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Supplementary Note 1: Vapor flux calculations for EVD 

 

We calculated the vapor flux of Ni atoms in the EVD process (NiCl2 as precursor for simplicity) 

using Equation 11: 

𝐹 =
𝑝

√2π𝑚𝑘𝐵𝑇
        (𝐸𝑞 1) 

 

Where 𝐹 is the vapor flux, 𝑝 is the partial pressure of the Ni vapor (~56200 Pa for EVD2), 𝑚 is 

the mass of the Ni atom (9.74×10−26 kg), 𝑘𝐵 is the Boltzmann constant (1.38×10−23 J/K), and 

T is the temperature of the vapor (1000–2000 K for EVD). Our results indicate that the flux of 

the vaporized species in EVD can reach 1021 –1022 atoms/cm2/s.  

 

Supplementary Note 2: Modeling the multi-elemental hexagonal Mo45Co25Fe10Ni10Mn10Ox 

nanodisks.  

The elemental analysis results show Mo45Co25Fe10Ni10Mn10Ox has a hexagonal crystal structure 

following the A2B3O8 formula, in which Mo primarily occupies the B sites, the Co and Ni 

predominately occupy the A sites, and the Mn and Fe appear to preside at both sites (Fig. 2c). 

Consequently, we constructed a multi-elemental oxide bulk crystal (Extended Data Fig. 6a), 

consisting of 9 Mo ions at the B sites, 5 Co ions at the A sites, 2 Ni ions at the A sites, 2 Mn ions 

at the B sites, one Fe ion at an A site and another Fe ion at a B site, and 32 O ions. The lattice 

parameter of the bulk crystal was predicted to be 5.87 Å, close to the experimentally observed 5.80 

Å for the multi-elemental oxide (Extended Data Fig. 5a).  

 

Supplementary Note 3: Oxidation energy calculation.  

The adsorption energy of O on site X of multi-elemental hexagonal Mo45Co25Fe10Ni10Mn10Ox 

nanodisk surface (i.e., Ead/X) was calculated as follow: 

𝐸𝑎𝑑/𝑋 = 𝐸𝑂/𝑋 − 𝐸𝑠𝑙𝑎𝑏 − 𝜇𝑂 

where EO/X is the system energy of O adsorbed on site X, Eslab is the energy of the clean surface, 

and µO is the chemical potential of O. Considering that O in multi-elemental oxides comes from 

oxygen molecule during synthesis, we assume that µO takes the value of half of µO2, which is the 

chemical potential of an oxygen gas molecule. Furthermore, µO2 can be expressed as a function of 

temperature and pressure3: 

𝜇𝑂2 = 𝑘𝑏𝑇𝑙𝑜𝑔 (
𝑃𝜆3

𝑘𝑏𝑇
) − 𝑘𝑏𝑇𝑙𝑜𝑔 (

4𝜋2𝐼𝑘𝑏𝑇

ℎ2
) +

1

2
ℏ𝜔0 + 𝑘𝑏𝑇𝑙𝑜𝑔[1 − 𝑒𝑥𝑝 (−

ℏ𝜔0

𝑘𝑏𝑇
)] 

where T is temperature, P is pressure, kb is the Boltzmann constant, h is the Planck’s constant, and 

λ is the thermal de Broglie wavelength, I is the moment of inertia, and ω0 is the vibrational 

frequency of the oxygen gas molecule O2. The vibrational frequency of O2 was calculated to be 

1560.7 cm-1 using DFT, close to  1580.0 cm-1 measured in a previous study4. We set the 

temperature at 600 K and the pressure to be 10-5 atm in our calculations to be consistent with the 

experimental conditions.  

In our model, there are multiple metal sites for O to be adsorbed on the multi-elemental oxide 

surface. Consequently, we calculated the adsorption energy of O at all possible metal sites on the 

exposed surface and further defined the surface oxidation energy to be the most negative 

adsorption energy among all possible values. Based on this definition, a more negative value of 
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the surface oxidation energy indicates a stronger attractive interaction between O and the 

corresponding oxide surface., i.e., a higher tendency for the surface to grow via oxidation. 

 

Supplementary Note 4: The thermophoretic velocity calculation.  

We estimated the thermophoretic velocity vT of the vapor flow based on the established model 5,6, 

which we found can best resemble our EVD conditions. 
 

where ∇T is the temperature gradient close to the substrate, Tg the gas temperature, µg the dynamic 

viscosity of the argon gas, ρg the density of the argon gas, and Kth is the thermophoretic diffusion 

coefficient, which is calculated by the following equation: 

 

In the above equation, Λ is the ratio of thermal conductivity of argon gas to the nanomaterial, 

, with αE and αT representing the 

energy and tangential momentum accommodation coefficients (in the case of complete 

accommodation, αE = αT = 1).  R = √π/(2Kn), 

where Kn is the Knudsen number defined as the ratio of the mean free path of argon atoms to the 

characteristic length (taken to be the radius of the particles formed). fij and φij coefficients are 

tabulated in the original paper5. 

In this work, we used NiCl2 as a representative precursor for demonstration purposes without loss 

of generality. We assume complete accommodation, i.e., αE = αT = 1, and we calculate the 

thermophoretic velocity. By 1) extrapolating the experimental data (e.g., gas temperature Tg 

(775K, extrapolated from Fig. 3c) and nucleated particle size (32.2 nm, extrapolated from Fig. 3f) 

and 2) looking up all the above coefficients based on the Kn number (calculated to be 37.2), we 

calculated the thermophoretic velocity to be ~0.0103 m/s towards the substrate when the substrate 

temperature is 600 K, and ~0.0133 m/s outwards from the substrate when the substrate 

temperature is 1000 K. This estimation of thermophoretic velocity well explains what we observed 

in Fig. 3gii and 3hii, where nucleated particles in the EVD vapor do not deposit on the substrate 

when the substrate temperature is higher than that of the vapor, and vice versa.  
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Supplementary Fig. 1. a, Schematic and b, digital image of the precursor during heating, captured 

using a high-speed camera (10000 frames/second). During imaging of the heating process, we 

found the solid-state precursor powders melt almost instantaneously into liquid spheres, which are 

rapidly evaporated into vapor within 5 ms. 
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Supplementary Fig. 2. Digital images of the vapor flow for single (MoCl5), ternary (MoCl5, 

CoCl2, FeCl2, molar ratio = 45: 25: 10), and quinary precursor compositions (MoCl5, CoCl2, FeCl2, 

NiCl2, MnCl2, molar ratio = 45: 25: 10: 10: 10) containing Mo. As a single species, Mo can barely 

evaporate due to its significantly lower vapor pressure7. However, it can be effectively vaporized 

when mixed with a higher ratio of easily evaporated metallic elements, which we believe may be 

due to interactions of Mo with more volatile species that help promote Mo into the vapor phase.  
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Supplementary Fig. 3. Ellingham diagram showing the elemental oxidation potentials (bulk 

materials, 1 atm partial pressure O2).8,9 Easily oxidized elements are highlighted in blue, while red 

and green show less oxidized elements. At 600 K (average temperature of the substrate), a more 

negative ΔGoxidation means easy oxidation to form oxide (e.g., Zr, Sn, Mo, Co, Mn, and Cr, marked 

in blue). As a result, we obtained ZrO2 or SnO2 thin films when using ZrCl4 or SnCl2 as precursors, 

and obtained Mo45Co25FeyNiyMn30-2yOx (y = 10, 12.5, and 15) when using MoCl5 and CoCl2-

dominated precursors. A less negative ΔGoxidation means tendency to form alloy (e.g., Pd marked 

in red). Elements in between (e.g., Cu, Fe, and Ni, marked in green) can form both alloy or oxide, 

depending on what oxidation behavior other elements demonstrate in the multi-elemental 

compositions. As a result, we obtained PdCuFeCoNi alloy as we have Pd elements which drive 

the formation of alloy. 
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Supplementary Fig. 4. a, Photograph of the carbon paper substrate after EVD synthesis of the 

Mo45Co25Fe10Ni10Mn10Ox nanodisks. b, SEM images of the carbon paper substrate at six different 

locations, as noted in (A), demonstrating the uniform deposition of the nanodisks. 
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Supplementary Fig. 5 Schematic of LII. In the LII technique, a laser pulse heats any nanoparticles 

present in the gas phase to incandescent temperatures, causing them to produce LII signals. 

 

 

 

 

 
Supplementary Fig. 6 Schematics of a, atomic emission and b, thermal radiation from 

nanoparticles, produced during the EVD process. The emission of the “flame-like” appearance in 

the EVD process involves two components: (1) atomic emission from the electronically excited 

atoms in the vapor phase (Supplementary Fig. 6a), and (2) the thermal radiation of the nucleated 

nanoparticles due to the high temperature (Supplementary Fig. 6b). 
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Supplementary Fig. 7. a, Schematic of the distance between the substrate and heater for effective 

deposition. b, Digital image showing the atomic vapor phase flowing around the substrate when 

the distance between the substrate and heater is ~1.5 cm. Under these conditions, the temperature 

of the substrate is too high (~2000 K after 0.3 s of heating), making it hard for the vapor phase 

species to nucleate on the hot substrate, in addition to the competing flow effects of the hot gas 

around the substrate, which limits the atomic vapor’s contact with the surface. c, SEM image of 

the substrate when the distance between the substrate and heater is 1.5 cm, with no meaningful 

nanomaterials deposited, indicating ineffective deposition compared to Fig. 3giii. d, Digital image 

of the EVD process when the distance between the substrate and heater is 7 cm and e, a 

corresponding SEM image of the substrate, with no meaningful nanomaterials deposited. We 

conclude that there is a critical distance between the heater and substrate, which is above 2 cm and 

below 6 cm. Below this critical distance, the temperature of the substrate is too hot (~2000 K), 

which prevents effective product nucleation. However, above this critical distance, the particle 

deposition is also poor, which we hypothesize is due to the excessive growth of particles in the 

vapor phase, which may be too heavy to be collected effectively. 
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Supplementary Fig. 8 a, SEM images of ZrO2 thin film produced by EVD at ~0.5 m/s vapor 

velocity. b, SEM images of ZrO2 nanoparticles produced by EVD at ~1 m/s vapor velocity. 

We observed that ZrO2 forms as a thin film at lower vapor velocities, whereas higher vapor 

velocities lead to the formation of nanoparticles, likely due to enhanced nucleation and growth 

rates under rapid vapor transport conditions. 
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Supplementary Fig. 9 TEM images and thickness measurement of ZrO2 film after a one, b two, 

and c three rounds of cycled heating (2 seconds, 4 seconds, 6 seconds of total deposition time, 

respectively) using ZrCl4 as precursor. 
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Supplementary Fig. 10 a, SEM and b, EDS images of Al2O3 coated carbon paper. c, SEM images 

of Mo45Co25Fe10Ni10Mn10Ox hexagonal nanodisks grown the Al2O3-coated carbon paper. 
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Supplementary Table 1. Comparison of EVD with common vapor-to-solid synthesis methods 

including thermal evaporation (TE), electron-beam evaporation (EBE), plasma enhanced chemical 

vapor deposition (PECVD), pulsed laser deposition (PLD), sputtering deposition (SD), and flame 

synthesis (FS). 

 
 EVD TE EBE PECVD PLD SD FS 

Vapor 

flux 

1021–1022 

atoms/cm2

/s 

1014–1017 

atoms/cm2/

s10,11 

1013–1017 

atoms/cm2/

s12,13 

1014–1016 

atoms/cm2/

s14–16 

1013–1016 

atoms/cm2

/s17–19  

1013–1015 

atoms/cm2/s 
20,21 

1019~1021 

atoms/cm2/s2

2,23 

Operatin

g 

pressure 

Atmospher

ic pressure 

Requires 

low 

pressure 

(10-7–10-5 

Torr)24,25 

Requires 

low 

pressure 

(typically 

10-7–10-4 

Torr)26,27 

Requires 

low 

pressure 

(typically 

10-3–100 

Torr)28,29 

Requires 

low 

pressure 

(typically 

10-8–10-1 

Torr)30,31 

Requires low 

pressure 

(typically 10-

6–10-3 

Torr)32,33 

Atmospheric 

pressure34 

Carrier 

gas  

Not 

needed 

Not needed Not needed Needed Not 

needed 

Not needed Needed 

Fuel  Not 

needed 

Not needed Not needed Not needed Not 

needed 

Not needed Needed 

Oxidizer Not 

needed 

Not needed Not needed Not needed Not 

needed 

Not needed Needed 

Product Complex 

alloys, 

oxides, 

sulfides, 

nanopartic

les and 

thin films. 

Typically 

thin films, 

single   

element 

metallic 

and 

convention

al oxide 

nanoparticl

es, etc.35–37 

Thin films, 

single or 

binary 

elements 

nanoparticl

es, etc.38,39 

Thin films  

and single   

element 

metallic 

nanoparticl

es, 

etc.22,40,41 

Thin film, 

single or 

binary 

element 

metallic 

nanopartic

les, 

etc.19,42,43 

Thin films  

and single   

element 

metallic 

nanoparticles

, etc.44,45 

Complex 

oxides and 

thin films46,47 
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