A spray pyrolysis approach for the generation of patchy particles
Abstract:

Bimetallic CuNi, AgNi and AgCu particles were generated by a spray pyrolysis process at 1000 oC using a cosolvent of ethylene glycol (EG). CuNi particles composed of 60 at% Cu and 40 at% Ni formed an uniform alloy. AgNi and AgCu particles consisting of 60 at% Ag/40 at% Ni and 60 at% Ag/40 at% Cu were generated, and different patchy structures were observed. AgNi particles were composed of a Ni core with most surfaces covered by Ag. AgCu particles had a two phase lamellar structure probably formed from a spinodal decomposition. The structure of AgCu particles could be varied by reducing the furnace temperatures and changing the composition of the precursor. These results indicate the potential of spray pyrolysis as a patchy particle generation method.
Introduction:

  A particle with precisely controlled dual or multiple patches of varying compositions is known as a “patchy particle”.  Patchy particles have been attracting attention in recent years because of the possibility of multiple surface functionalities and their use as building blocks in mesoscale particle assemblies.1–3 A Janus particle is the simplest example of a patchy particle with two hemispheres of different components.4–7 Wide applications of Janus particles in photonic crystals,8,9 drug delivery systems,10,11 sensors 12–17 and electronics 18 have been reported.
  A variety of methods have been explored for the generation of patchy particles, such as the templating, vapor deposition, nanosphere lithography, and capillary fluid flow methods. The templating method19–23 employs a template to cover part of the particle’s surface, with the rest of the surface modified by reagents. Janus particles with a single patch could be generated after the template was removed. Vapor deposition12,24 requires a monolayer of particles to be closely packed. The relative angle of deposition respective to the particle layer is usually modified to control the patchy areas and shapes. Nanosphere lithography25–27 uses nanospheres to mask the surface, and patches are generated by chemical vapor deposition. The resolution of the patch size and shape could be as small as the size of the nanospheres. The capillary fluid flow method7,28,29 employs microfluidic channels for the generation of multiphase polymer particles. Advantages and disadvantages of these methods and other technologies, such as particle lithography, colloidal assembly, and polyamine-guided synthesis, are summarized in a recent review by Kretzschmar.3 Unfortunately, there is no simple scalable method that yields precise control of particle patchiness.
  In this paper, we tested ultrasonic spray pyrolysis as a potential patchy particle generation method. Spray pyrolysis 30–36 is a simple one-step synthesis process and is widely studied for the generation of various metal and metal oxide particles. Advantages of ultrasonic spray pyrolysis include the capability of scalable production and adjustable particle size from submicron to several microns. During the process, the precursor, typically a nitrate solution, is sprayed into droplets, which are then carried by a carrier gas into a tube furnace. In the tube furnace reactor, the nitrate decomposes to the oxide. If there is a reductive atmosphere, the oxide then reduces to metal. A cosolvent was implemented in the precursor solution to further improve the safety of the technology.37 AgNi, CuNi and AgCu bimetallic particles were generated by this process in our lab. Various patchy structures of the particles were observed. The results indicated that the structure of particles mainly depended on the particle composition and could be controlled by the operating conditions. 
Experimental: 

The bench scale spray pyrolysis system used here includes an ultrasonic droplet generator, a reactor consisting of a quartz tube heated by a reactor tube furnace and a filtration system as illustrated in Figure 1. During the process, the nitrate precursor solution was atomized and sent into the hot tube furnace reactor. In the reactor, the nitrate salt decomposed to oxide and then reduced to pure metal with the assistance of the cosolvent. In order to generate bimetallic particles, a mixture of metal nitrates was used as the precursor. Particle size was determined by the total concentration of the precursor and could be roughly estimated by Equation 1


                                                                                             (1)

where Dp is the diameter of the particle, Dd is the diameter of the droplet, M is the molecular weight of the metal nitrate, C is the concentration of the nitrate and ρ is the density of the metal. The subscripts 1 and 2 represent the different metal and metal nitrate respectively. 
In our experiments, AgNi, AgCu and CuNi bimetallic particles were generated. The metal nitrates ratio was selected according to the desired particle compositon. The total concentration (M1+M2) in the solution was 1.2 M, and 40 vol% cosolvent was used. For example, Ag0.6Ni0.4 particles were generated from an aqueous solution of AgNO3 (99.5%,  Strem) and Ni(NO3)2 (99.5%,  Strem) composed of 0.72 M AgNO3 and 0.48 M Ni(NO3)2. In order to make the precursor, 10.19 g AgNO3 and 17.45 g Ni(NO3)2*6H2O were first disolved in a small mount of water. Then 40 ml ethylene glycol (EG) (99% Sigma Aldrich) was added into the solution as the cosolvent. Finanlly more water was added until the total volume of the solution was 100 ml. 
The precursor solution was atomized by a custom built ultrasonic generator operated at a frequency of 1.7 MHz. Droplets size was measured by the Malvern Ensemble Particle Condensation and Size (EPCS) system, which was based on the light scattering behavior of the droplets. Droplets had volume mean diameters of 5±2 µm.37 The tube reactor, of total length 81 cm, was placed in the furnace and operated at temperatures ranging from 750oC to 1000 oC. 2.5 L/min industrial nitrogen (95%, Airgas) was used to carry the droplets from generator to furnace. The residence time was defined as the time for the droplet to pass through the heated zone, from the beginning to the end of the furnace. It varied from 1.5 s to 2 s depending on the furnace operating temperature. Downstream of the furnace, industrial grade 10 L/min nitrogen (95%, Airgas) was used as a quench gas to cool down the generated particles. The final product was collected by filtration.
Scanning electron microscopy (SEM, Hitachi SU-70) was used to image the particles. For each particle, the diameter was determined by averaging the value of the vertical distance from the bottom to the top of the particle and the horizontal distance from the left to the right, and a minimum of 200 particle diameters were recorded for each sample.  In order to observe the internal patchy structure of AgCu particles, Cu was removed by dipping AgCu particles into 2 M FeCl3 solution. After 2 hours of ultrasonic treatment, the Cu phase was completely dissolved in the FeCl3. Pretreated particles were separated by centrifuge, washed by distilled (DI) water and dried at room temperature. All the particles were examined with an X-ray diffractometer (XRD, Bruker Smart 1000) with the diffraction angle ranging from 20o to 90o. More detailed information about crystal structure and phase abundance was obtained from Rietveld refinement. 
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Figure 1. Illustration of the co-solvent spray pyrolysis process.

Results and discussion:
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Figure 2 (a) XRD of AgNi particles, which were composed of 60 at% Ag and 40 at% Ni and generated at 1000 oC (b) Backscatter SEM images of AgNi particles (c) EDS mapping of AgNi particles and (d) phase diagram of Ag-Ni bimetallic system, adapted from the ASM Handbook38
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Figure 3 (a) XRD of CuNi particles, which were composed of 60 at% Cu and 40 at% Ni and generated at 1000 oC (b) SEM images of CuNi particles (c) EDS mapping of CuNi particles and (d) phase diagram of the Cu-Ni bimetallic system, adapted from the ASM Handbook38
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Figure 4 (a) XRD of AgCu particles, which were composed of 60 at % Ag and 40 at % Cu and generated at 1000 oC (b) Backscatter SEM images of AgCu particles (c) EDS mapping of AgCu particles (d) SEM images of AgCu bimetallic particles with Cu solid solution removed and (e) Phase diagram of the AgCu bimetallic system, adapted from the ASM Handbook38
AgNi bimetallic particles were generated by the cosolvent assisted spray pyrolysis process from 60% AgNO3 and 40% Ni(NO3)2 water solution. XRD results of the AgNi particles are shown in Figure 2 a. The result indicated that particles were composed of metallic phases of silver and nickel, both belonging to the space group of Fm3m.  Primary diffraction peaks were located at 38 o, 44 o and 65 o from Ag, and peaks at 44 o, 52 o and 76o were attributed to the existence of Ni. Rietveld refinement indicated that particles were composed of 62 at% Ag and 38 at% Ni, close to the ratio in the precursor. The small deviation was possibly due to the calculation uncertainty of the refinement. Spherical particles with diameters of 0.6±0.3 micron were observed from backscatter SEM images as showed in Figure 2 b. The particle surfaces were mostly light with a small fraction appearing dark. EDS mapping (Figure 2 c) indicated that the light surface area contained a high concentration of silver, which was represented by red dots in the mapping images, and the dark area on the surface was enriched in Ni, represented by green in the mapping image.  Quantitative analysis of EDS suggested a composition of 75±3 at % Ag and 24±3 at % Ni. Compared with the XRD result, a higher ratio of Ag was obtained from EDS. This is expected because EDS is a surface analysis technology, while XRD gives the phase abundance in the entire sample. EDS and XRD results indicated that the particles were most likely composed of a Ni core and a nearly continuous Ag layer on the surface. 
The formation of the Ag layer on the surface could be attributed to two reasons. One is the immiscibility of Ag and Ni according to the phase diagram (Figure 2 d), and the other is the small wetting angle between Ag and Ni; in helium silver was reported to form a 9 o contact angle on nickel39. During the particle formation process, AgNO3 and Ni(NO3)2 hydrolyzed and decomposed to oxide, and then oxide was reduced to metallic Ag and Ni in the reducing atmosphere created by the cosolvent. Referring to the phase diagram of the Ag-Ni system, Ag and Ni have melting points at 961 oC and 1455 oC, and Ag and Ni are nearly immiscible below these melting points. Thus after particles reach 1000 oC, solid Ni and liquid Ag may coexist, and the two phases should separate. The small wetting angle between Ag and Ni will allow the liquid silver to spread over and cover the Ni surface. At the end of the furnace, 10 L/min nitrogen was used as quench gas to cool down the particles. As particles were cooled down, liquid Ag solidified to a nearly continuous layer on the surface of the particle. 
In addition to AgNi particle generation, spray pyrolysis was applied to the generation of CuNi bimetallic particles with 60 at % Cu and 40 at % Ni. A Cu(NO3)2 /Ni(NO3)2 mixture solution with 40 volume % of EG was used as the precursor. Particle XRD results are shown in Figure 3 a, and three strong diffraction peaks at 44o, 51 o and 75o indicate that the particles were composed of a single alloy phase. In the SEM images (Figure 3 b), spherical particles were observed. EDS mapping (Figure 3 c) showed a uniform distribution of Cu and Ni on the surface, represented by red and green dots respectively. Quantitative analysis of the EDS gave a surface composition of 63±3 at% Cu and 37±3 at% Ni. This composition is close to the initial ratio of Cu and Ni in the precursor, and also indicated that there were no differences in the composition between the surface and the center of the particles. According to the phase diagram (Figure 3 d), CuNi alloy is the thermodynamically favored state at temperatures between 354 oC and 1064 oC, which is the melting point of pure copper. At the operating temperature of 1000 oC, Cu and Ni were mixed at the atomic level, and a single alloy phase was generated to achieve a lower free energy of the system.
 More complicated particle structures were observed when spray pyrolysis was applied to the generation of AgCu particles. The concentration of AgNO3 and Cu(NO3)2 in the precursor solution was controlled so that 60 at % Ag and 40 at % Cu were contained in the solution. XRD results of the particles are shown in Figure 4 a, and indicate that particles were composed of two phases. One is a Ag rich solid solution leading to the diffraction peaks at 38.8 o, 45 o and 65.4 o A right shift of the diffraction peaks of Ag solid solution was observed, compared with the diffraction peaks of pure Ag labeled by the green line. This is because the impurity of Cu in the Ag solid solution will lead to a reduction in the cell dimensions, and then diffraction peaks will move to the larger angle according to the Bragg equation. Rietveld refinement indicated that the Ag solid solution was composed of 91 at% Ag and 9 at% Cu. Another phase detected in the particles is a Cu rich solid solution with a composition of Cu91Ag9. Diffraction peaks at 43.2 o, 50.2 o and 73.6 o were attributed to the Cu solid solution and shifted toward smaller angles compared with the diffraction peaks from pure Cu, which are labeled by the red line. The composition of the particles is 38 at% Ag and 62 at% Cu, quite close to the initial ratio of 60 at % Ag and 40 at % Cu.
 Backscatter SEM images are shown in Figure 4 b. Because of the different composition between Ag solid solution and Cu solid solution, a contrast was observed in the image of the particle surface. Areas with different gray shades represented Ag rich and Cu rich solid solutions. These two solid solutions are intermingled with a complicated nanoscale structure. EDS mapping (Figure 4 c) showed a mixture of green dots and red dots representing Ag and Cu respectively. There is no obvious nanostructure detected from EDS mapping because of the spatial resolution limit of the equipment. Quantitative analysis of EDS suggested a composition of 59±2 at% Ag and 41±5 at% Cu in agreement with the salt concentration in the precursor. 
In order to further investigate the structure of the AgCu particles, the Cu rich solid solution phase in the particles was removed by etching using a FeCl3 solution. A SEM image of an Ag rich solid solution skeleton with a spherical outline is displayed in Figure 4 d.  Strips were mostly in a direction normal to the surface with a distance between adjacent strip layers of around 50 nm. The lamellar structure of particles indicates a possibility of eutectic decomposition. As shown in the phase diagram (Figure 4 e), Ag-Cu alloy has an eutectic temperature of 779 oC, which is lower than our furnace operating temperature of 1000 oC, so in the furnace, the temperature is high enough for melting and complete mixing of Ag and Cu. During the quench process, the cooling of the particles led to a supercooled state possibly resulting in the spinodal decomposition and in the formation of the bimetallic layer as we observed in Figure 4 d. 
The bimetallic layers were composed of Ag rich and Cu rich solid solutions, which contained 9 at% Cu and 9 at% Ag respectively. The impurity concentrations in the solid solution phases deviated slightly from the equilibrium concentrations, which are 8.8 at% Cu and 8 at% Ag predicted by the phase diagram. The impurity concentrations in the solid solution were probably determined by the competition between the atom mobility and the cooling rate during the quench process. Thomas and Wolfgang investigated the spinodal decomposition process of AgCu alloy by one dimension numerical simulation.40 An eutectic concentration (29 wt% of Cu) with one and two slight fluctuations was used as the initial concentration profile, and diffusion equation was then solved with a time step of 0.00001 s. The results indicated that it takes take 0.56 s - 0.84 s for the formation of significant Ag/Cu concentration fluctuation at 727 oC. Here significant Ag/Cu concentration fluctuation means the nadir concentration of copper became smaller than 20 wt%. The complete diffusion between Ag and Cu to get thermodynamically equilibrium concentration (94.5 wt% of copper) needs even more than 10 s. In order to estimate the cooling rate during the quench process, we measured the temperature of the collected particles by attaching a surface thermocouple to the filter. With a carrier gas flow rate of 2.5 L/min, the particles were cooled down from 1000 oC, before mixing with the quench gas, to 200 oC after the quench. The distance from the quench gas inlet to the filter is 10 cm, so the quench process happened in less than 1 s with a cooling rate higher than 800 oC/s. The quick cooling process froze the movement of atoms, and therefore led to the composition deviation from the equilibrium status.
A formation process for AgCu bimetallic particles is finally summarized. First, AgNO3 and Cu(NO3)2 precipitate and decompose after water and EG evaporate. The separation of Ag and Cu nitrate probably happened during the evaporation because of their different solubility in the water/EG solvent (71.5 g AgNO3/100 g saturated solution and 56.0 g Cu(NO3)2∙6H2O/100g saturated solution at room temperature)41. Then at higher temperatures, pure Ag and Cu form from the oxide. At temperatures higher than 779 oC, Ag and Cu melt and mix together. In the final step, the particles composed of Ag rich and Cu rich solutions form, likely by spinodal decomposition during the quenching process, resulting in a nanoscale lamellar structure. During the formation process of the AgNi particle, Ag and Ni may separate as AgNO3 and Ni(NO3)2 precipitate separately because of the different solubilities (77.0 g Ni(NO3)2∙6H2O/100g saturated solution at room temperature)41.Because Ag and Ni has melting temperatures of 962 oC and 1455 oC, at a generation of 1000 oC, only Ag melts and surrounds the Ni which is still in the solid state.  After particles cool down, particle surface is nearly covered by Ag as observed in Figure 2 b.
According to the results, the phase separation behavior appears to be mainly determined by the thermodynamic properties of the different metal components. However, further experiments indicated that the shape and size of the patchiness could be controlled by changing the operating conditions. In the generation of AgCu particles, reducing the temperature to below the eutectic point can lead to a more segregated mixture of the two components. Figure 5 a shows a SEM image of AgCu particles generated from 60% AgNO3 and 40% Cu(NO3)2 at a temperature of 750 oC, and a carrier gas flow rate of 2.5 L/min. Silver and copper rich phases coexisted in the particles, indicated by green and red in EDS mapping separately. Separation of Ag and Cu probably began during the evaporation process due to different solubilities of silver nitrate and copper nitrate, and because the generation temperature is lower than the eutectic point, a segregated structure was preserved through to the final product particles rather than the lamellar structure observed at 1000 oC. 
Different ratios of patchiness can be obtained by changing the composition of precursor. Figure 5 b shows particles composed of 40 at % Ag and 60 at % Cu. The particles were generated at a temperature of 750 oC with a carrier gas flow rate of 2.5 L/min. A smaller portion of the surface was covered by Ag patches compared to particles composed of 60 at % Ag. More details of the bimetallic particle generation and properties are under investigation, but spray pyrolysis has displayed its potential for the generation of various patchy particles with controllable structures.
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Figure 5 (a) SEM images of AgCu particles, which were composed of 60 at % Ag and 40 at % Cu and generated at 750 oC. 2.5 L/min N2 was used as carrier gas (b) Backscatter SEM images of AgCu. Particles were composed of 40 at % Ag and 60 at % cu and generated at 750 oC. 2.5 L/min N2 was used as carrier gas 
 Conclusions:

Co-solvent spray pyrolysis was shown to be an effective way to make bimetallic particles. Patchy particles with various morphologies and structures were generated, and we found the particle structures were mainly determined by the thermodynamic properties of the particle components. Three kinds of particles were generated in the lab. The Ag-Ni system is an immiscible system, and AgNi particles with a surface nearly covered by a continuous Ag layer were observed, but for a fully miscible system, such as CuNi, uniform particles composed of an alloy phase were generated. AgCu particles were composed of two solid solution phases, and showed a substructure in the nanoscale. The lamellar substructure may be a result of spinodal decomposition.

Experimental results suggested that the change of the operating temperature and residence time will also lead to a change in particle morphology, indicating a possibility of generating particles with more functional structures. More research results on the detailed reaction steps and resulting particle properties will be reported in future work.
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