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Spontaneous weathering of natural minerals in
charged water microdroplets forms nanomaterials
B. K. Spoorthi1, Koyendrila Debnath2, Pallab Basuri1, Ankit Nagar1,
Umesh V. Waghmare2, Thalappil Pradeep1,3*

In this work, we show that particles of common minerals break down spontaneously to form nanoparticles in
charged water microdroplets within milliseconds. We transformed micron-sized natural minerals like quartz
and ruby into 5- to 10-nanometer particles when integrated into aqueous microdroplets generated via
electrospray. We deposited the droplets on a substrate, which allowed nanoparticle characterization. We
determined through simulations that quartz undergoes proton-induced slip, especially when reduced in
size and exposed to an electric field. This leads to particle scission and the formation of silicate fragments,
which we confirmed with mass spectrometry. This rapid weathering process may be important for soil
formation, given the prevalence of charged aerosols in the atmosphere.

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 is known to cause chemical synthesis at
an accelerated rate, as well as other processes
such as the formation of nanoparticles (2). We
decided to explore whether natural minerals
could disintegrate in microdroplets, through a
process opposite to chemical synthesis.
For our experiments, we prepared micron-

scale particles of natural quartz (SiO2) and ruby
(Cr-substitutedAl2O3) for use in an electrospray
setup (Fig. 1, A and B). We ground commercial
millimeter-sized quartz particles well using a

mortar and pestle and used centrifugation to
separate the differently sized particles that
formed. We carefully excluded all the particles
smaller than 1 mm in size and used particles
of 5 to 10 mm that were suspended in water
for the experiment (Fig. 1C). Even after ultra-
sonication to detach any adhered particles, we
found some smaller particles attached to a
few larger ones (Fig. 1C). These adhering 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
we used for electrospray (fig. S2). We electro-
sprayed a suspension of about 0.1 mg/ml of the
separated quartz particles through a capillary

tube that had an inner diameter of 50 mm at a
flow rate of 0.5 ml/hour and observed the re-
sulting plume (Fig. 1A). We collected the pro-
duct of electrospray 1.5 cm away from the
spray tip, which resulted in a flight time on
the order 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 the grid. Under
higher magnification, particles of different
morphologies were observed. The particles
showed the (110) plane of quartz (inset of
Fig. 1D). Sonication had no effect on the break-
ing of silica particles. Experimental methods
are presented in the supplementary materials,
including a video of the electrospray process
(movie S1).
To ensure that our initial observations were

truly representative of the process, we per-
formed measurements on larger quantities of
samples. We built a multinozzle electrospray
unit composed of six nozzles. We electro-
sprayed 1 liter of the suspension that con-
tained 100 mg of the crushed micron-sized
particles discontinuously over a month at the
optimized conditions (spray voltage and dis-
tance) and a 3ml/hour flow rate, and a deposit

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
distance of L = 1.5 cm from the tip of the emitter. (B) A photograph of the natural
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 1 and 5 mm. A few smaller particles that
are naturally adhered to the micron-sized particles remain attached even
after ultrasonication. (D) TEM image 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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was collected on an aluminum sheet. The
electrospray-deposited particles were strongly
adherent to the substrate. We scraped about
60 mg of the powder off the substrate for
bulk analysis. This left about 20 mg on the
substrate, which we determined gravimetri-
cally. We avoided hard scratching to remove
the remaining product on the substrate. This
gave us a collection efficiency of ~80% for our
electrospray setup. We made x-ray diffraction
measurements of the scraped-off powder using
Cu Ka radiation to confirm that it was made
of quartz (fig. S3) in the form of nanoparticles
of ~16-nmaverage diameter.We calculated the
particle size using the Scherrer formula. Inde-
pendent analysis, the details of which are
presented in the supplementary materials,
showed the collection yield of electrospray
deposition to be 81%.
We obtained similar experimental results

with ruby (Fig. 2, A to C) and fused alumina
(Fig. 2, D to F). These experiments show that
both natural minerals and their synthetic
analogs can be fragmented in charged micro-
droplets. The synthesis of materials using
electrospray requires optimized conditions (5).
For our single-spray experiments, the electro-

spray voltage was 4.0 kV, the tip-to-collector
distance was 1.5 cm, and particle loading was
0.1 mg/ml.

Optimized experimental parameters

In the case of silica, below a spray voltage of
2.5 kV, the spray did not occur. From 3.0 kV
onward, the spray was uniform. This potential
was the threshold at which the electric field
breaks the limit of surface tension and forms a
plume containing chargedmicrodroplets from
the tip of the emitter. The required potential
for this varies for different solutions and
suspensions. In our experiments, the thresh-
old potential for a stable spray was higher
than usual, mainly because we electrosprayed
a fine suspension of quartz. Below 2.5 kV,
only micron-sized particles were seen in the
outcome. We observed maximum fragmenta-
tion at the optimized conditions. Particles
fragmented well at 4.5 kV. At 5.5 kV, we even
observed finer nanostructures (fig. S4). We
characterized the samples before and after
electrospray by Raman spectroscopy (fig. S5)
and energy dispersive spectroscopy. We ob-
served fragmentation only with positive ap-
plied potential.

Understanding the phenomenon
To understand themechanism of formation of
quartz nanoparticles starting from larger par-
ticles, we used first-principles density func-
tional theory calculations to determine the
effects of reduced size, electric field, and pH
on the processes of cleavage and slip in bulk
and a (110) terminated slab of SiO2. The a-SiO2

structure of quartz belonging to the P3221 (tri-
gonal) space group was used. We chose the
(110) plane because it was the onewe observed
with TEM. Cleavage and slip are two com-
peting processes by which particles can break
apart. We define bulk as meaning that the
crystal has periodicity along all three direc-
tions. We define slab as the breaking of pe-
riodicity along the c axis, exposing the (110)
surface. Cleavage across the (010) plane was
introduced by subjecting the crystal to uni-
axial tensile strain localized at a single (010)
plane (by increasing the separation along the
b direction) to create two separate constituents
(Fig. 3A). We estimated the cleavage energy
(two times the surface energy) as the difference
between the total energy (Etot) of a crystal cleaved
along a specific plane and the total energy of the
uncleaved relaxed crystal, which is the energy

Fig. 2. Process of disintegration of natural and synthetic alumina in microdroplets. (A) Photograph of natural ruby. (B) FESEM image of ground and separated
natural ruby before electrospray. (C) TEM image of natural ruby after electrospray at optimized conditions. The inset shows a high-resolution image of a particle.
The plane marked is (110). (D) Photograph of fused alumina powder. (E) FESEM image of ground and separated fused alumina before electrospray. (F) TEM image
of fused alumina after electrospray at optimized conditions. The inset shows a high-resolution image of a particle. The plane marked is (012) of a-alumina. In (B)
and (E), some smaller particles are observed to be attached to the micron-scale particles naturally.
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scale relevant to brittle fracture. During the
cleavage of bulk and slab SiO2, the energy of
cleavage saturates as the separation between
surfaces of cleaved parts (Fig. 3B) grows be-
yond 6 Å. The cleavage energies of the slab
are notably lower than that of the bulk, which
indicates increased ease in brittle cleavage with
reduction in dimension. Consequently, nano-
crystals of SiO2 aremore susceptible to fracture
than its bulk form. Cleavage of a slab results in
the formation of edges in addition to surfaces,
and we note surface and edge reconstruction
with concave-convex shapes in cleaved slabwith
lattice constant b = 10 Å, where cleavage en-
ergy saturates, in contrast to its absence in the
cleaved surface of bulk (Fig. 3, C and D).
We examined the competing deformation

instability of bulk and slab SiO2. This insta-

bility leads to the formation of a stacking fault
on the (010) plane, which is achieved with slip
localized at a single (010) plane. To accomplish
this, we transformed the unit cell vector b to
yield the generalized stacking fault vector,
b
→
→b

→

0 þ x; 0; zð Þ, where b
→
is the periodic cell

vector and x, z ∈ [0, 1] are the fractional co-
ordinates (see Fig. 4A). For better under-
standing, the formation of slip is illustrated
in fig. S6. Stacking faults are locally stable at
(x, z) = (0, 0.5), (0.5, 0), and (0.5, 0.5) slip con-
figurations, and their energies relative to the
reference structure (x, z) = (0, 0) are used to
estimate stacking fault energies (SFEs):

Eslip x; zð Þ � Eslip 0; 0ð Þ
A

In this equation, A = ad, where a is the cell
vector and d is the thickness of the slab. Nega-
tive SFEs of the (0, 0.5) and (0.5, 0.5) slips in
the slab of SiO2 mean spontaneous forma-
tion of extended stacking faults (table S1).
This contrasts with the stacking faults in bulk
SiO2, which have positive energies as expected,
implying formation of finite-sized stacking
faulted regions bordered by partial dislocations
(table S1). Thus, both the processes (cleavage
and stacking fault formation) are energetically
more favorable in the slab than in the bulk.
The stability (negative SFE) of the stacking
fault in the slab is linked with the creation of
a step (relaxed structures reveal shear defor-
mations or steps along the b direction) (Fig. 4,
B and C) and associated reconstruction blunt-
ing the fault edges at the surface. Our results

Fig. 3. The process of cleavage and surface reconstruction visualized with
first-principles simulations. (A) Schematic of the (110) terminated slab of SiO2
(left) acted on by uniaxial tensile strain (along the b axis), resulting in two cleaved
surfaces (right). The distance, Db is a measure of separation of the cleaved
surfaces, which is composed of vacuum. (B) The relaxed energies of bulk and slab
of SiO2 as a function of separation. The energy surface is constructed using the
energy functional form, E∞ − E∞(1 + x)e−x, where E∞ is the energy of the system
in which the cleaved crystals are separated by infinite distance and x = Db/l (where l

is the length scale in this system) for the relaxed structures as a function of
separation. The cleavage energies of slab are lower than that of bulk, indicating
that nanoscale crystals of SiO2 are much easier to break than the bulk. (C and
D) Optimized structures of the (110) surface of (C) bulk [black data in (B)] and (D) slab
SiO2 [red data in (B)] with a cleavage thickness of 10 Å. We observed concave and
convex deformations in the slab. However, no such deformation was seen in the bulk
structure. In addition, surface and edge reconstructions were also observed in slab-
SiO2 upon cleavage. Silicon atoms are shown in blue, and oxygen atoms are in red.
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show that slip is the primary mechanism that
drives the possible formation of nanoparticles
in SiO2.
Our first-principles analysis of the processes

of cleavage and slip in bulk and (001) ter-
minated slab (an alternative plane) of SiO2 re-
vealed that the mechanisms of nanocrystal
formation in SiO2 are not very sensitive to the
specific choice of surface (tables S2 and S3). To
understand the process of the disintegration
of alumina, we simulated the cleavage and slip
of a (001) terminated slab of a-Al2O3, which
has the corundum structure (R�3cspace group)
as in silica. The results presented in tables S4
and S5 suggest that its fragmentation to form
nanocrystals is indeed driven by the mecha-
nism of slip, similar to silica.
We next investigated the effects of hydrogen

(H) atoms on the structure and energies of
stacking faults in the (0, 0.5) and (0.5, 0.5) slip
configurations. We used H atoms to model
protons, which are known to be present in mi-
crodroplets, because simulations of a charged
system within periodic boundary conditions
need to be compensated with opposite charge.
Upon addition of a H atom to the structure
with slip vector (x, z) = (0.5, 0.5), the SFE re-
mainednegative. In addition, anHatom is found
to destabilize the (0, 0.5) slip system (table S6).
Compared with the (0, 0.5) stacking fault struc-
ture without an H atom (fig. S7A), substantial
local structural distortions arise with H at the
sites near the interacting H atom (fig. S7B).
Further, interaction with two H atoms results
in the formation of silicate fragments or the
chipping away of silicate, suggesting that the
H atom facilitates fragmentation of a natural
mineral such as quartz in microdroplets (fig.
S7C). Application of an electric field, as is typ-
ical in electrospray experiments (E = 108 V/m
along the c axis in Fig. 4) improves the stability
of (0, 0.5) and (0.5, 0) stacking faults in SiO2

(table S6).
Our theoretical analysis of mechanical in-

stabilities in bulk and a nanoslab of SiO2

(cleavage and slip in response to localized uni-
axial and shear strains, respectively) suggests
that the stacking faults and resulting steps at
the surface of SiO2 may occur in the initial
stage of fragmentation into nanoparticles, and
the interactions with H atoms and electric
field enhance this process, leading to the for-
mation of silicate fragments. Because the cleav-
age energies decrease substantially with a
reduction in dimension, namely, from bulk
to slab, we expected fragmentation to follow
readily, with possible nucleation at the steps,
or the sites of chemical interaction with pro-
tons. In addition to the stacking faults and
resulting steps, several aspects of the micro-
droplet environment can drive the fragmenta-
tion process. Chemical reaction rate constants
can be increased by a factor of more than 106

in such confinement (2). Several factors such

as pH (6), reactive species such as radicals (7),
their surface segregation, strong electric field
at the interface (8), and others are likely to
contribute additionally to these effects, and
some of these may accelerate the process.

Formation of silicates in microdroplets

To test the hypothesis of formation of silicates
by microdroplet-induced fragmentation, we
electrosprayed 5 mg of silica in 50 ml of water
at the optimized conditions on an aluminum
substrate. The product was collected, redis-
persed in water, and centrifuged at 10,000 rpm
to remove any larger particles. The upper layer
was used for mass spectrometric measure-
ments. In the negative ion mass spectrum
of the deposited silica (Fig. 5A), the peaks
appeared at mass/charge ratios (m/z) 60.9,
76.9, 94.9, 154.9, and 172.9. This spectrum
was compared with that of 200 mM standard
sodium silicate solution at pH 8.5 (Fig. 5B).
We observed peaks at m/z 60.9, 76.9, 94.9,
154.9, and 172.9 due to [SiO2H]−, [SiO3H]−,
[SiO3H.H2O]

−, [Si2O6H3]
−, and [Si2O6H3. H2O]

−,

respectively. In addition, we observed peaks at
higher masses atm/z 194.9 [Si2O6H2Na. H2O]

−,
m/z 212.9 [Si2O6H2Na. 2H2O]

−, and m/z 232.9
[Si3O9H5]

−. We did not observe sodium ad-
duct peaks of the standard sodium silicate in
the spectrumof deposited silica. Tandemmass
spectrometric analysis for sodium silicate (fig.
S8) and deposited silica (Fig. 5, C and D)
showed the expected features. Two peaks at
m/z 94.9 and 172.9 showed the loss of water,
confirming the formation of [SiO3H.H2O]

− and
[Si2O6H3. H2O]

− complexes.

Plausible mechanisms

With respect to the energy needed for such
processes, our calculations suggest that phys-
ical effects in microdroplets are particularly
important. Microdroplet convection and shock
waves that produce pressures in the megabar
range (9) are likely in droplets, which could
trigger such effects. We suggest that the ob-
served phenomenon is critically influenced by
the following factors: (i) Droplet fission occurs
due to Coulomb repulsion. We know from the

Fig. 4. Stacking fault or slip localized at a (010) plane. (A) Schematic of the (110) terminated slab of SiO2

acted on by localized shear strain (slip) on (010) plane introduced through a generalized stacking fault

vector f
→

¼ xa
→ þ zc

→
, where a

→
and c

→
are periodic cell vectors and (x, z ∈ [0, 1]) are the fractional coordinates.

(B and C) Relaxed stacking fault structures with (B) (x, z) = (0.5, 0.5) and (C) (x, z) = (0, 0.5). The stacking

fault or slip on the (010) plane is introduced by tilting b
→

(dashed boxes). Two-unit cells along the b direction are
shown for clearer visualization. Silicon atoms are shown in blue, and oxygen atoms are in red.
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literature that the droplets produced at low
flow rates (typically ~5 ml/min) have a narrow
distribution of sizes, with themost abundant
radius in the range of 1.5 mm. Such an electro-
spray droplet was shown to have an electric
charge of ~10−14 C, which corresponds to
~60,000 singly charged ions (10). In our case, the
droplet sizes are larger, in the range of approx-
imately tens of micrometers (11); produced at
a flow rate of 0.5 ml/hour, that is, 8.3 ml/min;
and large enough to accommodate the parent
particles. The droplet size reduces along the
flight path, which results in the explosion of
the droplets. This explosion produces smaller
droplets that experience larger stresses (9),
leading to the breakage of particles. (ii) Erosion
of the quartz particles in the charged droplets
and solubility of quartz in water (6 parts per
million at 25°C) together bring SiO2 species
into the solution. We tested the possible effect
of enhanced acidity in microdroplets on the
mineral particles in a separate experiment by
electrospraying pure water on the parent mine-
rals for 4 hours (fig. S9). We saw surface rough-
ening in this experiment, although the changes

aremuch less pronounced than those shown in
Fig. 1. The reactive species at the droplet-air
interface may play an important role in these
events. (iii) The dissolution and reprecipitation
of silica particles may occur in microdroplets.
The solubility of quartz in water is influenced
by factors such as electrostatic forces, hydration-
induced ionization, pH, and Laplace pressure.
The interaction between charged silica par-
ticles and water droplets is substantial, result-
ing in the formation of reactive species. We
observed the formation of silicate ions during
the process (Fig. 5). These ions may repreci-
pitate under specific conditions. Charged mi-
crodroplets can modify surface chemistry,
promoting dissolution that leads to nano-sized
silica particles. However, these chemical events
may occur slowly and therefore may not fully
explain the phenomenon of formation of crys-
talline nanoparticles. (iv) The H2O radical cat-
ion present in the microdroplets (7) can also
contribute to the observed phenomenon. To
probe this possibility,we analyzed the formation
of nanoparticles from silica by simulating it
as a charged system. The H2O radical cation

present in the microdroplets may pull out
electrons from silica, and we have simulated
the process by removing an electron from the
system and adding a compensating jellium
background to remove electrostatic divergence
of the charged periodic system. Our results
confirm that the generalized SFE of slip along
the (010) plane is negative [see (0.5, 0.5) slip
configuration of the SiO2 slab in table S7].
(v) The nanoparticles that form may catalyze
the fission of microdroplets. This assumption
is supported by a study in which it was shown
theoretically that nanoparticles actively frag-
ment droplets (12). Accelerated droplet fission
further accelerates the particle disintegration.
We present a schematic of the fragmentation
process in fig. S10.
Atmospheric water droplets, such as clouds

and fog, can acquire charges not only because
of the ionic species present inside them but
also because of contact electrification (13).
These charges on naturally occurring droplets
cannot be ignored. As we have demonstrated,
under the right conditions, electrosprayed mi-
crodroplets can break hard particles, including

Fig. 5. Mass spectra of silica samples. (A and B) Full-range negative ion mass spectrum of (A) the deposited silica showing the peaks due to silicates compared with that
of (B) standard sodium silicate. (C and D) Tandem mass spectra of (C) [SiO3H.H2O]

− and (D) [Si2O6H3. H2O]
−, showing water loss during fragmentation.
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complex minerals, and the potential of natu-
rally occurring atmospheric droplets to do the
same needs to be explored. If this process does
happen, it would be important for weathering
and the production of natural nanoparticles
(1). Soil forms through rock weathering, a pro-
cess that involves multiple factors, and it takes
200 to 400 years to yield 1 cm of it, composed
of varied particle sizes. Our study highlights
the role of charged microdroplets of water in
unprecedentedweathering,which, to our knowl-
edge, had not yet been explored. Disintegration
of minerals makes nascent surfaces, which may
participate in catalysis that leads to new chem-
ical transformations in droplets in the pres-
ence of reactive species. “Microdroplet showers”
composed of nanoparticles and molecules fall-
ing on Earthmay be of importance to the chem-
ical and biological evolution of the planet.
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