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NANOPARTICLES

Spontaneousweatheringof natural mineralsin

chargedwater microdropletsformsnanomaterials
B. K. Spoorthi1, Koyendrila Debnath2, Pallab Basuri1, Ankit Nagar1,

Umesh V. Waghmare2, Thalappil Pradeep1,3*

In this work, weshowthat particles of common minerals break down spontaneously to formnanoparticles in

charged water microdroplets within milliseconds. Wetransformed micron-sized natural minerals likequartz

and ruby into5- to10-nanometer particles when integrated into aqueous microdroplets generated via

electrospray. Wedeposited thedroplets onasubstrate, which allowed nanoparticlecharacterization. We

determined through simulations that quartzundergoes proton-induced slip, especially when reduced in

sizeand exposed to an electric field. This leads toparticlescission and theformation of silicate fragments,

which weconfirmed with mass spectrometry. This rapid weatheringprocess may be important for soil

formation, given theprevalenceof charged aerosols in theatmosphere.

N
anoparticles of minerals exist naturally

in soil, and some of them are essential

for life (1). Microdroplets have been a

topic of interest over the past decade,

and the confined environment within

them isknown to causechemical synthesis at

an accelerated rate, aswell asother processes

such astheformation of nanoparticles(2).We

decided to explore whether natural minerals

could disintegratein microdroplets, through a

processoppositeto chemical synthesis.

For our experiments, we prepared micron-

scaleparticlesof natural quartz(SiO2) and ruby

(Cr-substituted Al2O3) for useinanelectrospray

setup (Fig. 1, A and B). Weground commercial

millimeter-sized quartz particles well using a

mortar and pestle and used centrifugation to

separate the differently sized particles that

formed. Wecarefully excluded all theparticles

smaller than 1mm in size and used particles

of 5 to 10 mm that were suspended in water

for the experiment (Fig. 1C). Even after ultra-

sonication todetach anyadhered particles,we

found some smaller particles attached to a

few larger ones(Fig. 1C). Theseadhering par-

ticles had dimensions greater than 100 nm

(fig. S1). We took an optical image of the

ground quartz powder and an optical micro-

scopic image of the separated particles that

weused for electrospray (fig. S2). Weelectro-

sprayedasuspension of about 0.1mg/ml of the

separated quartz particles through a capillary

tubethat had an inner diameter of 50 mm at a

flow rateof 0.5 ml/hour and observed the re-

sulting plume(Fig. 1A). Wecollected the pro-

duct of electrospray 1.5 cm away from the

spray tip, which resulted in a flight time on

theorder of 10 ms, consistent with similar ex-

periments (3, 4). The product that was de-

posited on a transmission electron microscopy

(TEM) grid had only 5- to 10-nm-diameter

particles(Fig. 1D) throughout thegrid. Under

higher magnification, particles of different

morphologies were observed. The particles

showed the (110) plane of quartz (inset of

Fig.1D).Sonicationhadnoeffect on thebreak-

ing of silica particles. Experimental methods

arepresented in thesupplementarymaterials,

including a video of the electrospray process

(movieS1).

Toensurethat our initial observationswere

truly representative of the process, we per-

formed measurementson larger quantitiesof

samples. Webuilt amultinozzleelectrospray

unit composed of six nozzles. We electro-

sprayed 1 liter of the suspension that con-

tained 100 mg of the crushed micron-sized

particlesdiscontinuously over a month at the

optimized conditions (spray voltage and dis-

tance) anda3ml/hour flowrate,andadeposit

RESEARCH

Fig. 1. Process of disintegration of natural quartz in microdroplets.

(A) Schematic representation of the disintegration of mineral particles in micro-

droplets. Setup components include (i) the electrospray emitter, (ii) a spray

capillary with a 50-mm inner diameter, and (iii) the conducting substrate at a

distanceof L=1.5cmfromthetipof theemitter. (B) Aphotograph of thenatural

quartz. (C) Field-emission scanning electron microscopy (FESEM) image of

ground and separated natural quartz used for electrospray, showing that the

size range of particles is between 1and 5 mm. A few smaller particles that

are naturally adhered to the micron-sized particles remain attached even

after ultrasonication. (D) TEMimage of natural quartz after electrospray with

a high-resolution image of a particle shown in the inset. The plane shown is

(110), where d is lattice spacing.
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A scale of 1000

Image from Wikipedia



Functional Nanomaterials



Microdroplets

0D 1D

2D3D

Anyin Li, et. al., Angew. Chem. Int. Ed. 2014, 

53, 12528 –12531.

Depanjan Sarkar et. al., Adv. Mater. 2016, 28, 2223–2228.

Depanjan Sarkar, et. al., J. Phys. Chem. C 2018, 122, 17777−17783.
Arijit Jana et. al., J. Mater. Chem. A, 2019, 7, 6387–6394.
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Pallab Basuri et. al. Chem. Sci., 2022, 13, 13321–13329.

Understanding Microdroplets



Transformation of Materials in 

Microdroplets



Transformation process 

Experimental set-up

Pt 

wire

Capillary

Ambient Microdroplet Annealing of Nanoparticles

Angshuman Ray Chowdhuri et. al., Chem. Sci., 2021, 12, 6370–6377.

Synthesis of polydisperse NPs



Thanks to ChatGPT



Weathering in Nature



Sand, the Ubiquitous Material

Images from Wikipedia
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Ground silica Optical image of silica



Weathering of Minerals in Microdroplets

Spoorthi, et. al., Science, 2024
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Ruby, Fused Alumina



3.5 kV 4.5 kV 5 kV

SiO2 after 

electrospray

SiO2 before 

electrospray

SiO2

JCPDS 

data

Fragmentation of Silica – Varying Conditions



Surface force

Separatio

n due to 

cleavage

The process of cleavage and surface reconstruction visualized with first-principles simulations 

Mechanism: Cleavage



Localized slip

Stacking fault 

(𝑥, 𝑧 ∈ [0,1]) - fractional coordinates 

This instability leads to the formation of a

stacking fault on the (010) plane, achieved

with slip localized at (010) plane

Mechanism: Slip
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SFE (𝐽/

𝑚2) 

Slab 

𝑥 𝑧 
w/o H-

atom 

1 H-

atom 

2 H-

atoms 
𝐸 

0.0 0.0 0 0 0 0 

0.5 0.5 -1.21 -0.93 -0.88 -1.20 

0.5 0.0 1.20 1.18 0.90 1.12 

0.0 0.5 -0.07 0.89 -0.83 -0.09 

 

SFEs of (010) direction with (0, 0), (0, 0.5), (0.5, 0) and (0.5, 0.5) slip configurations on 

the (110) plane of SiO2
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No H-atom One H-atom Two H-atoms

Silicate fragments
A B C

b

c
b
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a
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Mass Spectrometry of the Fragments
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Effect of charged microdroplets on quartz

Increased surface roughness after the spray
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Mechanism of nanoparticle formation



Rayleigh, On the 
equilibrium of liquid 
conducting masses 
charged with electricity, 
Philosophical Magazine, 
1882

Q = 8π (ϵ0 γR3)1/2

Image from Wikipedia



Droplets
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Smaller droplets

Grazia Rovelli, et. al. Chem. Sci., 2020, 11, 13026–13043.

Understanding Microdroplets
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By R. Graham Cooks and Dylan T. Holden

C
harged microdroplets are commonly 

observed in clouds, sea spray, and 

other natural aerosols. The chemistry 

that occurs at the air-water interface 

of these droplets is often distinct from 

that observed in bulk solution, which 

is of considerable interest because chemical 

reactions can be accelerated at this boundary 

(1, 2). This may have implications for envi-

ronmental processes such as the weathering 

of rocks, which contributes to soil formation. 

On page 1012 of this issue, Spoorthi et al. (3) 

report that micrometer-scale mineral par-

ticles can rapidly break down into nanoparti-

cles when in charged aqueous microdroplets 

(see the figure). This points to a potential role 

for atmospheric water droplets in the natural 

disintegration of minerals.

To examine material degradation, Spoor-

thi et al. borrowed methodology used to ac-

celerate bond-forming chemical reactions. 

By spraying an aqueous suspension of mi-

croparticles of natural minerals, the authors 

produced nanoparticles of minerals in high 

yield. Specifically, Spoorthi et al . used an elec-

trospray device to emit a jet of liquid droplets 

(by applying high voltage) containing min-

eral particles of natural quartz, ruby, or syn-

thetic alumina that ranged in size from 1 to 

5 µm in diameter. The authors observed the 

production of nanoparticles that were 5 to 10 

nm in diameter. Moreover, the fragmentation 

occurred in approximately 10 ms. 

Such material degradation and chemi-

cal synthesis experiments are united by the 

extremes of chemical reactivity that occur 

at the air-water interface, where reagents 

are partially solvated (4). Whether formed 

through nebulization, splashing from a sur-

face, or other means, microdroplet popula-

tions will include droplets with nonzero net 

charges. The small radius of curvature in a 

microdroplet produces a very strong elec-

tric field (5) that can support a double layer 

of electric charge at the air-water interface. 

The change in geometry (radius of curvature) 

converts a two-dimensional air-water inter-

face with limited electric field into a sphere 

with an electric field of a strength approach-

ing the order of chemical bond energies (3 to 

4.5 eV/Å). Coulombic fission (the splitting of 

charged microdroplets due to excess charge 

overcoming the surface tension) and evapo-

rative processes further increase the surface 

area, reduce the radius of curvature, and aug-

ment the surface electric field of the droplet. 

The unusual chemical nature of the air-

water inter face results in much remarkable 

chemistry. For example, amino acids in wa-

ter undergo dehydration to form peptides 

in this environment (6), whereas bulk wa-

ter simply solvates amino acids. The super-

acidic interface activates amino acids and 

removes water to yield peptides. In addition 

to such acid-base reactions, redox chem-

istry results from the formation of strong 

oxidants and reductants from water at the 

interface. For example, a high hydronium 

ion (H3O
+) concentration at the interface 

derived from fleetingly charged surface wa-

ter molecules (H2O
+•/H2O

−•) coexists with 

oxidative species such as hydrogen peroxide 

(H2O2) and OH•. These redox species enable 

a variety of spontaneous chemical trans-

formations, including carbon-oxygen (C-

O) bond cleavage in phosphonates, which 

yields the corresponding phosphonic acid 

(7), and in the Baeyer-Villiger oxidation of 

aryl ketones to give esters (8). These consid-

erations thereby enable simultaneous acid-

base and oxidation-reduction chemistry in a 

single population of droplets (7).   

Through their study, Spoorthi et al. have ad-

ded natural weathering to a list of  processes 

in which accelerated interfacial micro-

droplet reactions play an important role. 

Other processes include those in the atmo-

sphere, both natural and anthropogenic, the 

latter typified by pollution that involves ni-

trate photochemistry (9). A substantial num-

ber of accelerated catalyst-free microdroplet 

reactions form the basis for chemical synthe-

ses that generate a variety of small molecules 

(10), including the facile and  high-throughput 

functionalization of drugs. This latter ap-

proach can be scaled up so that microdroplet 

reactions produce substantial small-mole-

cule products. Prebiotic chemistry, including 

peptide and nucleotide formation, is anot-

her process that is accelerated at the micro-

droplet air-water inter face (11). 

The millisecond timescale of quartz degra-

dation reported by Spoorthi et al . matches the 

known microsecond-to-millisecond timescale 

for accelerated bond-formation and bond-

cleavage chemical reactions in microdroplets 

(1). This reinforces the conclusion that the 

chemical basis for accelerated weathering lies 

in the powerful acidic and hydrolytic nature 

of the air-water interface. The authors fur-

ther suggest a role for the superacid interface 

in inducing slippage at crystal plane bound-

aries in quartz and ruby fragmentation. Their 

simulations show that individual protons 

inserted into the slip configuration mineral 

Department of Chemistry, Purdue University, West Lafayette, 
IN, USA. Email: cooks@purdue.edu 

Micro-to-nano transitions in minerals at the air-water interface
Reactions that promote mineral disintegration are accelerated at the air-water interface of microdoplets.  

Key reactive species are the result of the e ects of a high electric eld at the surface of the water droplets. 

CHEM ISTRY

Breaking down microdroplet 
chemistry
Charged microdroplets accelerate mineral disintegration 
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How do they form?
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Ambient electrospray

MoS2 Nanosheet MoS2 Nanoparticles

Solvent: Water

Potential: 3.0 kV

MoS2 Nanosheets
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Spoorthi et al. Chem. Comm. 2025



31M. Udhaya Sankar, et. al. Proc. Natl. Acad. Sci., 110 (2013) 8459-8464.



We developed environmentally friendly water positive nanoscale materials for  affordable, sustainable and rapid removal of 

arsenic from drinking water.

There are over 1700 community installations across the country, serving 1.4 million people with arsenic and iron-free water 

every day.



Evolution of materials to products

33

Ankit Nagar and T. Pradeep, ACS Nano 14 (2020) 6420-6435.



Installations made by four companies

India’s water is being monitored

IITM/IISc



Thanks to ChatGPT



Vision

Make soil using 

processed wastewater 

and make deserts 

bloom. 

Thanks to ChatGPT





Can Clathrate Hydrates Exist in Space?
Exploring astrobiology
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Viswakarma, G. et al., J. Phys. Chem. Lett., 2023, 14, 2823–2829
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115-400 nm

Bag, S. et al., Rev. Sci. Instrum. 2014, 85, 014103/1-014103/7



Bag, S. et al., Annu. Rev. Anal. Chem. 2013, 6, 97–118
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Interstellar medium 

Diffuse clouds: T ~ 100 K, n ~ 100 molecules per cm3

Dense clouds: T ~ 10-100 K, n ~ 104-108 molecules per 

cm3

On Earth sea level: T ~ 300 K, n ~ 3×1019 molecules 

per cm3

https://spaceref.com/science
42

Pressure: ~ 10-10 mbar

Temperature: ~ 10 K 



Interstellar ices

Silicates and carbonaceous material – 0.01-0.5 μm 

Arumainayagam, C. R. et al., Chem. Soc. Rev., 2019, 48, 2293–2314
43
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Clathrate hydrates in interstellar environment

Ghosh, J. et al., Proc. Natl. Acad. Sci. U.S.A., 2019, 116, 1526-1531



Annealing

Co-deposition at 10 K
Clathrate hydrate (CH)

Methane hydrate 

structure; 512 cage

Sample inlet tubes

UHV UHV

Varying T, 

depending on the 

gas

Experimental method
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Clathrate hydrates in interstellar environment

12.71% of 

the total CH4

is trapped

512 cage of 

CH4 hydrate

Ghosh, J. et al., Proc. Natl. Acad. Sci. U.S.A. 2019, 116, 1526-1531



T = 90 K Amorphous ice

T = 145 K Fully Crystallized ice

Amorphous ice

Ice Ic

(a) (b)

2 nm

2 nm

Ice at molecular resolution

IFFT

Observing growth of crystalline ice from amorphous ice
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Imaging cubic ice at molecular resolution

Stacking disorder



THF-CH4 Clathrate hydrate crystal 3 D electron diffraction

Crystal structure 

Electron diffraction of nanometer-scale crystals of 

clathrate hydrate

(a) (b)

(c)
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People’s Water Data

A course by IITM



Au25, Ag25, Ag29

New molecules

52



S truc ture o f M 1 7 N ano c lus ters

Au@Ag16

Ag13@Cu4 Au@Ag12@Cu4

Ag17

53
Vivek Yadav, et. al. Nature Communications 2025
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Conclusions

Natural minerals break spontaneously in charged water microdroplets

It occurs only in water… so far

Studies on a variety of materials

Facile due to proton-induced slip

Detailed investigations are essential to know more

Implications to the production of specific nanomaterials and soil in general
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