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Introduction

 The origin of life on earth remains an elusive and complex issue that has yet to be fully revealed.
 The conversion of inorganic carbon into basic organic molecules is a pivotal step because it behaves as 

fundamental building blocks for any life forms.
 Formic acid (HCOOH) formed through conventional slow heterogenous catalytic process fails to explain the life 

origin by the time-consuming evolution. Therefore, a fast formation pathway needs to exist which can explain the 
unresolved life-origin mystery disputed for decade.

 The abundant air-water interface from atmospheric aerosol microdroplets have already been proposed as 
prebiotic chemical reactors.

 The environment of primitive earth was found to contain lot of CO2 levels as compared to today( 100-1000 times as 
of today), around 80 S-rich minerals from Hadean period due to volcanic activities, total flux of intense ultraviolet 
C (UVC) was 8 times greater than that at the present age.

  The natural solar-driven inorganic carbon conversion emphasizes the important role of air-water interface 
coupling of minerals in fostering prebiotic biomolecules in the primitive Earth’s environment.
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Why this paper?

 The prebiotic synthesis of formic acid (HCOOH) occurs at the air-water aerosol microdroplet 
interface, facilitated by the presence of metal sulfide dust particles is done.

 This process significantly contributes to our understanding of the origin of life.
 It attempts to integrate all components to explain the origin of life in the abiotic environment of 

early Earth.
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Background
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Results and Discussion

Fig. 1. Characterization of sphalerite. A) Geographic position of the natural sphalerite source. B) XRD pattern. C) 
Corresponding bright-field TEM, HAADF images, and EDS analysis for natural ZnS minerals.
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Figure S1.  Scanning electron microscopy (SEM) of natural sphalerite mineral. (A) SEM image and 
EDS mapping of element (B) S, (C) Zn.

Figure S2. Characterization of synthesized ZnS. (A) XRD pattern of ZnS. (B)The corresponding 
bright-field TEM, HAADF-STEM, and EDS analysis of the compositional elements (HRTEM images, 
the lattice fringe is 0.317 nm corresponding to (111) crystal plane).

Results and Discussion
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Results and Discussion

Fig. 2. Semiconducting properties and optical spectroscopy of ZnS. A) The obtained bandgaps of ZnS (inset: UV–Vis DRS). 
B) Mott−Schottky plots. C) Schematic illustration of the electronic band structures. D) Band structure. E) The DOSs. F) 
Overview of crystal structure. G) Electron density difference.
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Results and Discussion

Fig. 3. The HCOOH production varied with the following conditions in the microdroplet reaction system. A) Schematic diagram of the 
microdroplets produced (inset: microscopic image of the produced microdroplets). B) Photoreduction inorganic carbon reaction under 
UV-lamp radiation (inset: the yield of HCOOH under different carbon sources after 180 min). The influences of C) CO2 concentration (0, 
25, 50, 100%), D) NaHCO3 concentration on photoreduction reaction (10, 25, 50, and 100 mM; UV-lamp radiation; room temperature; 
0.8 g L−1 ZnS), E) light irradiation intensity, and F) microdroplet size (inset: the correlation between the yield of HCOOH and the 
microdroplet S/V).
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Figure S3. Images of microdroplets being stabilized at 
different time scales. The microdroplets were used to 
investigate the stability of the catalyst homogeneous 
dispersion in water microdroplets before (A) and after (B) 
180 min.

Results and Discussion
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Figure S7. Bulk phase photoreduction inorganic carbon 
pre-experiment. Bulk phase reaction under different 
inorganic carbon sources. (310 nm UV lamp radiation, 
room temperature, 180 min, 0.8 g L-1 ZnS, 25 mM NaHCO3).

Figure S8. Control experiment of microdroplet system. Control 
experiment of microdroplet system under different conditions 
which were the absence of the ZnS, UV light radiation, and inorganic 
carbon source

Results and Discussion
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Results and Discussion

Fig. 4. ZnS-mediated inorganic carbon reduction pathways. A) In situ 
DRIFTS spectra for the photoreduction reaction. Diagrams of B) reaction 
pathway and C) partial solvation effect. D) Free energy diagram for the 
pathway of CO2 conversion into HCOOH in microdroplet system and bulk 
phase reaction, indicating the electron/proton transfer process at the (001) 
surface of ZnS.
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Fig. 5. Cumulative yields of HCOOH in the proposed model. A) The cumulative 
HCOOH depends on I (light intensity), SV (microdroplet S/V), and CZnS 
(concentration of ZnS). (50 mM carbonate ions, pH = 7, and 1.48 mW cm−2 UV 
wavelength was 310 nm.) B) Photoreduction CO2 on various minerals within 
microdroplet. C) Schematic diagram of abiotic carbon fixation in the primitive 
Earth.

Results and Discussion
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Figure S12. Time-dependence 
photocatalytic HCOOH production in 
NaHCO3-system. The initial NaHCO3 
concentration is 25 mM both in bulk 
phase and microdroplet reaction. (UV 
lamp radiation, room temperature, 0.8 g 
L-1 ZnS).

Figure S13. ZnS concentration-dependence 
photocatalytic HCOOH production in 
NaHCO3-system. The initial NaHCO3 
concentration is 25 mM both in bulk phase 
and microdroplet reaction. (UV lamp 
radiation, room temperature,).

Figure S14. Light intensity-dependence 
photocatalytic HCOOH production in 
NaHCO3-system. The initial NaHCO3 
concentration is 25 mM both in bulk 
phase and microdroplet reaction. (UV 
lamp radiation, room temperature,).

Results and Discussion
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Conclusions

 The study of metal sulfide minerals suspended in airborne aerosol microdroplets significantly enhances our 

understanding of the origin of life. 

 This process facilitates the prebiotic synthesis of formic acid, a crucial precursor that can lead to the formation 

of various biomolecules, which are the fundamental building blocks of life.

 It estimates the formic acid production to be 2.52 x 1014 Kg.year-1.

 To form formic acid, the involvement of all UV light, metal sulfide minerals, and inorganic carbon is essential.
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-THANK YOU
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