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Eﬃcient formation of oil-in-oil Pickering
emulsions with narrow size distributions
by using electric fields†
Z. Rozynek,

* R. Bielas

and A. Józefczak

Droplets covered by adsorbed particles are used in a wide range of research studies and applications,
including stabilising emulsions used in the food or cosmetic industries, and fabricating new materials, such
as microcapsules or multi-cavity structures. Pickering emulsions are commonly prepared by bulk
emulsification techniques, for instance, by ultrasonic homogenisation or mechanical stirring, by membrane
emulsification, or with the use of microfluidics. The latter two methods typically allow for more precise
control of the droplet size distribution, whereas the bulk techniques guarantee high throughput. Here
we propose a new bulk approach to fabricating Pickering emulsions by utilising electric fields. We prepare
oil-in-oil emulsions stabilised by microparticles and control the mean size of the Pickering droplets. In our
approach we take advantage of total surface area reduction of emulsion droplets by electrocoalescence.
This leads to an increase in particle coverage, and eventually to formation of densely packed particle shells
on Pickering droplets. First, we prepare an unstable pre-emulsion with droplets having small sizes and low
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particle coverages, from which the final Pickering emulsion is formed via consecutive coalescence events
speeded up by application of electric fields. We monitor the development of the emulsions with optical
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microscopy imaging. The results demonstrate that the utilisation of electric fields goes beyond the mere
role of enhancing coalescence; it plays an important role in surface particle manipulation and droplet
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rotation that further promote formation of stable particle-covered drops.

1 Introduction
Pickering emulsions have received great research interest in
recent years because they have generated and hold promise for
a variety of practical applications in fields such as medicine,1
the food industry,2 the oil industry,3 and biofuel processing.4
Pickering emulsions can also be used in material engineering,
e.g. for fabricating granular or colloidal capsules5,6 or multicavity
structures.7 Moreover, particle-covered droplets (Pickering droplets)
possess physical characteristics that make them useful as model
systems, for example, for studying particle-layer buckling on curved
interfaces8 or the mechanics,9 electrorotation, and collective
motion of deformable shells.10
Particle-stabilised emulsions can replace conventional emulsions
stabilised with surfactants, particularly in areas where surfactants
should be avoided, e.g. in home and personal care products that
cause skin and eye irritation,11 or where surfactants may cause
serious environmental pollution.12 Lately, research on Pickering
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emulsions has gained momentum and led to academic results that
have paved the way for research commercialisation. Yet, to achieve
higher performance within both academic and industrial contexts, further understanding of Pickering emulsions is required.
This includes advancing techniques for more eﬃcient formation
of Pickering emulsions.
There are diﬀerent approaches to fabricating Pickering
emulsions. Bulk emulsification techniques are most commonly
used, and these include mechanical stirring13–15 or shaking16 and
ultrasonic homogenisation.17–19 When it comes to fabrication
efficiency, bulk emulsification methods are superior to microfluidics20 or membrane emulsification.21 However, the latter two
approaches typically allow for more precise control of droplet size.22
Here, we propose a new bulk approach to fabricating Pickering emulsions by electric fields that are primarily used to
promote attraction of droplets. However, the application of
electric fields here goes beyond the mere role of enhancing
coalescence. Two electric field-induced physical mechanisms,
namely electrohydrodynamic (EHD) flows and Quincke rotation,
are important for surface particle manipulation facilitating easier
coalescence of droplets partially covered by particles. The abovementioned phenomena also ensure that the fabricated Pickering
droplets possess shells comprising very densely packed particles
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Fig. 1 (a) Formation of a Pickering droplet via subsequent coalescence of several small drops. We exploit the reduction of total surface area through
coalescence to increase particle coverage, ultimately leading to formation of a stable Pickering droplet. (b) A schematic illustration of the Pickering emulsion
fabrication process. In the first step, an initial emulsion is formed by ultrasonic homogenisation. Such an emulsion of very small droplets is unstable because
solid particles do not cover the entire drop surface (see the enlarged image on the left). In the second step, an electric field is used for coalescing droplets. It
typically takes several minutes to form a Pickering emulsion consisting of drops densely covered by particles (see the enlarged image on the right).

and prevent formation of droplet agglomerates or particle-bridged
droplets.23,24 In this approach, we take advantage of the total
surface area reduction of coalescing drops. It is well known that
coalescence of two drops of similar size reduces the available
surface area by approximately 20%. Thus, coalescence of droplets
partially covered with particles results in an increase of surface
particle coverage, which may eventually lead to formation of a
stable particle-covered drop, as illustrated in Fig. 1a. In order to
form an unstable pre-emulsion, we use ultrasonic homogenisation.
Then, in the main step of the Pickering emulsion fabrication,
electric fields are used, as schematically illustrated in Fig. 1b.
With respect to fabrication, stabilisation, and manipulation
of non-Pickering emulsions by electric fields, there are many
research studies in which diﬀerent electrostatic and electrokinetic phenomena are utilised. Electrospraying is used for
emulsion drop formation in diﬀerent dispersing phases,25
electric field-induced drop breakup has applications in fine
emulsification,26 high-intensity electric fields may prevent droplet
coalescence,27 and dielectrophoresis or electrophoresis are used for
phase separation.28
The literature on Pickering emulsions subjected to electric
fields mainly includes studies related to their destabilisation
and manipulation, e.g. studies on electric field-induced structural
changes of Pickering drops29 or electric field-driven droplet
consolidation for production of porous materials.30 A plethora of
research results are available on individual Pickering droplets, or
Pickering droplet pairs, subjected to external electric fields. These
cover studies on arrested coalescence,31,32 deformation,33,34,76
breakup,35 rotation,36 or the mechanics37,38 of Pickering drops.
Electric fields can also be used to form individual Pickering
droplets by utilising electrohydrodynamic flows, and electrostatic interactions.39,40
Here, we use electric fields to fabricate Pickering emulsion
drops in bulk quantities. The primary purpose of applying
external electric fields is to promote attraction of droplets,
enabling coalescence. In principle, emulsion drop coalescence
may occur spontaneously without the assistance of electric
fields, for example, through droplet collisions caused by liquid
convection or Brownian diﬀusion.41 However, the process of a
droplet growing, for instance, from tens to hundreds of micrometres, may last several hours or days, depending on parameters such as the viscosity of the continuous phase, interfacial
tension, or droplet concentration (for more details, see ref. 42–44).
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Electric fields may greatly enhance the coalescence of emulsion
droplets.45–48 As we demonstrate in the Results section, the
Pickering fabrication process can be speeded up by two orders
of magnitude with the assistance of electric fields. The application
of electric fields here goes beyond the mere role of enhancing
coalescence. Two electric field-induced physical mechanisms,
namely electrohydrodynamic (EHD) flows and Quincke rotation,
are important for surface particle manipulation allowing particleladen drops to coalesce.
Below we will briefly discuss the physical phenomena involved
in the system studied here. All of the physical phenomena are
schematically presented in Fig. 2.
1.1.

Electrohydrodynamic flows

When a silicone oil drop is immersed in castor oil and
subjected to a direct current (DC) electric field, free charges
accumulate at the drop interface so that the drop acquires a
dipole moment. Because the values of the silicone oil droplet’s
electrical conductivity and dielectric constant are smaller than
those of the surrounding castor oil, the droplet’s dipole
moment is in the opposite direction to the electric field. This
leads to drop compression along the electric field direction and
to the induction of EHD flows directed from the drop electric
poles to the drop electric equator (for more details, see the
ESI† materials). As long as the electric field strength is weak
(typically o300 V mm1) the induced EHD flows can be used to
convect surface particles away from the drop’s electric poles, as
presented in Fig. 2a, facilitating coalescence.
1.2.

Dipolar interactions

Drop dipolar interactions together with EHD flows may contribute
to droplet attraction. After an external electric field is applied to a
silicone oil drop suspended in castor oil, the droplet acquires a
dipole moment. For droplets aligned along the electric field
direction, the dipolar interaction is always attractive, as shown
in Fig. 2b, which greatly aids drop coalescence. Theoretical
simulations show that the droplets’ dipole–dipole interactions
dominate at short separation distances, whereas EHD interactions
may dominate at greater drop separation distances.49
Because the dipolar interaction decays rapidly with the
droplet separation distance, the attractive interaction is eﬀective
only when the polarized drops are at close distances. Therefore, for
low concentrations of silicone oil, the electrocoalescence dynamics
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Fig. 2 Sketches illustrating the physical phenomena present in the experiments: (a) electric field-induced liquid flows (EHD flows) move surface particles
away from the droplet’s electric poles, (b) the droplets’ dipole–dipole interactions aid coalescence by attracting the droplets to one to another,
(c) coalescence leads to the decrease of drop surface area and the increase of surface particle coverage, (d) droplets of emulsion can be bridged by
particle bridging—an undesirable effect that may lead to the formation of droplet clusters, (e) Quincke rotation of a particle-covered drop due to the electric
torque present when the charge distribution on a drop surface is imbalanced. The electric field is in the horizontal direction, as indicated by the black arrow.

will be very low. In fact, for dilute emulsions, there exists an electric
field threshold below which electrocoalescence occurs only to a
limited extent.50 This is not the case here, as we use a silicone oil
concentration of B10%, and the coalescence dynamics is high.
The properties of the droplet interface can be altered by the
presence of impurities retarding the rate of coalescence. In
addition, particle bridging (diﬀerent droplets sharing the same
particles) can occur. Then, the dipolar interactions may lead to
drop chaining, i.e. particle-covered droplets aligning along the
electric field direction. We tackle this problem by inducing
liquid shearing, as will be described later in the text.

This eﬀect is often undesirable, as it may lead to the formation
of droplet clusters or large agglomerations, and to enhancement of creaming rates. Particle bridging is sensitive to the
particles’ three-phase contact angle, and will likely occur at
intermediate contact angles between 301 and 701 due to the
surface particles having a slight preference for the continuous
phase. Particle bridges can be broken by shearing at low rates
(for more details, see ref. 23 and 24). We use strong electric
fields to induce convective flows in the cell and local liquid
turbulences through droplet electro-rotation to gently shear the
emulsion droplets.

1.3.

1.5.

Coalescence

When droplets are brought into close proximity (e.g. by
mechanical liquid shearing, gravity, or electric fields as is the
case here) they may coalesce, leading to the increase of surface
particle coverage, as presented in Fig. 2c. As long as the electric
poles of the drops are particle-free, the mechanism for merging
two particle-laden droplets is the same as for pure droplets. The
presence of particles on the drop surface may aﬀect the surface
tension; yet, in our system, the change is marginal9 and we
neglect this eﬀect. For droplets with greater particle coverage,
the coalescence can be impeded due to the presence of particles
at the electric pole regions, making a physical barrier between
droplets. In addition, surface particles may aﬀect the capillary
pressure and rheological properties of the thin film of castor
oil, making it more diﬃcult for droplets to coalesce.51 As
already mentioned, in this work we use electric fields to
facilitate coalescence through EHD flows that aid to convect
particles away from electric poles. Besides electric field strength
and frequency, there are other parameters that influence
the electrocoalescence rate, and these include surface tension
and the viscosity of the dispersing phase. For experimental
and theoretical study results on electro-coalescence of leaky
dielectric fluids, such as the silicone and castor oils used here,
we refer the reader to these articles.49,52,53 Another note on the
droplet coalescence is that when the surface particle coverage
of two original drops (to be coalesced) is suﬃciently large, the
drop merging can lead to formation of arrested structures
(arrested coalescence) that may acquire aspherical shapes.54,55
1.4.

Particle bridging

Droplets in emulsions can be bridged by particles, i.e. one or
more particles are shared by two droplets as illustrated in Fig. 2d.
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Quincke rotation

In strong DC electric fields, pure silicone oil droplets suspended
in castor oil undergo electrorotation. Addition of surface particles
may decrease the value of the critical electric field for the onset
of Quincke rotation. Silicone oil droplets partly or completely
covered by non-conductive microparticles begin to Quincke rotate
at electric field strengths below 600 V mm1. Such electrorotation
of a droplet is a particular form of the aforementioned EHD flows,
and is driven by electric forces acting on free charges built up on
the surface of a droplet (for more details, see ref. 56 and 57). Here,
we use the Quincke instability to induce shearing for breaking
both particle bridges and droplet chains. A sketch illustrating
Quincke rotation of a Pickering droplet is shown in Fig. 2e.

2 Materials and methods
2.1.

Experimental set-up

A schematic illustration of the set-up used for electrocoalescing
drops to form Pickering emulsions and for monitoring this
process is shown in Fig. 3. The set-up consisted of a sample cell
placed on a mechanical XYZ translation stage, a signal generator
(SDG1025, Sigilent), a high-voltage bipolar amplifier (10HVA24BP1, HVP), a CMOS camera (UI-3590CP-C-HQ, IDS) mounted on
a high-magnification zoom lens system (MVL12X3Z, Thorlabs),
an LED light source, and a computer for collecting images and
recording videos. The sample cell was made of glass, size
30 mm  18 mm  1.3 mm, and two copper plates constituting
electrodes were placed inside the cell. In the experiment, we used
two electric field strengths, namely 200 V mm1 and 600 V mm1.
The weaker electric field was used to assist coalescence of
droplets, while stronger fields were primarily used to break
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droplet aggregations (or prevent their formation) and to further
promote droplet coalescence.
2.2.

Oils and particles

In our experiments, we used silicone oil (6678.1000, Rhodorsil
Oils 47, density B0.96 g cm3 at 25 1C, and viscosity B50 mPa s at
25 1C) as a dispersed phase, and castor oil (83912, Sigma-Aldrich,
density B0.96 g cm3 at 25 1C, and viscosity B700 mPa s at 25 1C)
as a dispersing phase. Diﬀerent particle materials were used to
make silicone oil Pickering droplets, and these include: green-dyed
and red-dyed polyethylene (PE) particles (with size B20 mm and
B50 mm, respectively, and density B0.98 g cm3, purchased from
Cospheric, USA); silica particles (with size B8 mm and density
B1.8 g cm3, purchased from Cospheric, USA), and polystyrene
particles (PS, Dynoseeds TS10 6317, with size B10 mm and density
B1.05 g cm3, purchased from Microbeads AS, Norway). The
pristine PS particles were surface modified (as described in
ref. 58) to change the three-phase contact angle and increase their
aﬃnity towards silicone oil.
2.3.

The mean diameter (D) for the pre-emulsion was 7.4 mm, the
standard deviation (s) was 5.2 mm, and the CV was B70%,
calculated as CV% = (s/D)  100.

Preparation of the pre-emulsion

To form a pre-emulsion, from which the final Pickering emulsion is
made, we used an ultrasonic homogeniser (Bandelin Sonopuls HD
3100 equipped with a KE 76 probe, working at a frequency of
20 kHz). First, a dispersion of particles in silicone oil was formed
using the homogeniser for 5 s. The ultrasonic wave intensity
(estimated using the calorimetric method59) amounted to
B17 W cm2. Then we added castor oil and formed a preemulsion by homogenising the three-phase sample for 30 s. The
droplet size distribution and droplet mean diameter of a preemulsion were evaluated using optical microscopy, and the
results are shown in Fig. 7b, together with the results obtained
for the fabricated Pickering emulsions. As presented in the figure,
the droplet size distributions were fitted with log-normal functions. However, for calculating the coeﬃcient of variation (CV) we
used Gaussian functions (not plotted) that fit the data reasonably
well, i.e. the mean values of droplet sizes obtained by fitting the
experimental results with the Gaussian function were similar to
those obtained by fitting the data with the log-normal function.
We decided to do that for the convenient comparison of our data
with those reported in the literature, i.e. the size distribution
of droplets in an emulsion is often presented as a CV value.

Fig. 3 A schematic illustration of the experimental set-up, consisting of a
sample cell placed on a mechanical XYZ translation stage, a digital
microscope for viewing in the direction perpendicular to the electric field
direction, a signal generator and a voltage amplifier for generating highvoltage signals, and a computer for recording videos.
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3 Results
3.1.

Emulsion evolution

All the emulsions in this study are oil-in-oil emulsions (with or
without particles) prepared using silicone oil as the dispersed
phase and castor oil as the continuous phase. Initially, we
conducted experiments on coalescence of particle-free emulsion
droplets without and with the presence of an electric field (Fig. 4a
and b, respectively). This is to demonstrate the significance of
electric field activity on the evolution dynamics of the emulsions. In
the experiment shown in Fig. 4b, we used a direct current (DC)
electric field of 200 V mm1 (the electric field was strong enough to
facilitate rapid droplet attraction leading to coalescence but weak
enough to avoid droplet breakup).
One minute after the electric field application, it was already
possible to resolve droplets in the image, i.e. droplets electrocoalesce and grow quickly to sizes a few times larger than the
mean droplet size of the pre-emulsion emulsion. As electrocoalescence progresses, the mean droplet size increases. The
small, densely dispersed droplets coalesced into several large
drops, and after 20 min, the emulsion had almost phase
separated. We observed that phase separation of the emulsion
through electrocoalescence is 4100 times faster than without
the electric field (there is practically no change in Fig. 2a). In
Fig. 4c and d we present the evolution of emulsions made with
PS particles (size B10 mm) and subjected to a DC electric field.
First, we performed experiments in which we applied an
electric field of 200 V mm1. Maintaining the same electric
field strength throughout the experiment resulted in formation
of unwanted droplet clusters (see Fig. 4c).
Such clustering may occur when droplets are bridged by
microparticles preventing droplets from coalescing further
(this eﬀect will be investigated in the next section). To minimize droplet clustering and enable droplets to coalesce and
eventually form a Pickering emulsion, we induced liquid shearing by applying strong electric fields. Note that the shearing
process is only eﬀective for a short time (several seconds). For
that reason, we designed an experiment (see Fig. 4d) in which
we alternate the electric field strength between 200 V mm1
and 600 V mm1 every 15 seconds. Though the pre-emulsions
were similar to the experiment presented in Fig. 4c, the results
after applying 200–600 V mm1 were different compared to the
emulsion subjected to a 200 V mm1 electric field. Only the
application of weak and strong electric fields in an alternating
fashion leads to the formation of a stable Pickering emulsion.
Fig. 5a presents a magnified optical microscopy image of the
emulsion subjected to electric fields (200–600 V mm1) for
30 minutes. No droplet clustering is observed in the image, i.e.
the particle-covered droplets are separated from one another.
A majority of the Pickering droplets have spherical or slightly
aspherical shapes. Turning off the electric field does not induce
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Fig. 4 Optical microscopy images showing the evolution of emulsions of silicone oil in castor oil (a and b) without and (c and d) with PS particles (size
B10 mm). All the emulsions were prepared at a 1 : 10 ratio of silicone oil to castor oil by weight. In the experiments with particles, the particle to silicone oil
ratio was 1 : 4 by weight. (a) When no electric field is present, there are no observable changes (within the 20 min experiment) in the emulsion without
particles, and de-emulsification takes approximately 100 times longer than when (b) an electric field of 200 V mm1 is applied. (c) Application of an
electric field of 200 V mm1 to an emulsion with PS particles results in formation of undesirable droplet clusters. (d) Application of weak (200 V mm1)
and strong (600 V mm1) electric fields in an alternating fashion (every 15 seconds) leads to formation of a stable Pickering emulsion. Strong electric fields
are used to gently shear the emulsion droplets, which aids droplet coalescence and prevents clustering. All images were captured at the same
microscope magnification, and the scale bar is 500 mm. The external DC electric field was in the horizontal direction. In all the experiments, the sample
cell was kept at B 50 1C.

observable particle movement within the particle shell of such
droplets because the surface particles are arranged in a
jammed, nearly hexagonal structure as shown in Fig. 5b.
Among the entire population of droplets, some droplets with
an oval shape are preserved after switching off the electric field.
Arrested coalescence occurs when the particle coverage of the
two original droplets (from which the oval-shaped Pickering
droplet is formed) is sufficiently high before coalescence. In
such a non-spherical Pickering droplet, the particles form a
rigid film that resists the Laplace pressure gradient, which
attempts to drive the coalesced droplet towards a spherical
shape. We also observed several droplets that were partially

Fig. 5 (a) An optical microscopy image of a Pickering emulsion after the
application of an electric field (200–600 V mm1) for 30 min. The silicone
oil to castor oil ratio was 1 : 10 by weight, and the PS particle (size B10 mm)
to silicone oil ratio was 1 : 4 by weight. The particle-covered droplets are
separated from one another, i.e. no droplet clustering is observed. (b) The
majority of the Pickering droplets have spherical or slightly aspherical
shapes, and the surface particles are arranged in a jammed, nearly
hexagonal structure.
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covered with particles. Examples of an oval-shaped Pickering
droplet and a droplet partially covered by particles are presented
in Fig. S1 (ESI†).
3.2.

Electric field phenomena in play

Droplets of the initial emulsion (just after homogenising) have,
on average, low particle coverage at their surfaces, which is
favourable for coalescence. As the Pickering emulsion is being
formed, the particle coverage increases, impeding droplet merging.
However, partially particle-covered droplets (even with high particle
coverage) may still coalesce, provided the regions near their contact
are particle-free. In our silicone oil in castor oil emulsion, the
presence of weak (o300 V mm1) electric fields may induce local
(near a droplet) EHD liquid flows.
These flows aid to convect particles away from a droplet’s
electrical poles. Therefore, when two droplets with particle-free
electric poles are electrostatically attracted to one another,
they may easily coalesce. In Fig. 6a, we demonstrate EHD
flow-assisted particle convection on droplet surfaces enabling
two droplets to merge into a Pickering droplet (see also Movie S1,
ESI†). The figure shows two partially particle-covered silicone oil
droplets in castor oil. Initially, before applying the electric field,
the PS particles (size B10 mm) were distributed randomly on the
droplet surfaces. Application of a direct current electric field of
200 V mm1 (in the horizontal direction) induces EHD flows
from the droplet electric poles towards the droplet electric
equator (see the curved arrows in Fig. 6a). The flows convect
PS particles away from the droplets’ electric poles. Driven by
both the attractive EHD and the electrostatic forces, the two
droplets approach one another and eventually coalesce, forming

This journal is © The Royal Society of Chemistry 2018

Paper

Soft Matter

Fig. 6 (a) Droplet coalescence through EHD and ES interactions. The surface particles, initially randomly dispersed on the droplets’ surfaces (with no
electric field), are convected away from the droplets’ electric poles by EHD flows (induced by a DC electric field of 200 V mm1). The two droplets attract
one another through both the EHD and electrostatic forces. Finally, the droplets coalesce, resulting in formation of a Pickering droplet with densely
packed surface particles (PS, sized B10 mm). (b) A droplet that is part of a disintegrating cluster propels away from it through electric field-induced
rotation at E = 600 V mm1. Lowering the electric field strength to 200 V mm1 enables droplet translation (through both the EHD and electrostatic
forces) towards another droplet partially covered by particles. Finally, the two droplets coalesce. (c) Breaking of droplet agglomerates through liquid
shearing. An electric field of 600 V mm1 was used for 15 seconds to locally (through electrorotation) and globally (through electric field-induced
convective flows in an entire cell) shear the emulsion. This resulted in breaking the droplet agglomerates down to individual droplets.

a Pickering droplet with a densely packed particle shell (rightmost panel in Fig. 6a).
The two droplets presented in Fig. 6a have no close neighbours,
so the EHD flows are strong enough to move particles. The EHD
flows are reduced on the surface of a droplet in a crowded
emulsion. This is because when two (or more) droplets are ‘‘in
contact’’ (i.e. separated only by a thin layer of castor oil), a dipole
moment is formed on two sides of the agglomerated structure
rather than on each individual droplet. For example, if three
droplets are in contact and aligned along the electric field
direction, there will be no (or significantly reduced) flow around
the middle droplet. In addition, in crowded emulsions, droplets
are very densely populated, their locations are constrained, and
their motions are significantly impeded, as is the motion of
the dispersing phase. Thus, reducing the concentration of the
dispersed phase prevents such a situation. We experimentally
observed that emulsions with silicone oil concentrations below
30% are preferable. Droplets can be locally crowded even in lowconcentration emulsions. In addition, they can be bridged by
particles, and form large agglomerations. To tackle these problems, we simply increased the electric field strength (typically to
600 V mm1) for several seconds to shear the liquid. In
such strong electric fields, Quincke electrorotation of individual
droplets and small aggregated structures can be induced.
Electrorotating objects shear the emulsion locally, which
helps to damage particle bridges between droplets and
re-position droplets. The subsequent application of a lowintensity electric field (e.g. 200 V mm1) leads to dipolar
alignment and coalescence of droplets that before were either
misaligned or particle bridged.
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In Fig. 6b we show a possible route for droplet disintegration
from a cluster to allow merging with another available droplet.
A droplet, partially covered with particles, is initially attached to
a small droplet cluster. Application of a high electric field of
600 V mm1 causes the droplet to disintegrate from the cluster
and propel away through electrorotation. The droplet stops
rotating after we lower the electric field to 200 V mm1. Then,
the attractive dipolar forces and EHD flows bring the droplet
towards another droplet available for coalescence. After a short
time, two droplets coalesce (see also Movie S2, ESI†). In Fig. 6c,
we demonstrate breaking of large droplet agglomerates through
liquid shearing. In each ‘‘mixing’’ cycle we used a DC electric
field of 600 V mm1 for 15 seconds to locally (through electrorotation) and globally (through electric field-induced convective
flows in an entire cell) shear the emulsion. This resulted in
breaking the droplet agglomerates down to individual droplets,
and eventually led to formation of a stable Pickering emulsion
(see also Movie S3, ESI†).
3.3.

Size of Pickering droplets

The following formula can be helpful when designing a Pickering emulsion with specific droplet sizes (for the formula
derivation see ESI;† also see ref. 60 and 61).
rp  md
rd ¼ 3:6
 rp
rd  mp

(1)

rd, md, rd – radius, mass and density of a desired Pickering
droplet. rp, mp, rp – radius, mass and density of particles
covering the droplet.
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In this formula, we assume that the surface particles are
spherical and densely packed within the monolayered particle
shell (particle coverage 0.9), and that the three-phase contact
angle is 901. In order to fully cover either 80 mm, 160 mm or
240 mm size silicone oil droplets with 10 mm size PS particles, we
calculated (assuming that rp/rd = 1) the particle to silicone oil
ratios to be 1 : 2, 1 : 4, and 1 : 8, respectively. We then designed an
experiment to verify whether the Pickering droplet size can be
tuned by choosing an adequate particle concentration.
In Fig. 7a we present optical microscope images of Pickering
emulsions at diﬀerent particle to silicone oil mass ratios, namely
1 : 2, 1 : 4, and 1 : 8. The emulsions were formed by applying a DC
electric field (200–600 V mm1) for 30 minutes. The silicone oil
to castor oil ratio was 1 : 10 by weight.
We visually inspected the three emulsions and found that
the majority (490%) of droplets were densely covered by particles
and were spherical or slightly aspherical. As in the previous
experiment presented in Fig. 4d and 5, we found several ovalshaped droplets, and some droplets partially covered by particles.
To quantitatively present the distribution of droplet size, we
measured 200 droplets in each emulsion using an optical microscope and plotted diameter histograms, shown in Fig. 7b. The data
were fitted with log-normal functions. However, as discussed in
the Preparation of the pre-emulsion section, to obtain the values of
both the mean diameter and the coeﬃcient of variance of the three
corresponding emulsions, we used Gaussian functions (not plotted
here). For the Pickering emulsions with particle to silicone oil
mass ratios 1 : 2, 1 : 4, and 1 : 8, the mean diameters are 78 mm,
154 mm, and 263 mm, respectively. These values are consistent
with the theoretical values calculated above.
The homogeniser-prepared emulsions typically comprise
droplets with diﬀerent particle concentrations (because of the
stochastic nature of the process of homogenisation). Also,
using other methods of preparation leads to this result; for
example, in microfluidic systems, the particle concentration is
found to be Poisson distributed.62 For this reason, the droplets
fully covered by particles (formed through a stochastic process
of electrocoalescence) in the stable Pickering emulsion are
polydispersed in size. As presented in the histogram in
Fig. 7b, the initial emulsion also contains droplets of diﬀerent
sizes. However, as long as the particle concentration in each
droplet is the same, diﬀerences in drop sizes should not aﬀect
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the size polydispersity of the Pickering droplets. To fabricate a
Pickering emulsion with monodispersed Pickering droplets, it
is therefore essential to prepare an initial emulsion with
droplets of identical particle concentration. Unfortunately,
this is practically very challenging. For this reason, the size
distribution function of Pickering droplets in our experiments
has a finite width. The CV values (and s) are 20.5%, 18.2%, and
17.5% (and 16, 28, and 46 mm), for the Pickering emulsions
with particle to silicone oil mass ratios 1 : 2, 1 : 4, and 1 : 8,
respectively. These are relatively low CV values compared with
other bulk emulsifications methods (we will elaborate on that
in the next section) and are more than three times lower than
the CV values of the initial emulsion.

4 Discussion and conclusions
In this paper, we present an approach to eﬃcient fabrication of
oil-in-oil Pickering emulsions by employing electric fields. The
route is straightforward, robust, and can be used to produce
Pickering droplets with narrow size distributions that are lower
than those achieved typically by bulk methods such as ultrasonic or
mechanical homogenisation,19,63 and comparable to membrane
emulsification methods.64,65 There exist methods for producing
Pickering droplets with narrower droplet size distributions then
those presented here. However, in those methods Pickering
emulsions are typically formed via more complex processes,
and/or require preparation of pre-emulsions with very narrow size
distributions of droplets, and/or are very time consuming.66,67 For
example micrometer-sized Pickering droplets produced with the
use of a microfluidic device by Subramaniam et al.67 were of a
similar size (CV below 10%), but were produced with a frequency of
B0.2 Hz. To produce a few hundreds of mL would require
several years.
The limited coalescence approach utilized in this work was
used by other researchers for fabrication of Pickering droplets
(also in very concentrated emulsions),68–72 and it allowed them
to design Pickering emulsions with desirable average droplet
sizes. As in the other research contributions, in this work, we
also observed that the average droplet diameter was inversely
proportional to the number of solid particles. Interestingly, the
CV values of the Pickering emulsions were at least two times

Fig. 7 (a) Optical microscope images of Pickering emulsions at diﬀerent particle to silicone oil mass ratios by weight (1 : 2, 1 : 4, 1 : 8), and (b) the
corresponding histograms with size distributions. The Pickering droplet populations have log-normal distributions. The silicone oil to castor oil ratio was
1 : 10 by weight. An electric field (200–600 V mm1) was applied for 30 minutes. In all the experiments, the sample cell was maintained at B50 1C. All
images were captured at the same microscope magnification, and the scale bars are 500 mm.
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lower than those of the initial emulsion. At this point, we
cannot provide any explicit information on the narrow droplet
size distributions. We observed that the values of the CV
decreased as the limited coalescence progressed. Zou et al.73
studied the evolution of the droplet size distribution during
coalescence induced by mechanical shearing. They found that a
bimodal size distribution of the initial emulsion disappeared
during the early stage of the coalescence leading to narrower
droplet size distribution, and that in all the performed experiments the final distribution of the Pickering droplets was
Gaussian, as is the case in our work.
As was demonstrated here, a sensible usage of electric fields
(e.g. alternating the electric field strength) led to formation of
Pickering droplets that were well dispersed in the continuous
phase (not agglomerated), and the droplets’ shells were
composed of densely packed particles. We produced Pickering
droplets using various materials, and the method enabled
formation of Pickering droplets in a wide range of sizes without
needing any modification of the experimental set-up, as is the case
for microfluidic or membrane emulsification approaches, where
microfluidic chips or membranes have to be redesigned. Any type
of microparticle material can be used provided that the particles
bind strongly to the droplets’ interfaces and that their electrical
conductivity values are approximately the same order of magnitude
or smaller than those of the liquids. In our experiments we used
polystyrene, polyethylene, and silica particles (see Fig. S2, ESI†). A
subtle point is that if oils and particles are chosen so that there is a
large density diﬀerence between oils or between oils and particles,
the dispersed phase may sediment. However, this problem can be
tackled, for example, by introducing convective flows from the
bottom of the sample cell.
One of the strategies for producing Pickering emulsions
involves adsorption of particles initially located in the dispersing phase, after droplet formation. In such a scheme, to form a
Pickering emulsion quickly, the particle concentration in the
dispersing phase has to be much greater than theoretically
required for the formation of stable Pickering droplets. In
many studies, the utilization of particles was ineﬃcient, e.g.
most particles (even up to B90%) did not contribute to the
formation of Pickering droplets but instead resided in the
continuous phase.21,68 Unless desired (e.g. sometimes excess
solid particles are used for emulsion thickening),74 this is not
very beneficial economically. In this respect, our method is
superior. It allows for very eﬃcient consumption of particles,
i.e. most of them, if not all, can be utilised for Pickering droplet
fabrication.
In our studies, we used silicone oil as a dispersed phase and
castor oil as the continuous phase. We also tested the reverse
configuration. However, when the system was reversed (i.e.
castor oil droplets were formed in silicone oil) and subjected
to electric fields, the castor oil droplets stretched, and the EHD
flows went from the droplets’ electric equators towards their
electric poles. Covering the droplets’ poles impeded their
coalescence. In addition, we faced some technical diﬃculties,
i.e. castor oil droplets wetted both the walls of a sample cell and
the electrodes. Generally, the castor oil in silicone oil Pickering
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emulsion can be fabricated. For a review of the stabilisation of
silicone-in-vegetable oils and vegetable-in-silicone oils emulsions,
we refer the reader to the article by Binks and Tyowua.75
The method presented here can be further optimised by
adequately choosing the parameters: the electric field strength,
the periods at which the electric field is at higher or lower
voltage, or the electric field frequency. Here are two examples:
(i) we observed that at electric field strengths higher than
600 V mm1, it takes less time to break large aggregates
down. However, strong electric fields should be avoided when
Pickering emulsions with large Pickering droplets are of
concern. This is because large droplets may easily break up in
high electric fields, reversing the coalescence and slowing down
the Pickering emulsion fabrication; and (ii) when particles with
small permanent charges are to be used for Pickering droplets,
it is helpful to change the electric field polarity from time to
time to avoid droplet electrophoretic migration towards one of
the electrodes. We also note that reducing the viscosity of oils,
particularly the dispersing liquid (e.g. by replacing castor oil
with corn oil, or by increasing the temperature), speeds up the
formation of a Pickering emulsion. One final note on the
fabrication process is that the EHD convective organization of
particles at droplets’ interfaces not only promotes coalescence
but also ensures that particles in the shell are well packed.
We foresee that this convenient and easily scalable route for
fabricating Pickering emulsions will facilitate a foundation for
many applications in which Pickering droplets with narrow size
distribution need to be produced in large quantities. We also
expect many derivative methods to be developed soon. It would
be interesting to follow the dynamics of Pickering emulsion
formation. In our ongoing research we employ non-invasive
ultrasonic methods and optical microscopy, and the preliminary
data indicate that ultrasound can be easily and cheaply used to
monitor Pickering emulsion development.
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Fig. S1 Optical microscopy images of silicone oil droplets with PS particles (size of ∼10 µm), formed in castor oil. (a) Droplets with an oval shape can be typically found
at the end of the Pickering emulsion fabrication, as the arrested coalescence occasionally occurs. (b) An example of a partially particle-covered droplet. Several such
droplets were identified in the image at the end of the Pickering emulsion fabrication described in Fig. 4d.

Fig. S2 Optical microscopy images of a Pickering emulsion after the application of an electric field (200↔600 V/mm) for 10 min. The silicone oil to castor oil ratio was
(a) 1:20 (b) 1:5, and (c) 1:10 by weight, and the following particles were used: (a) polyethylene (PE, sized ∼20 µm), (b) polyethylene (PE, sized ∼50 µm), and
(c) silica (SiO2, sized ∼8 µm). The particle-covered droplets are separated from one another, i.e. no droplet clustering is observed when PE particles are used. Droplets
with silica particles tend to agglomerate. This is because the three-phase contact angle is greater than that in the case of PE particles–compare the enlarged images.

Behaviour of silicone oil droplet in electric fields:
When a silicone oil droplet formed in castor oil is subjected to a DC (or slowly changing AC) electric field, free charges (ionic
impurities) in the oils accumulate at the drop interface, inducing a dipole moment. Because the electrical conductivity and
dielectric constant of a silicone oil droplet are smaller than those of the surrounding castor oil, the droplet’s dipole moment is in
the opposite direction of the electric field. The action of the applied electric field on the free charges at the silicone oil droplet
yields electric stresses that deform such droplet to obtain an oblate geometry. More specifically, at the electric poles of the drop
(surface areas closest to the electrodes), electric stress has only a normal component that is balanced by capillary forces and the
pressure difference across the drop interface. There are no free charges at the electric equator of the droplet, and thus there is
no electric stress at this area of the droplet. Everywhere else at the droplet interface, electric stress has two components:
normal and tangential to that interface. As a result of normal electric stress, the droplet is compressed along the electric field
direction, obtaining (within a second) an oblate shape. Tangential electric stress induces electrohydrodynamic (EHD) flows at the
droplet interface that shear the liquids inside and outside the droplet. In general, the direction of these EHD flows depends on
the free charge distribution at the drop interface. In the case of a silicone oil drop suspended in castor oil, the EHD flows at the
drop surface are directed from the drop poles to the drop equator (for more details, see1). As long as the electric field strength
is weak (typically < 200 V mm-1), the induced EHD liquid flows can be used to convect and eventually assemble surface particles,
as we discuss later in this section. At strong DC electric fields, weakly-conductive drops may undergo electrorotation2-4 or break
apart.5 The accumulation of free charges at the interface of a drop requires finite time. For the drop system studied here, the
time for free charges to build up at the drop interface (the Maxwell-Wagner relaxation time)1 was ∼ 1 s. Therefore, when
applying alternating current (AC) electric fields with sufficiently high frequencies (above 1 Hz), the electric field changes
direction so quickly preventing free charges accumulation at the drop interface.
Calculation of Pickering droplet size (also see 6-8):
We wish to calculate the concentration of particles measured by mass (m %) that needs to be used to occupy entire
surface of a droplet of a specific radius.
𝑚𝑚𝑝𝑝
𝑚𝑚𝑑𝑑

We need to find number of particles, 𝑁𝑁𝑝𝑝 .

=

𝜌𝜌𝑝𝑝 ∙𝑉𝑉𝑝𝑝 𝑁𝑁𝑝𝑝

𝜌𝜌𝑑𝑑 ∙𝑉𝑉𝑑𝑑 𝑁𝑁𝑑𝑑

, ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑁𝑁𝑑𝑑 = 1 𝑡𝑡ℎ𝑢𝑢𝑢𝑢

𝑚𝑚𝑝𝑝
𝑚𝑚𝑑𝑑

=

𝜌𝜌𝑝𝑝 ∙𝑟𝑟𝑝𝑝3

𝜌𝜌𝑑𝑑 ∙𝑟𝑟𝑑𝑑3

𝑁𝑁𝑝𝑝 (1)

The area of a droplet with radius 𝑟𝑟𝑑𝑑 is: 𝐴𝐴𝐷𝐷 = 4 ∙ 𝜋𝜋 ∙ 𝑟𝑟𝑑𝑑2 and should be equal to the area occupied by 𝑁𝑁𝑝𝑝 circles (projection of
spherical particles with radius 𝑟𝑟𝑝𝑝 on a two-dimentional surface of a droplet) divided by the packing density factor ∅.
𝐴𝐴𝐷𝐷 = 𝑁𝑁𝑝𝑝 ∙ 𝜋𝜋 ∙ 𝑟𝑟𝑝𝑝2 ∙

1

(2)

∅

Packing density of circles on a sphere is generally a function of number of the circles. For an infinite number of circles, the
packing density approaches 0.906, i.e., achieve the same optimal packing density as for circles forming hexagonal pattern on a
2D plane. Since we assume here that Rd>>rp, the packing density ∅ can be assigned as approximately 0.9.
Thus

𝑁𝑁𝑝𝑝 =

and
𝑚𝑚𝑝𝑝
𝑚𝑚𝑑𝑑

Finally

For example, 𝑟𝑟𝑑𝑑 = 400 µm if

1.
2.
3.
4.
5.
6.
7.
8.

𝑚𝑚𝑝𝑝
𝑚𝑚𝑑𝑑

=

4∙𝑟𝑟𝑑𝑑2

𝜌𝜌𝑝𝑝 ∙𝑟𝑟𝑝𝑝3 4∙𝑟𝑟𝑑𝑑2

𝜌𝜌𝑑𝑑 ∙𝑟𝑟𝑑𝑑3 𝑟𝑟𝑝𝑝2

𝑟𝑟𝑝𝑝2

(3)

∅

∅=4∙∅
𝜌𝜌 ∙𝑚𝑚

𝜌𝜌𝑝𝑝 ∙𝑟𝑟𝑝𝑝

𝑟𝑟d = 3.6 𝜌𝜌p ∙𝑚𝑚d ∙ 𝑟𝑟p
d

p

(4)

𝜌𝜌𝑑𝑑 ∙𝑟𝑟𝑑𝑑

(5)

[%] = 12 %, 𝜌𝜌𝑝𝑝 = 0.3 𝑔𝑔/𝑐𝑐𝑐𝑐3 ; 𝜌𝜌𝑑𝑑 =0.9 𝑔𝑔/𝑐𝑐𝑐𝑐3 ; 𝑟𝑟𝑝𝑝 = 40 µ𝑚𝑚;
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