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1. Residence time calculation 

To estimate the residence time of the double furnace reactor of 81.3 cm length, N = 32 calculation 

elements were selected. It was assumed that the temperature was uniform within each element. Thus, the 

average time required for each droplet (or particle) to traverse the element can be calculated using a plug-

flow reactor approach. The reactor can be divided into a number of sub-volumes along the axial direction. 

In each sub-volume the reaction extent is treated as spatially uniform (Fogler 1999). Therefore, residence 

time per sub-volume can be calculated as: 

𝑡𝑖 =
𝐴×𝑙

𝐹
×

𝑇𝑟𝑜𝑜𝑚

𝑇𝑖
                                  (Sa) 

Here, A is the cross sectional area of the tube, l is the length of the calculation element, F is the CGFR, 

Troom is the room temperature, and Ti is the temperature in each element which can be found in Figure 1a-b 

of the main text. Thus, the total residence time (τ) can be estimated as: 

𝜏 = ∑ 𝑡𝑖
𝑁
1                                               (Sb) 

The results are shown in Figure 1c of the main text.  
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2. Supplemental information for ethylene glycol (EG) volume percentage in the precursor 

The co-solvent, acting as the solute carrier, and reducing agent, is one of the most critical factors 

affecting the precursor properties. Before EG was identified as an effective co-solvent to generate oxide-

free copper particles (Zhong et al. 2012), ethanol was applied in spray pyrolysis as the co-solvent (Kim et 

al. 2003). As reported, 10 vol % of ethanol in aqueous solution can promote the formation of phase pure 

copper powder from copper nitrate precursor at temperatures above 600 oC (Kim et al. 2003). This was 

attributed to the high H2 yield of ethanol decomposition during spray pyrolysis. Experimental 

measurements showed that 2.2 moles of H2 could be generated from every mole of ethanol (Zhong et al. 

2013). It has been experimentally proven that every mole of EG can generate 0.81 mol of H2 during spray 

pyrolysis (Zhong et al. 2013). Therefore, metal salts can be reduced to metal particles by H2, the product of 

ethanol and EG decomposition. Compared to ethanol as the co-solvent, the consumption of EG would be 

greater to reduce the same amount of metal salt. Though ethanol can create a better reducing atmosphere 

during spray pyrolysis, EG is still favored due to its higher flash point (Zhong et al. 2012). As reported, the 

decomposition of EG to H2 has several different mechanisms (Yue et al. 2012): 

𝐶2𝐻6𝑂2 → 2𝐶𝑂 + 3𝐻2              (S1) 

𝐶2𝐻6𝑂2 → 𝐶2𝐻6−𝑥𝑂2 +
𝑥

2
𝐻2     (S2) 

Here, (S1) is the complete decomposition of EG, and (S2) is the general dehydrogenation of EG.  

During the experiments, the relative EG amount needs to be controlled. High EG volume percentages 

in the precursor can lead to high H2 production in the reactor, which can promote the generation of oxide-

free Cu-Sn binary particles. However, excessive EG will result in a precursor solution too viscous to be 

atomized and H2 above the lower flammability limit.  

The dynamic viscosities and densities of the precursors with various EG concentrations (Figure S1) 

were measured because they have been reported as two of the factors affecting the precursor droplet size 
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(Avvaru et al. 2006; Ramisetty et al. 2013; Tsai et al. 2009). As shown in Figure S1, the viscosity of the 

precursor increased rapidly with EG concentration compared to density. For the conditions with EG 

concentration > 5.9 M (viscosity > 3 mPa∙s), it was difficult to atomize the precursor in the experiments 

because of the high viscosity. Similar results were observed and discussed by other researchers with similar 

transducers (1.7 MHz), who found the precursor cannot be atomized when the viscosity exceeded 2 mPa∙s 

in their experiments (Wang et al. 2008). 

 

Figure S1. Densities and viscosities of precursors with 3.6 M, 4.8 M, and 5.9 M EG. The 

concentrations of Cu(NO3)2, SnCl2, and HNO3 were 1 M, 0.1 M, and 0.1 M, respectively. 

 

To further understand the effect of EG concentration on the product crystallinity and morphology, XRD 

and SEM images of the powders obtained from the precursor solutions with different EG concentrations 

(i.e., 3.6 M, 4.8 M, and 5.9 M) at different temperatures (500 oC, 750 oC, and 1000 oC) was taken as shown 

in Figure S2-3. There was no significant morphological difference between the tested EG concentrations. 

However, the morphologies and number mean diameters of particles varied significantly between different 

temperatures, consistent with the discussion in the main text. Generally, the particles were within the range 

of  0.5 to 2.5 μm, which is consistent with previous results (Zhong et al. 2012). 
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Figure S2. XRD results of powders generated from systematic conditions. The concentrations of 

Cu(NO3)2, SnCl2, and HNO3 in the precursor were 1 M, 0.1 M, and 0.1 M, respectively. The CGFR 

was fixed at 3 L/min. The powders were generated at 500 
o
C (black), 750 

o
C (red), and 1000 

o
C (blue), 

with EG concentration varied at 3.6 M, 4.8 M, and 5.9 M (from bottom to top), respectively. The 

major peaks are from Cu13.7Sn (ICDD with PDF No. 03-065-6821) and Cu (ICDD PDF No. 01-070-

3038). 
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Figure S3. SEM images of powders generated from systematic conditions. EG concentration was 

tuned at 3.6 M, 4.8 M, and 5.9 M at 500 
o
C, 750 

o
C, and 1000 

o
C, respectively. The concentrations of 

Cu(NO3)2, SnCl2, and HNO3 in the precursor were 1 M, 0.1 M, and 0.1 M, respectively. The CGFR 

was fixed at 3 L/min. Insets highlighted by yellow squares are higher magnification images of selected 

regions marked by yellow arrows. The particles marked by red arrows are the irregular structures 

which are discussed in the main text. The scale bars in all figures are 1 μm. 

 

XRD measurements were conducted to analyze the detailed crystal information of these samples. As 

shown in Figure S2, no significant difference can be seen between the samples generated at various EG 

volume percentages with the same temperature, which is consistent with the SEM results. Based on the 

results, it can be concluded that the EG can effectively reduce the metal salts at concentrations as low as 
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3.6 M in the precursor. However, the EG concentration had no significant effect on the particle morphology 

and crystallinity in the tested EG volume percentages.  
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3. Supplemental results for the experiments tuning temperature 

As discussed in the main text, a transition occurred between the conditions of 500 oC and 1000 oC. 

Particles obtained at 750 oC exhibited particle morphology shifting from hollow to solid. Here, additional 

images are presented to further validate that a transition occurred at 750 oC. As shown in Figure S4, particles 

obtained at 750 oC displayed structures that can be attributed to the intermediate products in the process of 

shifting from hollow to solid particles: i) porous particles with primary particles comprising the shell 

(Figure S4b and e, marked by red dashed circles); ii) fragmented spherical particles with crusted shell 

(Figure S4a and c, marked by yellow dashed circles), which may stem from the structure shown in the insets 

of Figure 3a of the main text; iii) large solid particles (Figure S4a, c and d, marked by white dashed circles). 

 

 

Figure S4. Samples generated at 750 
o
C with EG concentration of 3.6 M (a), 4.8 M (b)-(c), and 5.9 M 

(d)-(e). The concentrations of Cu(NO3)2, SnCl2, and HNO3 were 1 M, 0.1 M, and 0.1 M, respectively. 

The scale bars of the SEM images are 1 μm. 
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In addition to the morphology, the number mean diameter of the particles can also validate that 

temperature is an important factor in the system. As shown in Figure S5, all powders exhibited acceptable 

normal distributions. It has been proposed in the main text that with the increase of temperature, the particles 

shrank and densified, shifting from hollow to solid. The number mean diameters of the particles decreased 

with the increase of reaction temperature. However, some outliers, whose diameters were around 5 μm were 

still present at 750 oC (Figure S5g-h, marked by dashed squares). This means some particles still retained 

their size without shrinking, even after the reaction temperature was increased from 500 oC to 750 oC. This 

provides another evidence to prove 750 oC representing the transiting conditions between the high and low 

temperatures. When the reaction temperature was increased to 1000 oC, the particles were solid without 

large outliers in diameter. 
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Figure S5. Diameter distributions of the products generated at systematic conditions. The 

concentrations of Cu(NO3)2, SnCl2, and HNO3 were 1 M, 0.1 M, and 0.1 M, respectively. 
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As discussed in the main text, Sn enrichment occurred on the particle surface. The dominant tin species 

on the particles surface can be identified as SnO2 (Figure S6a, d, and g, before sputtering). After sputtering 

the XPS peaks representing metallic tin increased significantly in all tested samples. For copper, the signal 

from Cu 2p is shown in Figure S6b, e, and h (after sputtering). From the reference, metallic copper has a 

major peak at 932.4 eV (Fleisch and Mains 1982), which is marked by a grey line in Figure S6b, e, and h. 

It can be seen that the powders contained metallic copper on and beneath the particle surface at all three 

temperatures. To better understand the copper states on and beneath the sample surface, the signals from 

Cu LMM auger electrons were collected. The shoulder peaks around 565 eV, as shown in Figure S6c, f, 

and i, are strong evidence for the existence of  metallic copper (Fleisch and Mains 1982), However, the 

peaks of the 1000 oC sample were weak around 565 eV (Figure S6c, before sputtering), which means the 

metallic copper presents a small amount on the surface. Peaks around 570 eV are evidence for the existence 

of copper oxides. Unfortunately, as the shape and peak position of CuO and Cu2O are similar (Fleisch and 

Mains 1982), it is hard to distinguish between them in all samples. Results shown here can only confirm 

that there are copper oxides on the surface. However, a qualitative conclusion still can be made based on 

the relative intensity of the peak around 570 eV to the peak around 565 eV. The amount of copper oxides 

increased with temperature. As discussed in the main text, the Cu/Sn ratio increased on the Cu-Sn binary 

particle surface with the increase of temperature. Therefore, Cu was more readily oxidized at high 

temperatures because of insufficient Sn to form sacrificial oxides, which may protect Cu from being 

oxidized. After sputtering, the intensity of the peak around 570 eV decreased, making it negligible 

compared to the peaks around 565 eV (Figure S6c, f, and i, after sputtering). This indicates the existence 

of metallic copper as the main component beneath the particle surface.  
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Figure S6. XPS signals collected at different temperatures. The concentrations of Cu(NO3)2, SnCl2, 

and HNO3 were 1 M, 0.1 M, and 0.1 M, respectively. The EG concentration was fixed at 4.8 M. The 

CGFR was set at 3 L/min. The temperature was set at 1000 
o
C (a)-(c); 750 

o
C (d)-(f); 500 

o
C (g)-(i); 

(a), (d), and (g) represent the data from Sn 3d electrons. (b), (e), and (h) illustrate the data from Cu 

2p electrons. (c), (f), and (i) are the data from Cu LMM Auger electrons.  
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4. Supplemental results for the experiments tuning residence time 

The selection of the CGFR should be tuned carefully, because it greatly affected the particle production 

as discussed in the main text. In addition, CGFR could also affect the residence time, which could affect 

the morphology of the particles. When the set point of the furnaces were 750 oC, the residence times for 

each condition are 4.5 s (CGFR=1 L/min), 1.5 s (CGFR=3 L/min), and 0.92 s (CGFR=5 L/min). Long 

residence time (4.5 s) would cause a large quantity loss of products. Particles would more readily stick to 

the tube walls due to the thermophoretic force. Thus, the production rate was low. Furthermore, it became 

difficult to collect enough powder for future characterization within 2 h. The color map of the as-sprayed 

filters for different residence times are shown in Figure S7. For the 4.5 s condition, as the production rate 

was low, powders could be seen only in a circular area at the filter center. The powder production rate 

increased significantly under the other two conditions when the residence time was decreased to 1.5 s and 

0.92 s.  

 

 

Figure S7. Images of as-sprayed filters generated from precursors with Cu(NO3)2, SnCl2, and HNO3 

of 1 M, 0.1 M, and 0.1 M, respectively. The EG concentration was 4.8 M. The temperature was set at 

750 
o
C. The diameters of the filters are ~ 9.5 cm. 
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As shown in Figure 1 (main text), low CGFR led to a long residence time, which may increase the 

possibility that tin would diffuse into the center of the particles, consequently reducing the tin concentration 

on the particle surface.  For the particles fabricated with residence time was 4.5 s, the Cu/Sn = 7.14 on the 

particle surfaces before sputtering. Therefore, with such a low concentration of Sn, metallic tin was not 

observed on the Cu-Sn binary particle surfaces (Figure S8g, before sputtering) for particles generated at 1 

L/min. The major peak (around 932.4 eV) in the powder prior to sputtering at 500 oC (Figure S8h) was 

attributed to metallic copper (Fleisch and Mains 1982). The absence of peaks around 565 eV, and existence 

of a peak around 570 eV in the Cu LMM Auger diagram (Figure S8i) were strong evidence that 

demonstrated copper oxides were the major component on the particle surface (Sen et al. 2009). When the 

residence time was 1.5 s, the Cu/Sn ratio decreased to 2.5 on the particle surface prior to sputtering. With 

such a high tin concentration on the particle surface, tin oxides were observed together with metallic tin 

(Figure S8d, before sputtering). For the copper with the protection by tin, metallic copper existed on the 

particle surface before sputtering, which can be validated by the peaks around 932.4 eV in Figure S8e, and 

565 eV in Figure S8f (Fleisch and Mains 1982). However, peaks belonging to copper oxides were still seen 

around 570 eV in Figure S8f, before sputtering (Sen et al. 2009). For particles generated with a residence 

time of 0.92 s, irregular shapes were seen in Figure 6c (main text), with pores and holes on the particle 

surface which increased the surface area. Therefore, a higher possibility for the metal oxidation was 

expected. Before sputtering, the intensity of the metallic tin peaks were low and no metallic copper peaks 

can be found around 565 eV (Figure S8a and c, respectively) (Fleisch and Mains 1982). After sputtering, 

all samples generated at 4.5 s, 1.5 s, and 0.92 s displayed a Cu/Sn ratio around 10, which was the input 

Cu/Sn ratio in the precursor solutions. In addition, metallic tin peaks exhibited higher intensities compared 

to the tin oxides in Figure S8a, d, and g, after sputtering. The existence of metallic copper was validated by 

the peaks at 932.4 eV (Figure S8b, e, and h, after sputtering) and peaks at 565 eV (Figure S8c, f, and i, after 

sputtering) (Fleisch and Mains 1982). The amount of copper oxides was negligible compared to the metallic 

copper after sputtering, which can be proven by the low intensities of the peaks at 570 eV in Figure S8c, f, 

and I (Fleisch and Mains 1982).  
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Figure S8. XPS signals collected at different CGFRs. The concentrations of Cu(NO3)2, SnCl2, and 

HNO3 were 1 M, 0.1 M, and 0.1 M, respectively. The EG concentration was fixed at 4.8 M. The 

temperature was set at 750 
o
C. The CGFR was set at 5 L/min (a)-(c); 3 L/min (d)-(f); 5 L/min (g)-(i); 

(a), (d), and (g) are the data from Sn 3d electrons. (b), (e), and (h) are the data from Cu 2p electrons. 

(c), (f), and (i) are the data from Cu LMM Auger electrons.  
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5. Supplemental results for the experiments for the mechanism exploration 

 

Figure S9. XRD diagram of powders fabricated from precursors containing 1 M Cu(NO3)2, 0.1 M 

SnCl2, 0.1 M HNO3, and 5.9 M EG in a total volume of 150 ml aqueous solution. Spray pyrolysis was 

conducted at 300 
o
C with CGFR = 5 L/min and a quench gas velocity of ~ 5.2 L/min. Possible phases 

are Cu2Cl(OH)3 (ICDD, PDF No. 01-070-0821), SnCl2(H2O)2 (ICDD, PDF No. 01-075-2033), and Sn 

(ICDD, PDF No. 00-005-0390) 
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Figure S10. XRD diagram of powders fabricated from precursors containing 1 M Cu(NO3)2, 0.1 M 

SnCl2, 0.1 M HNO3, and 5.9 M EG. Spray pyrolysis was conducted at 500 
o
C with CGFR = 10 L/min 

and a quench gas velocity of ~ 10.8 L/min. Possible phases are: Cu2Cl(OH)3 (ICDD, PDF No. 01-070-

0821), Cu2(NO3)(OH)3 (ICDD, PDF No. 00-045-0594), Cu2O (ICDD, 01-080-7711), CuO (ICDD, PDF 

No. 01-080-0076), and Cu13.7Sn (ICDD, 03-065-6821).  
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6. Vapor pressures of water and EG summarized from reference books 

Table S1 Vapor pressure of water and EG 

Temperature (
o
C) Pwater (mm Hg) (Speight 2004) PEG (mm Hg) (Jordan 1954) 

60 149.38 1.6 

70 233.7 3 

80 355.1 5.3 

90 525.76 9 

100 760 15 

110 1074.56 25 

120 1489.14 40 
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