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Self-Propulsion by Directed Explosive Emulsification

Xuefei Wu, Han Xue, Gautam Bordia, Zachary Fink, Paul Y. Kim, Robert Streubel,
Jiale Han, Brett A. Helms, Paul D. Ashby, Ahmad K. Omar, and Thomas P. Russell*

An active droplet system, programmed to repeatedly move autonomously at a
specific velocity in a well-defined direction, is demonstrated. Coulombic
energy is stored in oversaturated interfacial assemblies of charged
nanoparticle-surfactants by an applied DC electric field and can be released on
demand. Spontaneous emulsification is suppressed by an increase in the
stiffness of the oversaturated assemblies. Rapidly removing the field releases
the stored energy in an explosive event that propels the droplet, where
thousands of charged microdroplets are ballistically ejected from the surface
of the parent droplet. The ejection is made directional by a symmetry breaking
of the interfacial assembly, and the combined interaction force of the
microdroplet plume on one side of the droplet propels the droplet distances
tens of times its size, making the droplet active. The propulsion is
autonomous, repeatable, and agnostic to the chemical composition of the
nanoparticles. The symmetry-breaking in the nanoparticle assembly controls
the microdroplet velocity and direction of propulsion. This mechanism of
droplet propulsion will advance soft micro-robotics, establishes a new type of
active matter, and introduces new vehicles for compartmentalized delivery.

1. Introduction

A liquid–liquid interface, the narrow boundary separating two
immiscible liquids, can be locked into a specific shape, that is,
structuring the liquids, to tailor transduction pathways for the
transport of charges, ions, particulates, or fluids within a fluid
medium.[1–3] Transport within a fluid environment can also be
achieved by moving droplets within the medium. But, devel-
oping strategies to make the propulsion of fluid droplets au-
tonomous, repeatable, and directional remains a challenge.[4–9]

Indeed, the experimental realization of self-propulsion or “activ-
ity” is an area of intense current research. Achieving directed
motion necessarily requires the flow of energy into the system
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to break time-reversal symmetry. The form
of this energy can be chemical, as in the
case of self-propulsion resulting from diffu-
siophoresis or chemotaxis.[10] Alternatively,
this energy can be provided through an
external field, as with electrophoresis or
phototaxis.[11,12] For liquid droplets, ow-
ing to lack of an inherit anisotropy, self-
propulsion is usually achieved through
a surface gradient in the interfacial ten-
sion (IFT), typically realized by a solu-
bilization, chemical reaction, or surface
phase transformation.[13–17] Such propul-
sion, though, is limited to the system with
a continuous injection of chemical/light
energy or the need of specifically engi-
neered or chemically reactive materials,
and lacks control over reversibility and re-
peatability. Generating a new mode of self-
propulsion for swimming droplets that can
be used with a broader range of the materi-
als and does not require the continuous in-
jection of external energy remains an out-
standing challenge in active liquid systems.

Here, we show that a DC electric field can be used to oversat-
urate the surface of a liquid droplet with charged nanoparticle-
surfactants (NPSs), agnostic to the chemical composition of the
nanoparticles (NPs). The charges on the NPSs, coupled with the
increased thickness of the interfacial assembly, increases the stiff-
ness of the interfacial assembly[18–22] suppressing a spontaneous
emulsification anticipated for such densely packed interfaces.[23]

The increased dipole–dipole interaction also helps to stabilize
the oversaturated packing of the interface. A Coulombic poten-
tial energy is stored in the oversaturated NPS assembly that upon
rapid removal of the field, is released in the form of a plume of
hundreds of thousands of charged microdroplets that are explo-
sively ejected from the droplet surface, an event termed explosive
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Figure 1. Schematic of the experimental setup. a,d) A pendant aqueous droplet is immersed in the toluene phase and hung at the end of a stainless-steel
needle enabling application of a negative (a)/positive (d) bias voltage. The conductive chamber holding the polystyrene solution acts as the counter
electrode; b) Optical images of the aqueous droplet (CFe3O4 = 1 mg mL−1) immersed in a PS-triNH2 solution (1 mg mL−1) in toluene under a bias
voltage of −1000 V applied to the needle, and after the field is turned off; c) Total number, N, and mean velocity, v, of the jettisoned microdroplets
generated during the explosive emulsification after different negative applied voltages are removed; e) Optical images of the aqueous droplet under
the bias voltage of +1000 V applied to the needle, and after the field is turned off; f) Equilibrium IFT of a bare water/toluene (black squares), Fe3O4
NP dispersion (1 mg mL−1)/toluene (red circles), water/toluene solution of PS-triNH2 (0.01 mg mL−1) (blue triangles), and an aqueous dispersion
of Fe3O4 NPs (1 mg mL−1)/toluene solution of PS-triNH2 (0.01 mg mL−1) (green triangles) under different applied voltages, where no spontaneous
emulsification or explosive emulsification is observed. Scale bar: 500 μm.

emulsification. This event, accompanied with a sharp increase
in the IFT, is two orders of magnitude more intense than that
achievable by other means, indicating that the underlying mecha-
nism is electrostatic in origin.[24] The explosive emulsification de-
scribed here is distinct from prior research that used magnetic or
electric fields to demulsify the emulsions[25] or tune their macro-
scopic properties by adjusting the emulsions interaction and mi-
croscale physical phenomena,[26–28] and also different from con-
ventional rapid emulsification processes, for example, sponta-
neous emulsification[29] and electric emulsification.[23] For spon-
taneous emulsification, various mechanisms have been reported,
for example, ultralow/negative interfacial tension[29–31] and su-
persaturation of surfactants/cosolvents at the interface.[32–36] The
velocity at which microdroplets are ejected during spontaneous
emulsification is significantly slower compared to that in explo-
sive emulsions, and this process continues spontaneously until
the system reaches equilibrium. In electric emulsification, rapid
emulsification occurs only under high voltage, facilitated by the
use of strong electric fields. These fields increase Coulombic re-
pulsion at the interface, overcoming IFT and leading to the gen-
eration and ejection of droplets from the surface. This process
ceases immediately when the high voltage is turned off, showing
behavior that is distinctly different from explosive emulsification,
which can quench the out-of-equilibrium self-assemblies at the
interface by applying the external fields, allowing for controlled
release of the stored energy. Furthermore, explosive emulsifica-
tion holds promise for propulsion provided the ejected plume of
charged microdroplets can be directed. This is accomplished by

placing the droplet between two parallel electrodes, where an ap-
plied DC electric field breaks the symmetry of the interfacial as-
sembly making the explosive emulsification highly directional.
The repulsive force between the charged parent droplet and the
plume of ejected charged microdroplets propels a millimeter-
sized parent droplet centimeters in seconds. The droplet veloc-
ity can be tuned by the strength of the applied field. This self-
propulsion does not require the constant injection of a chemi-
cal fuel and the propulsion, while triggered by the field, occurs
only after the field is removed. The propulsion is repeatable and
the direction of propulsion is controllable, making it of use in
soft micro-robotics, compartmentalized micro-delivery systems,
and smart materials. The propelled droplets can also be used as a
model active matter system that may deepen our understanding
of these out-of-equilibrium materials.

2. Results and Discussions

2.1. Field-Direction Dependence of Explosive Emulsification

Initial experiments were performed using a 1 mg mL−1 disper-
sion of 30 nm diameter carboxylic acid functionalized iron ox-
ide NPs (Fe3O4-COOH NP) in water at a pH of 7.5. Droplets of
these dispersions were suspended from a stainless-steel needle
connected to an external power supply in a 1 mg mL−1 toluene
solution of polystyrene-triamine (PS-triNH2) (Figure 1). The neg-
atively charged NPs interact with the protonated PS-triNH2 at the
interface forming NPSs that assemble at and irreversibly bind
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to the interface, decreasing the IFT to an equilibrium value of
12 mN m−1 (see Figure S1, Supporting Information). In addition
to minimizing the interfacial energy, the NPSs significantly en-
hance both the binding energy of individual NP[37] and the bend-
ing modulus of the interface,[38] thereby capable of stabilizing the
oversaturated packing assemblies and effectively preventing the
electric emulsification, even when subjected to high voltage. A
voltage was applied across the needle to the conductive walls of
the container holding the PS-triNH2 solution making the field
lines nearly normal to the surface of the droplet. The sign of
the applied voltage led to dramatically different behavior. With
the needle as the cathode (Video S1, Supporting Information),
the droplet is stable until the voltage is turned off, then a plume
of hundreds of thousands of microdroplets are ballistically jetti-
soned from the droplet surface (Figure 1a,b). The number and
speed of the jettisoned microdroplets increases with the applied
voltage (Figure 1c), and the total released energy is on the order of
hundreds of nJ (Figure S2, Supporting Information), where the
majority of the jettisoned microdroplets are spherical with an av-
erage diameter of 3.0 ± 1.2 μm. Cylindrical microdroplets, with
typical lengths of 18.5 ± 9.8 μm and diameter of ≈1.5 μm, are
also seen (Figure S3, Supporting Information), demonstrating
that NPS assemblies on the microdroplet surfaces are jammed,
preventing them from relaxing to a spherical shape.[1,2] Reversing
the field direction (Video S2, Supporting Information) makes the
droplet interface unstable, leading to a continuous field-induced
emulsification, also known as electric emulsification,[23,39] that
ceases when the voltage is turned off (Figure 1d,e). It should be
noted that intensity of the explosive emulsification is dependent
on the pH of the aqueous phase,[24] which affects the Columbic
interactions between the NPSs and their interfacial activity. Un-
der neutral pH conditions, there is a combination of both strong
electrostatic repulsion and high interfacial packing density, capa-
ble of accumulating substantial potential energy at the interface
and resulting in pronounced explosive emulsification.

The IFT for a pure water droplet suspended in toluene is
35 mN m−1, independent of field strength for sufficiently small
applied fields (black dots in Figure 1f).[40] A droplet of Fe3O4-
COOH NPs in toluene reveals a slightly decreased IFT of 33 mN
m−1 due to the limited segregation of negatively charged NPs to
the inherently negatively charged water–toluene interface.[41] Ap-
plying a negative potential drop across the interface, drives the
NPs with a high surface charge density (≈800 electrons per parti-
cle) to the liquid–liquid interface,[42,43] decreasing the IFT. A pos-
itive potential drop at the interface draws the NPs to the needle
and depletes the interface of excess NPs while retaining the IFT
at approximately the same level (red dots in Figure 1f). PS-triNH2
acts as a surfactant and absent an applied field the IFT decreases
to 25 mN m−1 at a concentration of 0.01 mg mL−1. An applied
field enhances the transport of uncharged PS-triNH2 to the inter-
face due to electrohydrodynamic flows generated on both sides
of the interface,[44] causing the IFT to decrease more rapidly at
high applied voltages (see Figure S4, Supporting Information).
Although PS-triNH2 is uncharged in toluene, the amine groups
(pKa1 ≈ 10, pKa2 ≈ 7.5, and pKa3 ≈ 4) are protonated at neutral
pH when it reaches the interface. This minimizes the interfacial
energy and causes the field strength at which electric emulsifica-
tion occurs to drop at high ligand concentration (Videos S3 and
S4, Supporting Information).[23,39,45] The formation of NPSs fur-

ther decreases the IFT to 21 mN m−1 when no field is applied
(green dots in Figure 1f). Under a negative bias, the PS-triNH3

+

forms NPSs with the excess NPs driven to the interface, overpack-
ing the interface with NPSs and lowering the IFT to 15 mN m−1.
However, under a positive bias, the IFT decreases slightly at first,
then remains virtually constant with increasing field strength, ap-
proaching the value without NPs, due to the depletion of the NPs
from the interface.

2.2. Oversaturation of the NPSs at the Interface

Fluorescently labeled SiO2 NPs functionalized with carboxylic
acid groups show a similar behavior under an applied electric
field (Figures S5 and S6, Supporting Information), providing
a means to probe NPSs behavior in situ. Laser scanning fluo-
rescence confocal microscopy images of fluorescently labeled,
carboxy-functionalized SiO2 NPs aqueous droplet suspended in
a toluene solution of PS-triNH2 show the accumulation of the
NPSs at the droplet interface (Figure 2). A positive bias applied
to the needle holding the droplet brightens the interface initially,
but then it dims while the droplet interior increases in bright-
ness, as the field pulls NPs (that have not formed NPSs) away
from the interface into the droplet interior (Figure 2a). There is
an increase in the concentration of PS-triNH2 at the interface,
as evidenced by the reduction in the IFT. The reduced IFT, com-
bined with the in-plane electrostatic pressure, amplifies the in-
terfacial fluctuations, inducing an electric emulsification, where
spikes are seen to form at the interface. This electric emulsifi-
cation removes NPSs from the surface of the parent drop caus-
ing the observed dimming (Video S5, Supporting Information).
When the field is removed, the excess PS-triNH2 and charge dis-
sipate from the surface of the droplet, resulting in the increased
IFT. This is followed by a gradual decrease in the IFT, as NPSs
subsequently form and assemble at the interface (Figure S7, Sup-
porting Information). The microdroplets located near the parent
droplet surface are rapidly repelled from the droplet when the
field is turned off, due to the like polarities of the microdroplets
and droplet. No additional microdroplets form during this pro-
cess (Video S2, Supporting Information).

A negative bias drives the negatively charged NPs to the inter-
face where they interact with PS-triNH3

+, forming stable NPSs,
increasing the effective stiffness of the interface that suppresses
field-induced emulsification. The number of NPSs at the inter-
face increases, oversaturating the interface, as evidenced by the
brighter fluorescence intensity (Figure 2a), and an enhancement
in the fluctuations at the interface is seen. The densification of
the NPSs under negative bias is also evident in in situ X-ray
scattering measurements (Figure S8c, Supporting Information),
clearly showing an excess of NPs being driven to and adsorbing
onto the interface. Equally important, the X-ray scattering stud-
ies show that the assemblies remain liquid-like with no develop-
ment of ordering. Under a positive bias, no such densification
is observed. The results of the in situ X-ray scattering measure-
ments are treated in full in a forthcoming manuscript.[46] We
note, though, that these experiments were not performed on a
pendant drop due to the absorption of the X-rays, but at the inter-
face between an oil–water bilayer. Attempts were made to repli-
cate the conditions of the pendant drop studies. The increased
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Figure 2. Microscope imaging of the NPSs under different applied voltages. a) Top row: a time-series of confocal images of the SiO2 NPs aqueous
droplet in toluene phase before, during, and after applying positive bias voltages, +500 V; bottom row: a time-series of confocal images of the same
droplets before, during, and after applying −500 V. CSiO2 = 1 mg mL−1, CPS-triNH2 = 1 mg mL−1; b) Confocal image of the water/oil interface right after
switching off the voltage (−1000 V); c) Wavelength (𝜆) of the spikes formed after different negative voltages are turned off. The concentration of the
SiO2 varies from 0.1–10 mg mL−1 and the ligand concentration is 1 mg mL−1.

dipole–dipole interaction also helps to stabilize the oversaturated
packing structure at the interface. However, upon removal of the
field, the chemical potential of the NPSs at the interface changes,
as do interparticle interactions. Dipole interactions between the
NPSs are absent,[47–49] causing an increased in-plane interfacial
pressure and lowering of the IFT (Figure 3a and Video S6, Sup-
porting Information). Fluctuations at the interface are further
amplified, leading to thin fingers that extend from the interface,

rapidly budding off microdroplets that are ballistically ejected, as
the system returns to its original state absent a field (Figure 2b
and Videos S7 and S8, Supporting Information).

A characteristic wavelength, 𝜆, of the large-amplitude fluctu-
ations emerges that decreases from ≈47 to ≈20 μm as the ap-
plied negative voltage increases from 250 to 103 V (Figure 2c and
Figure S8, Supporting Information) and as the intensity of the
explosive emulsification increases. The applied field across the
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Figure 3. Electric field-driven oversaturation of NPSs at interface. a) Time evolution of the IFT under different applied voltages, 0 V (black) and −750 V
(red), and the field is turned off at 5029 s. Inset is a magnified view of IFT plot within the designated rectangular area; b) Difference between the equilibrium
IFT under 0 V and the minimum/maximum IFT after the field is switched off. The insets are the optical images of the droplet after the negative/positive
bias voltage is turned off. c,d) The concentration of Fe3O4 and PS-triNH2 are both 1 mg mL−1; CFe3O4 (c) and CPS-triNH2 (d) dependencies of stable
interface (blue triangle), explosive emulsification (green circle), and spontaneous emulsification (red diamond) behavior for various PS-triNH2 and
Fe3O4 concentrations. The CPS-triNH2 is 0.1 mg mL−1 in (c) and CFe3O4 is 1 mg mL−1 in (d).

interface produces an electrostatic pressure that amplifies fluctu-
ations and, as the IFT decreases, 𝜆 decreases (Figure 3b).[50,51]

However, by increasing the NP concentration to 5 and
10 mg mL−1, 𝜆 increases to ≈70 μm due to the increase of effec-
tive stiffness of the interface at high NP concentrations (Figure
S9, Supporting Information).[52,53]

The low areal density of NPSs formed at a fixed PS-triNH2
concentration of 0.1 mg mL−1 and with [Fe3O4-COOH NP] ≤
0.1 mg mL−1 suppresses an explosive emulsification at any of
the applied voltages. For [Fe3O4-COOH NP] = 0.5 mg mL−1, the
achievable areal density increases, and explosive emulsification
occurs for VApp < −500 V. Higher concentrations yield an explo-
sive emulsification for VApp ≤ −250 V (Figure 3c). In contrast,
[Fe3O4-COOH NP] = 1 mg mL−1 and [PS-triNH2] ≤ 0.01 mg
mL−1 prevent explosive emulsification and [PS-triNH2] ≥ 5 mg
mL−1 triggers spontaneous emulsification (Figure 3d and Figure
S10, Supporting Information) even without NPs and under no
field.[54,55]

By adding salt the ionic strength of the aqueous phase is in-
creased, charges are screened, and electrostatic repulsion be-
tween the NPSs on the interface are reduced allowing the areal
density of the NPSs to increase and the IFT to decrease.[56,57]

Consequently, electric emulsification is suppressed with a pos-
itive bias voltage, but, with a negative bias, explosive emulsifi-
cation still occurs upon removal of the field, though at a sig-
nificantly reduced ejection velocity (Figure S11, Supporting In-
formation). We note that reducing the IFT typically promotes

emulsification. However, the presence of salt screens the elec-
trostatic interactions that are responsible for the explosive event,
inhibiting electric emulsification and weakening the explosive
emulsification.

2.3. Self-Propelled Droplets: Asymmetric Explosive
Emulsification

In a uniform parallel electric field (Figure 4a), the droplet is po-
larized and the negatively charged NPs migrate to the side of
the droplet closer to the positive electrode, promoting NPS for-
mation on that side of the droplet (Figure S12; Videos S9 and
S10, Supporting Information). Explosive emulsification is found
to occur on that side of the droplet with ejected microdroplet
velocities up to tens of mm s−1. Upon ejection of the micro-
droplets the parent droplet is propelled in the opposite direc-
tion (Figure 4a). Similarly, if a plug of an aqueous NP dispersion
is confined to a capillary tube (tilted at 3.3° from the horizon-
tal) with PS-triNH2 solutions on either side, the interface on the
right moves ≈15 μm toward the negative electrode (Figure 4b),
while an explosive emulsification pushes an entrapped air bub-
ble downward, away from the interface. The interface on the
left shows no observable displacement (Figure S13, Supporting
Information).

Figure 5a shows an aqueous droplet (≈0.5 mm diameter) with
dispersed NPs suspended in a toluene solution of PS-triNH2
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Figure 4. Asymmetric explosive emulsification. a) Left: Schematic of the experimental setup. A pendant aqueous droplet is immersed in the toluene
phase and hung at the end of a stainless-steel needle. Two electrodes made of copper tape are attached to opposite walls of the container, enabling
application of a uniform electric field across the droplet. Middle and right: aqueous droplet (CFe3O4 = 1 mg mL−1) immersed in the toluene phase
(CPS-triNH2 = 1 mg mL−1) in the presence of a parallel electric field (2.7 kV cm−1) and after turning it off. Inset shows binary contrast processed with
ImageJ to highlight the droplet and microdroplets; b) The displacement of the interface caused by explosive emulsification. Aqueous phase (CFe3O4 =
1 mg mL−1) in a glass capillary tube (tilted at 3.3° from the horizontal) and with a toluene phase on either side (CPS-triNH2 = 1 mg mL−1); an air bubble
is located at the right of the interface spontaneously due to the buoyancy. The optical microscopy images of the capillary tube, captured before and after
the uniform electric field (3 kV cm−1) turned off, are displayed in the left column. The gray value profile across the interface (red and blue boxes) as a
function of horizontal distance is shown in the right column. The time values inserted in the images represent the duration that has passed after the
electric field was turned off.
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Figure 5. Self-propulsion movement. a) The dashed line with arrows indicates the trajectory of an aqueous droplet (CFe3O4 = 1 mg mL−1, ≈0.5 mm
diameter) in the toluene phase (CPS-triNH2 = 1 mg mL−1) after a parallel electric field (1.5 kV cm−1) is turned off, where the red, yellow, and green arrows
mark the location of the aqueous droplet immediately after the field is turned off, when the retraction movement ceases, and when the self-propulsion
movement comes to a halt, respectively; b) Schematics of the asymmetric packing of the NPSs at the surface of aqueous droplet that undergoes explosive
emulsification at that side after the field turned off; c) Propulsion (solid circle) and retraction (empty circle) distance of the aqueous droplet (red circle: DI
water; black circle: CFe3O4 = 1 mg mL−1) suspended in a toluene solution of PS-triNH2 (1 mg mL−1) within a polypropylene capillary tube after different
parallel electric fields are turned off; d) Experimental displacement curves (solid lines) fit using Equation S17 (Supporting Information) (dashed lines)
(see Appendix, Supporting Information) where 𝜏 and Ntot are fitting parameters and 𝜏B is set to 1 s. The four different field strengths used to induce
explosive emulsification are 1.5 (red), 1.2 (green), 0.9 (blue), and 0.6 (black) kV cm−1.

within a polypropylene capillary tube that is subjected to a par-
allel electric field along the axis of the capillary. When the field
is removed, both the droplets with and without the NPs initially
move toward the positive electrode, then stop, and reverse direc-
tion (Videos S11 and S12, Supporting Information). The initial
retraction distance of the droplet without NPs is small and can
be attributed to an electric emulsification arising from the accu-
mulation of ligands on the negative electrode side. Removing the
field causes the ligands to spread uniformly across the droplet
surface, generating a Marangoni flow that moves the droplet to-
ward the negative electrode.[13] However, the droplet, oversatu-
rated with NPSs on the side near the positive electrode, begins
to redistribute some NPSs to the depleted side of the droplet,
causing the droplet to move initially toward the positive elec-
trode (Marangoni flow). Then, explosive emulsification occurs
rapidly ejecting a plume of charged microdroplets with veloci-
ties of 2.5 mm s−1 (1.5 kV cm−1). Electrostatic repulsion between
the plume of charged microdroplets and the parent droplet pro-
pels the charged parent droplet (surface charge density of ≈50
electrons μm−2) over 8 mm, approximately ten times its size, to-
ward the negative electrode (Figure 5b). The propulsion distance
monotonically increases with the field strength (Figure 5c).

The propulsion velocity and subsequent displacement can be
reproduced with a simple model, as detailed in the Supporting
Information (Appendix, Supporting Information). The micro-
droplet dynamics are overdamped, a consequence of their small
size and the viscosity of toluene. In the overdamped limit, we can

infer the forces acting on the microdroplets by measuring their
velocities and, using Newton’s third law, estimate the (electro-
static) forces that the microdroplets exert on the parent droplet. It
is precisely these forces that drive the parent droplet propulsion.
The magnitude and duration of the active force dictate the dis-
placement curve and are directly related to the number of micro-
droplets ejected, the rate of ejection, the degree of ejection asym-
metry, and the microdroplet speed, all of which are governed by
the field strength and geometry (see Appendix, Supporting Infor-
mation). This model captures the experimental findings remark-
ably well, as shown in Figure 5d.

Similar behavior was also observed when an ≈3 μL droplet of
an aqueous dispersion of NPs placed at the interface between
solutions of PS-triNH2 in CCl4 (bottom layer) and toluene (top
layer). Two electrodes with a separation distance of 35 mm were
used to apply a field parallel to the interface between the flu-
ids. A top view of the droplet trajectory is shown in Figure 6a.
The droplet rapidly moves toward the negative electrode, trigger-
ing an electric emulsification on the droplet surface facing the
negative electrode (Figure S14 and Video S13, Supporting In-
formation). The emulsification decreases the excess charge on
the droplet and the Coulombic forces acting on the droplet bal-
ance, and the velocity of the droplet steadily decreases until it
comes to rest. Upon removing the field (bright blue line), the
droplet velocity abruptly increases to ≈8 mm s−1, where an explo-
sive emulsification occurs on the negatively charged side of the
droplet propelling the droplet in the opposite direction. Even with

Adv. Mater. 2024, 2310435 © 2024 Wiley-VCH GmbH2310435 (7 of 11)
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Figure 6. Self-propulsion movement of the droplet located at the toluene/CCl4 interface. a) Trajectory of a 3 μL aqueous droplet (CFe3O4 = 1 mg mL−1)
suspended at the interface between toluene and CCl4 (CPS-triNH2 = 1 mg mL−1 in both oil phase) before (orange), during (bright red), and after (bright
blue) applying a parallel electric field of 1.2 kV cm−1. The inset plot is the time evolution of the velocity of the aqueous droplet; b) The maximum
propulsion velocity of the droplet varies with the parallel electric field strengths; c) Two aqueous droplets close to each other in the presence of a parallel
electric field (1.2 kV cm−1), and repel each other once the field is switched off. The concentration of PS-triNH2 is 1 mg mL−1 and the concentration of
Fe3O4 is 1 mg mL−1. Scale bar: 1 mm.

a larger ≈10 μL droplet, explosive emulsification efficiently pro-
pels the droplet (Video S14, Supporting Information). The force
generated for propulsion increases with increasing field strength
and so does the droplet velocity (Figure 6b and Figure S15, Sup-
porting Information). It should be noted that the multi-curved
trajectory of the self-propelled droplets at the toluene/CCl4 inter-
face mainly stems from the density gradient of the surrounding
medium and the asymmetric overpacking of the NPSs. These fac-
tors lead to a deviation from the perfect spherical shape of the
droplets. Moreover, the confined space within the container in-
troduces a boundary effect, further influencing the movement of
the droplets and resulting in a multi-curve trajectory. If we in-
troduce a second droplet to the interface, when the field is ap-
plied and the droplets polarized, the droplets can be strongly at-
tracted to each other, inducing an electro-coalescence. This at-
traction, if strong enough, can cause the formation of a liquid
bridge between the droplets, a redistribution of the charges on
the droplet surfaces, causing an electrostatic repulsion.[58,59] Here
the result shows electric emulsification occurring in the gap be-
tween the droplets. As the field is turned off, the charges on the
surfaces of the droplets redistribute and the droplets repel each
other (Figure 6c).

3. Conclusion

We have demonstrated an advanced form of active matter that can
be programmed to repeatedly move at a specific velocity in a well-
defined direction. A DC electric field is used to oversaturate the
surface of a liquid droplet with charged NPSs, agnostic of chem-
ical composition of the NPs, storing a Coulombic energy. On de-
mand the field is released causing the formation of hundreds of
thousands of charged microdroplets that are electrostatically re-
pelled from the droplet in an explosive emulsification event. The
explosive emulsification is made directional by breaking the sym-
metry of the interfacial assembly, propelling the droplet large dis-
tances in the opposite direction. The propulsion is autonomous
and repeatable and the direction can be changed with each cy-
cle. This propulsion can be leveraged for microactuation in soft
micro-robotics compartmentalized micro-delivery systems, and
smart materials. Since the explosive emulsification behavior is in-
dependent of the chemical nature of the NPs, the explosive emul-
sification can be harnessed to serve as a unique delivery mech-
anism for spray-coating surfaces of objects in situ, controlling
chemical reaction, or enhancing delivery of water-soluble mate-
rials in organic environment.

Adv. Mater. 2024, 2310435 © 2024 Wiley-VCH GmbH2310435 (8 of 11)
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4. Experimental Section
Sample Preparation: The negatively charged carboxylic acid-

functionalized iron oxide NPs (Fe3O4-COOH) (Ocean NanoTech)
and green fluorescently labeled silica NPs (SiO2-COOH) (Micromod)
with diameters of ≈30 nm were dispersed in deionized water and sus-
pended in a solution of 𝜔-(diethylene triamine)-terminated polystyrene
(PS-triNH2, Mw = 1200 g mol−1) (Polymer Source) in toluene/CCl4
(Sigma-Aldrich). Carboxylic acid functionalized gold NPs (Au NPs) were
prepared by the Turkevich methods, and with diameter of ≈12.2 nm.
Fe3O4/SiO2 NPSs were formed by the interaction of the NPs with the
PS-triNH2 at the interface of the immiscible liquids. All nanoparticle
dispersions were used without further purification and diluted to the
required concentration using deionized water.

Titration Experiment: To determine the amount of carboxyl groups
on each Fe3O4-COOH NP, the back titration experiment was conducted
(Figure S16, Supporting Information). The Fe3O4 NPs with carboxylic acid
groups used in these experiments were purchased from Ocean Nanotech.
Poly(maleic anhydride-alt-1-octadecene) was used to modify the surface
of these NPs. Subsequent hydrolysis of this compound leads to the for-
mation of carboxyl groups, enhancing the stability of the NPs in aqueous
solutions. The Fe3O4-COOH NPs were first to react with an excess amount
of NaOH (1 m). After complete reaction, the residual NaOH, molOH─ were
measured by titration with HCl solution (pH 3.4), and the consumption of
the HCl was denoted as “n0.” Upon adding the acid solution, an increasing
number of deprotonated carboxyl groups reacted with protons, and two
pKa values were observed. These values arise from the two neighboring
carboxyl groups. After one of the two carboxyl groups had completely re-
acted, the total consumption of HCl was denoted as “n1.” Thus, the num-
ber of carboxyl groups on individual NP (NCOOH) could be calculated with
the following equation

NCOOH =
2 (n1 − n0) NA

NFe3O4
(1)

where NA is Avogadro’s number, and NFe3O4 is the number of the Fe3O4-
COOH NP used in the titration which could be identified by their mass
concentration. To minimize the effect of CO2 from the air, the open end of
the vial was covered with parafilm during titration.

Electric Field Experiment: Axisymmetric electric fields were applied to
the pendant droplet suspended from stainless-steel needle (15 Gauge)
by connecting the latter to a high-voltage generator (Trek 615-10). The
voltage supply was grounded to the outer surface of cuvette (12.5 mm ×
12.5 mm × 45 mm), which was covered on two opposite sides and the
bottom with conductive copper tape and the remaining two opposite walls
were ITO glass for clear view. A constant bias voltage was applied to the
needle without any current. The microdroplets in the electric field experi-
ments were imaged using an Olympus DSX1000 microscope. To apply a
parallel electric field on the suspended droplet, two opposite sides of the
cuvette were covered by a copper tape, connected to the bias voltage, and
grounded separately.

IFT Measurement: A pendant drop tensiometer (Krüss DSA30) was
used to measure the IFT. The time dependence of IFT was recorded af-
ter the aqueous droplet (≈30 μL) was injected into the oil phase until the
IFT reached equilibrium. An axisymmetric electric field was applied to the
pendant droplet during the measurement to investigate the influence of
applied voltage on IFT.

Confocal Measurement: A Zeiss LSM710 confocal microscope was
used to investigate the behavior of the NPSs under an electric field mi-
croscopically. A homemade sample cell was designed to put on top of the
objective (10×), and a pendant aqueous droplet surrounded by the toluene
phase was placed in the cell. The axisymmetric/parallel electric fields were
applied on the pendant drops during the measurement.

In Situ X-Ray Scattering Measurement: Scattering experiments were
conducted at the advanced light source at Lawrence Berkeley National Lab-
oratory, utilizing beamline 7.3.3 and employing 10 keV X-rays across a q
range from 0.004 to 3.5 Å−1. A water–oil interface was generated within a
5 mm quartz capillary tube with a wall thickness of 0.01 mm (Charles Sup-

per). The interface establishment involved initially filling the capillary with
the Au NP dispersion, followed by carefully layering a toluene solution of
PS-triNH2 atop the aqueous dispersion. Electrodes were positioned, with
one beneath the capillary tube and another above the oil phase, to create
a uniform electric field across the interface, with a 25 mm spacing be-
tween them. This configuration ensured a uniform electric field-oriented
perpendicular to the interface. To precisely locate the vertical position of
the interface, the beam was scanned from the oil phase to the aqueous
phase, identifying the interface through a sharp decrease in transmitted
intensity. Upon locating the interface, the sample underwent a 20-s expo-
sure to the beam for scattering measurement on a Pilatus area detector.
The notable discrepancy in electron density between Au and the toluene
oil phase induced significant scattering from the NPSs assembled at the
interface. Horizontal averaging of scattering profiles showed maxima at
a characteristic q* value, indicating the center-to-center distance between
NPSs at the interface, d = 2𝜋/q*.

Propulsive Experiment Measurement: A 3.5 cm-wide square cuvette was
used to observe the trajectory of a 3 μL droplet of an aqueous dispersion of
the functionalized NPs placed at the interface between CCl4 (bottom) and
toluene (bottom) solutions of PS-triNH2. Two parallel conductive plates
on the sides of the cell were used to apply a parallel field on the droplet,
and the strength of the uniformly applied parallel electric field, E, is cal-
culated using the formula E = V

d
, where V represents the bias voltage,

and d denotes the separation distance between the electrodes, which in
this case, also corresponds to the width of the square cuvette. Optical mi-
croscopy (AmScope) was used to record the movement of the droplet, and
the trajectory of the droplet was analyzed using Matlab.

The mobility of the droplet was studied using a capillary tube. A droplet
of an aqueous dispersion of NPs was place in a 1.5 mm diameter glass
capillary tube forming a liquid plug in the capillary. Toluene solution of PS-
triNH2 was placed on both sides of the aqueous plug and an air droplet
was place on one side of the plug using an inclination angle of 3.3° to
force the air droplet to the water/oil interface. Electrodes at the ends of
the capillary tube were used to apply a parallel electric field across the
components. In a separate experiment, a droplet of an aqueous dispersion
of the NPs was placed in a larger polypropylene capillary tube (2.4 mm
diameter) in a toluene solution of PS-triNH2. The diameter of the droplet
was smaller than the inner diameter of the capillary to allow the droplet to
freely move.

Analysis on the Explosive Emulsification: The jettisoned microdroplets
during the explosive emulsification were identified and tracked with Im-
ageMagick, an imaging processing tool. The optical images were con-
verted into a black and white format, a process that is exemplified in
Figure S17 (Supporting Information). For quantifying the microdroplets,
the areas occupied by the needle and the parent droplet were first sub-
tracted from the overall white area in the image. And the total number of
the jettisoned microdroplets was then estimated by dividing the projec-
tion area of each individual microdroplet from the remaining white area.
It should be noted that this estimation did not account for overlapping mi-
crodroplets due to the absence of 3D imaging capabilities in the current
experimental setup, which makes the authors’ estimate a lower bound.
The velocities of the microdroplets were calculated using OpenPIV (Parti-
cle Image Velocimetry).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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