid. Figure 5 shows the distribution of electric field lines under different applied voltages. Comparing Figure 5a,b, it can be found that the electric field lines only exist in the T-shaped vertical section when grounding the metal ring electrode. This means that if the grounding condition is used for the ring electrode, the droplet is easily deposited on the metal ring under the action of the electric field. It is worth noting that there is an upward folding phenomenon for the electric field lines under both conditions, which may make the droplets stick to the tube wall at the T-junction. Based on the electric field line distributions, a low positive voltage on the metal ring is suggested to avoid the adhesion of particles on the metal ring, which may enhance the particle collection efficiency.



The electric field force on the droplet is the most important force affecting the flow of the droplet during the entire preparation process. The electric field force formula FE = qE indicates that the electric field force on the droplet is related to the charge and electric field strength. The electric field force determines whether the atomized droplets can fall smoothly through the T-vertical section to the pyrolysis section and be successfully driven by the carrying gas nitrogen to the outlet for collection. Therefore, it is necessary to analyze the electric field strength along different directions. The electric field strengths Ez and Ey represent the Z-component and Y-component of the electric field strength, respectively. Figure 6A shows the contour of Ez throughout the entire reactor. It can be seen that the electric field strength at the tip of the nozzle changes drastically, and the electric field strength Ez in other regions is basically the same. This is because the high voltage is applied at the nozzle and the electric potential drops significantly at the region near the tip. The electric field strength Ez along the white line labeled in Figure 6A is shown in Figure 6B. From Figure 6B, it can be found that the electric field strength along the Z direction follows the same trend, although the applied voltage on the nozzle and ring electrode are different. This is because the electric field strength is correlated to the gradient of the electric potential. Although the nozzle voltage and ring voltage are different, the potential difference (∆ ϕ ) between these two configurations is small (~500V). Since the locations of the electrodes are not changed as well, the trend of the electric field strength will be similar. Ez drops rapidly as the distance from the nozzle increases. Below the nozzle (z = 0.065 m), the electric field intensity Ez with a ring voltage of 500 V is stronger than that with a ring grounded.



Figure 7 shows the distribution of the Y-component of the electric field strength, Ey, in the pyrolysis section from the gas inlet to the outlet. Comparing Figure 7a,b, it can be found that the applied voltage on the nozzle and ring electrode has a greater impact on the Y-component of the electric field strength. There is a sudden change in the electric field intensity at the region near the T-shaped junction. A stronger electric field strength from the T-junction to the outlet can be observed. The electric field strength Ey is 1600 V/m for the case with a ring voltage of 500 V, which is about 1000 V/m higher than that with a grounded ring. The greater Ey is along the Y-axis direction, the greater the electric field force is provided, which is conducive to the motion of droplets along this direction. A higher collection efficiency of particles on the outlet may be achieved. In addition, it can be seen that Ey has a negative value for the case with a grounded ring, which means that the direction of the electric field force is opposite to the direction of the Y-axis (flow direction). This can lead to disordered droplet flow, which may cause more droplets to stick to the wall.



Figure 8 shows the particle distribution with different applied voltages on the nozzle and ring electrode. It can be found that most of the droplets gather near the T-junction of the reactor. Compared with the case operated with a grounded ring electrode, the adhesion wall position of the droplet is relatively dispersed for the one with a ring voltage of 500 V. This is also consistent with the above speculation that a voltage applied to the metal ring is more conducive to the flow of droplets due to a stronger electric field between T junction and outlet. Figure 9 shows the collection efficiency, which further confirms the deduction. It can be seen that the collection efficiency for the case with a ring voltage of 500 V is about 67% higher than that with a grounded ring. In summary, it can be concluded that a stronger electric field between the ring and the outlet is conducive to particle collection. However, it is worth noting that the collection efficiency for both cases is still too low; therefore, the designed electrospray pyrolysis process needs further improvement and optimization.




4.3. Effect of Key Parameters


According to the previous section, the droplet flow in the reactor is mainly affected by the electric field force. The electric field force on the droplet is related to the charge of the droplet and the strength of the electric field. Considering that the droplet charge q will change with the applied voltage, the droplet charge during the preparation process may not be exactly the same as the previously selected value for different operating conditions. Therefore, the influence of the droplet charge on the collection efficiency was further explored. In the process of electrospray, the charged amount of droplets under the steady cone jet can exist in a certain range of values, which is also described in Equations (13)–(15). The selected droplet charge q has a relationship which is qave ≤ q ≤ qR. Figure 10 shows the particle collection efficiency for different charge amounts. It can be found that within the range of qave ≤ q ≤ qR., the collection efficiency decreases with the increase in the charge amount. This may be because the larger amount of the charge carried by the droplet, the greater the repulsion force received by the surrounding droplets, leading to intensive expansion of the droplets. Therefore, more droplets may adhere to the wall of the vertical section of the reactor. The collection efficiency for the case with the average charge is 27% higher than that with the limit charge. The results indicate that the droplet charge is an important parameter affecting the collection efficiency.



Different experimental operating parameters have different effects on the collection efficiency. Exploring the effect of different operating parameters on the collection efficiency is the key to the subsequent optimization design. Figure 11 shows the variation in particle collection efficiency with different operating parameters. Figure 11a describes the effect of different nitrogen flow rates on the collection efficiency. The results show that the collection efficiency slightly increases with the nitrogen flow rate when the charge is equal to qR. The reason for this phenomenon is that when the charge amount on the droplet is high enough, the gas drag force is much smaller than the electric field force. The droplet motion is mainly dominated by the electric field; therefore, the flow rate has less impact on the collection efficiency. When the droplet charge is equal to qave, the collection efficiency increases with the increase in the nitrogen flow rate from 2 L/min to 4 L/min and then decreases as the nitrogen flow rate further increases from 4 L/min to 10 L/min. When the charge of the droplet is small, the driving force of nitrogen gas is the dominant force affecting the flow of the droplet. As the driving force from the carrying gas increases, more particles can be collected at the outlet. However, if the driving force of nitrogen gas is too large, most of the droplets are blown and adhered to the wall when the droplets flow from the nozzle to the T-shaped junction. The number of droplets entering the T-shaped-transverse section pipeline is less, which lowers the final collection efficiency.



Figure 11b describes the effect of different ring voltage values on the collection efficiency. The difference between the nozzle voltage and the ring voltage is kept at 6500 V. Similarly, it can be found that the collection efficiency slightly increases with the ring voltage when the charge amount is qR. Additionally, the collection efficiency is much lower than that with qave as the charge amount on the droplet. This is because the greater the charge of the droplet, the greater the repelling force the droplet receives. Therefore, the droplets are easy to adhere to the T-shaped-vertical section of the pipe wall, and fewer droplets fall into the T-shaped-horizontal section of the pipeline. When the droplet charge is qave, the collection efficiency first increases and then decreases with the increase in the ring voltage from 0 to 1500 V. The collection efficiency can reach up to 43.3% when 1000 V is applied to the ring electrode. As the ring voltage increases, the electric field formed between the metal ring and the outlet will increase. The electric field force on the droplet along the Y-axis direction increases, thereby reducing the number of wall adhesions and increasing the number of droplets flying to the outlet. However, as the electric field is strengthened, once the downward electric field force of the droplet is equal to or greater than the driving force of the gas to the outlet, the droplet is more likely to fall on the lower wall of the T-shaped junction. Therefore, the collection efficiency decreases.



To investigate the effect of the introduction method of carrying gas on the collection efficiency, different feeding methods of nitrogen were further discussed based on the operating parameters selected during the experiment. Figure 12 shows the collection efficiencies for the cases with different gas introduction methods. The collection efficiency reaches 38% when the “gas-bleed” mode and a droplet charge equal to qave are used (Figure 12a). When the droplet charge is equal to 6.06 × 10−13 C, the collection efficiency drops to ~2% (Figure 12b). For both cases, it is obvious that the collection efficiency by “gas-bleed” mode is higher than that by “gas-blow”. This suggests that the “gas-bleed” mode may be used to further increase the collection efficiency when the other parameters have been optimized.





5. Conclusions


In this study, TiO2 nanoparticles were successfully prepared in one step using a self-made integrated electrospray pyrolysis device, demonstrating the ability of this method to continuously produce nanoparticles in a single step. The electrospray pyrolysis process was simulated by coupling the electric field model with the particle tracking model. Simulation results show that the electric potential and electric field strength decrease rapidly with increasing distance away from the nozzle. In addition, the results also show that the droplet charge is an important parameter affecting the collection efficiency. The optimization and design results based on the electrospray pyrolysis process show that applying a voltage on the ring and using the “gas-bleed” gas introduction method are more conducive to the improvement in the collection efficiency. Therefore, the combination of a ring with voltage and the “gas-bleed” mode is suggested for the continuous preparation of TiO2 nanoparticles by integrated electrospray pyrolysis.
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Figure 1. (A) Conventional electrohydrodynamic atomization setup; (B) electrospray pyrolysis setup. (a) High-voltage power supply; (b) syringe; (c) syringe pump; (d) nozzle; (e) aluminum foil collection substrate; (f) pyrolysis reactor; (g) heating device; (h) aluminum foil with holes; (i) ring electrode. 
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Figure 2. Computational domain of the electrospray pyrolysis reactor: (a) physical dimensions; (b) mesh. 
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Figure 3. Morphologies of the produced particles under various conditions: (a,b) precursor particles by conventional EHDA device; (c,d) TiO2 particles by calcinating the precursor particles; (e,f) particles prepared by electrospray pyrolysis with the ring grounded; (g,h) particles prepared by electrospray pyrolysis with a ring voltage of 500 V. 
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Figure 4. Potential distributions with different applied voltages on the nozzle and ring electrodes: (a) nozzle voltage of 6000 V, ring grounded; (b) nozzle voltage of 7000 V, ring voltage of 500 V. Operating conditions: N2 flow rate is 4 L/min, and the droplet charge number is 1.84 × 10−13 C. 
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Figure 5. Distribution of electric field lines with different applied voltages on the nozzle and ring electrodes: (a) nozzle voltage of 6000 V, ring grounded; (b) nozzle voltage of 7000 V, ring voltage of 500 V. Operating conditions: N2 flow rate is 4 L/min, and the droplet charge number is 1.84 × 10−13 C. 
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Figure 6. (A) Contour of Z-component of electric field strength. (B) Distribution of Ez along vertical direction below the nozzle with different applied voltages on the nozzle and ring electrode: (i) nozzle voltage of 6000 V and grounded ring; (ii) nozzle voltage of 7000 V and ring voltage of 500 V. 
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Figure 7. Distribution of Ey along Y direction from the gas inlet to the outlet with different applied voltages on the nozzle and ring electrode: (a) nozzle voltage of 6000 V and grounded ring; (b) nozzle voltage of 7000 V and ring voltage of 500 V. 
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Figure 8. Particle distribution with different applied voltages on the nozzle and ring electrode: (a) nozzle voltage of 6000 V and grounded ring; (b) nozzle voltage of 7000 V and ring voltage of 500 V. 
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Figure 9. Collection efficiency of particles with different applied voltages on the nozzle and ring electrode. 
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Figure 10. Variations in particle collection efficiency with droplet charge number. Operating conditions: N2 flow rate is 4 L/min, nozzle voltage is 7000 V, ring voltage is 500 V. 
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Figure 11. Variations in particle collection efficiency with (a) N2 flow rate (2–10 L/min) and (b) ring voltage (0–1500 V). 
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Figure 12. Comparison of collection efficiency with “gas-blow” and “gas-bleed” gas introduction methods: (a) droplet charge number qave = 1.57 × 10−14 C; (b) droplet charge number qR = 6.06 × 10−13 C. 
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Table 1. Physical parameters used in simulation.
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	Parameters
	Value





	Density of gas (kg/m3)
	1.25



	Density of precursor solution (kg/m3)
	948



	Viscosity of gas (Pa•s)
	1.732 × 10−5



	Conductivity of precursor solution (S/m)
	1.2 × 10−5



	Vacuum dielectric constant (F/m)
	8.85 × 10−12



	Relative permittivity of the precursor solution
	24.5



	Relative permittivity of gas
	1.00



	Surface tension of precursor solution (N/m)
	0.022



	Solution flow rate (mL/h)
	1



	Nozzle voltage (V)
	6000–9000



	Ring voltage (V)
	500



	Distance from nozzle to ring (m)
	0.04



	Droplet charge (C)
	1.84 × 10−13



	Particle release time step at the inlet (s)
	1 × 10−4



	Average droplet size (m)
	9.92 × 10−6
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Table 2. Boundary conditions.






Table 2. Boundary conditions.





	Description
	Types





	Reactor wall
	   Wall ;   ∇ ϕ  = 0    



	Nozzle
	Wall; ϕ = ϕnozzle



	Inlet
	Velocity inlet; u = Q/A



	Collection substrate
	Adhere; Grounded



	The number of droplets released at the entrance
	One per release time step



	Metal ring
	Grounded or 500 V
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