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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
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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



B No slip Slip

Localized slip

Stacking fault 

(𝑥, ݖ ∈ [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 (2݉/ܬ) 
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0.5 0.0 1.20 1.18 0.90 1.12 

0.0 0.5 -0.07 0.89 -0.83 -0.09 
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the (110) plane of SiO2
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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
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Smaller droplets

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

Understanding Microdroplets
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science.org SCI EN CE9 58    31 MAY 2024 •  VOL 384 I SSUE 6699

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 inter face 

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. 
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Breaking down microdroplet 
chemistry
Charged microdroplets accelerate mineral disintegration 
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Ambient electrospray

MoS2 Nanosheet MoS2 Nanoparticles

Solvent: Water

Potential: 3.0 kV

MoS2 Nanosheets
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Ambient 

electrospray

Graphene oxide nanosheet Graphene oxide nanodiscs

Graphene Oxide
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1 um 500 nm

4 um

Appearance of microspheres after the water spray on MoS2

Bulk MoS2 surface 

before the spray

Charged Droplets on MoS2 Bulk
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Marcasite, FeS2

Image from Wikipedia



Au25, Ag25, Ag29

33

New molecules



34M. 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 1.3 million people with arsenic and iron-free water 

every day.



Thanks to ChatGPT



Vision

Make soil using 

processed wastewater 

and make deserts 

bloom. 

Thanks to ChatGPT



38

Conclusions

Natural minerals break spontaneously in charges 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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Algara-Siller, G.; Lehtinen, O.; Wang, F. 
C.; Nair, R. R.; Kaiser, U.; Wu, H. A.; 
Geim, A. K.; Grigorieva, I. V., Square 
ice in graphene nanocapillaries. Nature 
2015, 519 (7544), 443-445. 

Observing water
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Thank you all

Department of Science and Technology
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Microdroplets are Everywhere

Perfumes

COVID-19

Hair sprays

Painting

Agriculture
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Silver sheet

Graphene layers 
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Depanjan Sarkar et. al., Small, 2024, Article ASAP.

2D Nanomaterials



Ag+ ion plume

MoS2 NS

Ag2S

MoS2 Sheet with holes

Water

Surface Modification Using Charged Microdroplets



Fabrication of Holey MoS2 NSs

Depanjan Sarkar et. al., Global Challenges, 2018, 2, 1800052.
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Application: Water Disinfection

Depanjan Sarkar et. al., Global Challenges, 2018, 2, 1800052.



Application: Water Disinfection



Depanjan Sarkar et. al., Adv. Mater. Interfaces, 2018, 1800667.

Patterned Surfaces Using Microdroplets



Efficiency of 

56.6 L m−2 d−1

Atmospheric Water Capture
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Electrohydrodynamic flow in the liquid surface induced by microdroplet deposition

Understanding Microdroplets

Depanjan Sarkar et.al., J. Phys. Chem. C, 2018, 122, 17777−17783.



Pallab Basuri et. al., Chem. Commun., 2022, 58, 12657–12660

Understanding Microdroplets
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Understanding Microdroplets
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100%  Methanol 75:25  Methanol: Water

50:50  Methanol: Water 25:75  Methanol: Water



5810 um

Marcasite surface before 

electrospray
Marcasite surface after 

electrospray

Needle like growthNeedle like growth 

in optical image
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Biosensor Design

As(III)

As(V)

e-

Recombinant Arsenite 

Oxidase NT-26 Aio

Horse Heart 

Cytochrome C
Aldrithiol Low-cost Gold sputtered 

thin film on PET substrate

Buffer: pH 7-8

1st Generation Design (Mediated Electrochemistry)

e-

As(III)

As(V)

Recombinant Arsenite 

Oxidase NT-26 Aio

low-cost nanostructured 

electrodes which interact 

directly with enzyme (e.g. 

graphene or CNT). 

2nd Generation Design (Direct Electron Transfer)

e-

Bio-nano Consulting & Imperial College, London
61
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Decrease in the absorption of Au15 as a biofilm is dipped into the cluster 

solution. Inset: Free standing quantum cluster loaded film in visible light and 

UV light.

Cluster-based metal ion sensing

Anu George et al. ACS Applied Materials & Interfaces, 2012 



1 cm 1 cm
10 µm

3 µm

3 µm3 µm3 µm

[a] [b] [c]

[d] [e] [f]

[g] [h] [i]

 

 

Approaching detection limits of tens of Hg2+

Atanu Ghosh et al. Anal. Chem. 2014. 63



Mercury quenching experiment using nanofiber

64



Sub-zeptomolar detection 

Ammu Mathew, et al. Angew. Chem. Int. Ed. 2012

Featured in:

The Hindu, Telegraph, Times of India, etc.

C&E News

and many others
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Ways of Production of Microdroplets

Nebulization

Production of fine

droplets by high-

frequency sound

waves

Rotary atomizers

Production of fine droplets by 

high speed rotation

Ultrasonic

Electrospray
Hydraulic

Production of fine

droplets by applying

hydraulic pressure

Images from the Internet



Z. Wei, et al.,  Annu. Rev. Phys. Chem.,  2020, 71, 31–51.

Reaction Acceleration in Microdroplets



K. H. Huang, et al., Chem. Sci., 2021, 12, 2242-2250 

 Carbon dioxide undergoes

C–N bond formation

reactions with amines at the

interface of droplets to form

carbamic acids

 ESI – MS displays the 

reaction products in the 

form of the protonated 

and deprotonated 

carbamic acid

Reaction Acceleration in Microdroplets



E. Gnanamani, et al.,  Angew. Chem. Int. Ed., 2020, 59, 3069-3072.

J. K. Lee, et al., Proc. Natl. Acad. Sci. U.S.A., 2019, 116, 19294-19298.

First chemoselective N-alkylation of 

Indole in aqueous microdroplets

Reactions Different from Bulk



J. K. Lee, et al., Proc. Natl. Acad. Sci. U. S. A., 2015, 112, 3898–3903.

Reaction Kinetics Studies in Microdroplets



C. Gong, et al., J. Am. Chem. Soc., 2022, 144, 8, 3510–3516.

Viologen compounds

 A group of bipyridinium derivatives, 

(C5H4NR)2
n+

 Herbicides

 Highly toxic – Catalyse in vivo 

biochemical reactions that generate 

reactive  oxygen species.

1,1′-diethyl-4,4′-bipyridinium diiodide 1,1′-dimethyl-4,4′- bipyridinium dichloride

Degradation of Reluctant Molecules



D. T. Holden, et al., Proc. Natl. Acad. Sci. U.S.A., 2022, 119, e2212642119.

Peptide Bond Formation
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Schematic of the experimental set-
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Stacked mass spectra of 
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Proteins in Microdroplets



B

Proteins in Microdroplets



Chemistry in Microdroplets



Mass spectra of the reaction mixtureProposed mechanism

Accelerated Microdroplet Synthesis of Benzimidazoles 
by Nucleophilic Addition to Protonated Carboxylic Acids

Pallab Basuri et.al., Chem. Sci. 2020, 11 (47), 12686-12694.



Spontaneous α-C-H carboxylation of ketones by gaseous 
CO2 at the air-water interface of aqueous microdroplets

Pallab Basuri et. al., Angew. Chem. Int. Ed. 2024, Article ASAP.
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 Degradation phenomena both in

VOC and PFAs

 Fragmentation of complex

biomolecules

 Real time measurement of structural

changes in microdroplet using in-situ

spectroscopy

 Photochemical reactions in

microdroplets

 Iron (II) related reaction –
Atmospheric relevance

 Phase transformation

 Minerals

 HEA NPs for potential electrochemical

applications, like CO2 reduction and

HER

 Periodic table – Different metal

structures

What’s Next



Au144(PET)60



Atomically precise nanocluster assemblies 
encapsulating plasmonic gold nanorods 

Chakraborty, A. et al., Angew. Chem. Int. Ed. 2018, 57, 6522–6526. 
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Computational insights



Surface Modification using Charged Microdroplets



Keerthana Unni et. al., ACS Sustainable Chemistry and Engineering, (Under Review).

Standalone Surface for Simultaneous Water Harvesting 

and Treatment
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Surface Modification using Charged Microdroplets

Depanjan Sarkar et. al., Anal.Chem. 2017, 89, 11378−11382.



Applications: Air Filtration
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Depanjan Sarkar et. al., Adv. Mater. 2016, 28, 2223–2228.



Applications: Catalysis
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Matter in Confinement: Atomically Precise Clusters and

Microdroplets

Introduction to our work

Atomically precise clusters

Clean water using advanced materials

Ice chemistry

Microdroplets



Nanfeng Zheng et al. Nature Communications, 2013

Terry Bigioni et al. Nature 2013

Ag44
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They make high quality crystals



Geometric and electronic shells
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Molecular structure

Gana Natarajan



TEM images of Au25 and Au144
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Molecular materials
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Molecules and their properties

Molecular formula

Molecular weight

Molecular structure

Molecular absorption and emission

Molecular reactions

Molecular assembly

Molecular co-crystals

Ionization potential

Electron affinity 

------

Phases - phase transitions

Physical properties

Electrical, magnetic

Mechanical properties

Electrochemical properties

Future?
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Reactions on clusters

Reactions between clusters

Molecular reactions
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Ion optics 
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Inter-cluster reactions

A + B  C + D
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Au25(FTP)18 + Ag44(FTP)30 Au25-xAgx(FTP)18

[Au21-xAgx(FTP)14]-

x = 123 0

x = 02 135 4
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x = 12345 0

12
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(B)

(A)
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Ag25-Au25 experiments

K. R. Krishnadas et al. Nature Commun. 2016
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Reaction between Au25(PET)18 and Ag25(DMBT)18
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Optimized structure of [Ag25Au25(DMBT)18(PET)18]
2-
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M. Neumaier, A. Baksi, et. al., JACS 2021
Manfred Kappes, KIT



Kinetics of the exchange (monitored on the Ag25 side)



112Papri Chakraborti, et. al. Science Advances, 2019.

Isotopic exchange
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Paulami Bose, et. al. Chem. Mat., 2024 (in Press).



A

HV

20 nm 2 nm

nESI

Synthesis Strategies

All these are possible because it is an 

ambient process!

Sustainable process with a minimal carbon 

footprint. 

20 µm 5 µm



Bimetallic Nanobrushes

A B C

D E F

20 µm 20 µm

20 nm5 nm20 µm

50 µm

Formation of Ag-Pd bimetallic brushes



Fabrication of Micro-Nano Structures Using 

Microdroplets for Atmospheric Water Capture 



Nature is a best teacher, a great source of wisdom



Au@Ag16

Ag13@Cu4 Au@Ag12@Cu4

Ag17

+

+

Carboranethiol protected clusters

Vivek Yadav, et. al. Unpublished
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Clean water using advanced materials 



120

A. Anil Kumar, et. al. Adv. Mater., 29 (2016) 1604260.

Safety of spent media, TCLP

Range of materials, their affordability and safety
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ACS Sustainable Chemistry  & Engineering Editorial, 

December 2016

Clean water for everyone



Evolution of materials to products

122

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



Jana et. al, Inorganic Chemistry (2022)

Carborane-thiol protected silver nanomolecule

With Tomas Base





Thermal stability



500 µM

Co P Sa) b)

c) d)

New electrodes - Aligned nanoplates of Co6S8
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1,2-bis(diphenylphosphino)ethane (DPPE)



Electrospray deposition

127
Anagha Jose et. al.  ACS Mat. Lett. (2023)



Sensing
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Working electrode
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Smart water purifiers and big data

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



E. Shaji, M. Santosh, K. V. Sarath, Pranav Prakash, V. Deepch and B. V. Divya, Geoscience Frontiers, 12 (2021) 101079. 

Arsenic poisoning across the world
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Ice chemistry
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Viswakarma, G. et al., J. Phys. Chem. Lett., 2023, 14, 2823–2829Ice instrument located in HSB-148, IIT Madras

115-400 nm
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Instrumentation
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Ghosh, J. et al., Proc. Natl. Acad. Sci. U.S.A., 2018, 116, 1526-1531

CH in ultrahigh vacuum

Methane CH

Carbon dioxide CH
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Microdroplets



Teaching

Research

Partnerships

Outreach

People’s water data
Innovation for all

Droplets

Clean water

Clean water for all

International centre for clean water

Joint courses

Virtual labs

Indian campuses

Innovation

Media

Global visibility

Academies

Activities for the next ten years

AMRIT Technology,

Reached millions

Droplet weathering

Innovation course

Democratizing water

https://pradeepresearch.org/
https://pradeepresearch.org/
https://elearn.nptel.ac.in/shop/iit-workshops/ongoing/innovation-and-entrepreneurship-a-multi-disciplinary-approach/?v=c86ee0d9d7ed
https://elearn.nptel.ac.in/shop/iit-workshops/ongoing/innovation-and-entrepreneurship-a-multi-disciplinary-approach/?v=c86ee0d9d7ed
https://www.science.org/doi/10.1126/science.adl3364#:~:text=As%20we%20have%20demonstrated%2C%20under,same%20needs%20to%20be%20explored.
https://www.science.org/doi/10.1126/science.adl3364#:~:text=As%20we%20have%20demonstrated%2C%20under,same%20needs%20to%20be%20explored.
https://ejalshakti.gov.in/misc/MiscTechnologyApprovedForm.aspx#:~:text=AMRIT%20technology%20is%20based%20on,fluoride%20affected%20regions%20of%20India.
https://ejalshakti.gov.in/misc/MiscTechnologyApprovedForm.aspx#:~:text=AMRIT%20technology%20is%20based%20on,fluoride%20affected%20regions%20of%20India.
https://iccw.world/
https://iccw.world/
https://pradeepresearch.org/our-lab/gallery/
https://pradeepresearch.org/our-lab/gallery/
https://cryoem.iitm.ac.in/instruments/
https://cryoem.iitm.ac.in/instruments/
https://elearn.nptel.ac.in/shop/iit-workshops/ongoing/a-hybrid-course-on-water-quality-an-approach-to-peoples-water-data/?v=c86ee0d9d7ed
https://elearn.nptel.ac.in/shop/iit-workshops/ongoing/a-hybrid-course-on-water-quality-an-approach-to-peoples-water-data/?v=c86ee0d9d7ed
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Tiny Reaction Vessels


