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Abstract

Janus droplets with two opposite faces of different physical or chemical properties have great
potentials in many fields. This paper reports a new method for making Janus droplets by
covering one side of the droplet with charged nanoparticles in an externally applied DC electric
field. In this paper, aluminum oxide nanoparticles on micro-sized and macro-sized oil droplets
were studies. In order to control the surface area covered by the nanoparticles on the oil droplets,
the effects of the concentration of nanoparticle suspension, the droplet size as well as the strength

of electric field on the final accumulation area of the nanoparticles are studied.
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1. Introduction

Janus is a Roman God who has two different faces, and the Janus droplets are referred to the
droplets whose two hemispheres’ surfaces have different physical or chemical properties. Due to
this special feature, various applications of Janus droplets have been reported, including
fabrication of the Janus particles, micro-motors and micro-reactors. Janus particles have been
studied in the past decades (Binks and Fletcher 2001; Roh et al. 2005; Nisisako et al. 2006;
Nisisako and Torii 2007; Daghighi et al. 2011; Wang et al. 2011), and can be used as self-
propelling particles (Jiang et al. 2010; Bickel et al. 2013), emulsifiers (Binks and Fletcher 2001;
Nonomura et al. 2004; Glaser et al. 2006), micro-valve (Daghighi and Li 2011), and pixels in
electronic papers (Nisisako et al. 2006; Walther and Miiller 2008). One of the general methods to
form Janus particles is bipolar electrochemistry (Fattah et al. 2011; Loget et al. 2011; Loget et al.
2012a; Loget et al. 2012b; Ongaro et al. 2014; Sopha et al. 2014). Under a strong electric field,
conducting particles can be polarized and electrochemical reactions occur at two ends of the
particles, which will result in different properties at opposite sides of the particles and hence the
generation of Janus particles. With this method, Loget et al. (2012b) synthesized carbon-metal
Janus particles successfully by immersing carbon beads into metal salt solutions. Janus particles
can also be produced by solidification of Janus droplets, for example, by a microfluidic photo-
polymerization system (Nie et al. 2006; Wurm and Kilbinger 2009; Yoon et al. 2011; Lone and
Cheong 2014). In such a system, two liquid monomers mixed with a photo-initiator are used to
generate Janus droplets first. After the formation of Janus droplets, UV light is applied to lock
the shape of the Janus droplets and leads to solid Janus particles. With this method, the size,
fraction of monomers and the materials of the Janus particles can be altered flexibly. For
example, Nie et al. (2006) synthesized Janus particles with different portions of monomers by
adjusting the ratio of the flow rate of the two liquid monomers. Janus droplets can be employed
as micro-motors to transport certain samples from one place to another (Jeong et al. 2015;
Shklyaev 2015). Shklyaev (2015) studied the self-propulsion of Janus droplets in a surfactant
solution theoretically. The function of the self-propulsion velocity in terms of the internal
viscosities and the solutocapillary constants was derived. Jeong et al. (2015) experimentally
studied the self-propulsion of the Janus droplets with a liquid crystal compartment and a polymer
compartment in a concentrated surfactant solution. Janus droplets can also be used as micro-

reactors (Shardt et al. 2014) without the need of additional steps for droplet generation and
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merging. Ahn et al. (2010) generated Janus droplets as micro-reactors to enhance mixing of the

reagent and reactant in microfluidics.

Despite the many applications of Janus droplets, the limited fabrication methods restrict its
further development. Currently, the one-step high energy mixing method (Torza and Mason 1970;
Hasinovic et al. 2011; Hasinovic and Friberg 2011, Friberg et al. 2013; Ge et al. 2014; Zarzar et
al. 2015) and the microfluidic method (Utada et al. 2005; Nie et al. 2006; Pannacci et al. 2008;
Guzowski et al. 2012) are the two main techniques to form Janus droplets. For the one-step high
energy mixing method, two immiscible oils are added into an aqueous surfactant solution first.
Then the Janus droplets composed of the two immiscible oils can be formed by putting the
mixture into a vibration mixer. The topology of the Janus droplets can be varied with the
interfacial tension and volume ratios of the oils. Although Janus droplets can be easily generated
with this approach, the size of them is hard to control during the emulsification. The microfluidic
method overcomes this disadvantage and can fabricate Janus droplets with accurate size. The
mechanism of this method is as follows: two immiscible liquid monomers flow in a central
channels of a microfluidic chip, and an aqueous liquid flows in two side channels. When the thin
stream of the two monomers is forced to flow through a narrow orifice, the shear force generated
by the aqueous phase will cause the thin stream of the two monomers to breaks up and form
Janus droplets. The proportion of different monomers in the droplets can be changed by
adjusting the volume flow rates of the two immiscible liquid monomers, and the size of the
droplets can be controlled by regulating the volume flow rates of the monomers and the aqueous
liquid. Apart from the two methods discussed above, Bormashenko et al.(2011) reported another
way to manufacture Janus droplets. In their experiment, two droplets coated with different
powders, carbon black and polytetrafluoroethylene, were inserted into a dish. The Janus droplet

can be formed by vibrating the dish to make the two droplets merge with each other.

It is well-known that particles can be used to modify the physical or chemical properties of the
interfaces. For example, the optical properties of the oil-water interface will change if a
nanoparticle monolayer film forms at the interface. Yogev et al. (1991) and Luo et al. (2012)
reported that the transparent oil-water interface would reflect light and perform like a mirror with
the presence of metal nanoparticles at the interface. Furthermore, particles can low the interfacial
free energy of the oil-water interface, which can be used as emulsifier to stabilize the emulsions

4



(Levine et al. 1989; Chevalier and Bolzinger 2013). The chemical properties of the interface can
also be modified, depending on the properties of the particles covering it (Schaming et al. 2011;
Edel et al. 2013). Therefore, Janus droplets can be fabricated by introducing particles to partially
cover the droplet surface. With this consideration, Xu et al.(2013) generated Janus droplets in
water with polydopamine (PDA) particles. They found that the OH and the PDA particles
occupied separate areas on the droplets, and Janus droplets with different surface coverage by
PDA particles can be formed by adjusting the pH value of the solution. For the oil droplet
immersed in leaky dielectric liquid, the particles trapped on the surfaces of the oil droplet can be
driven to move by the electrohydrodynamic (EDH) flows inside and outside the oil droplet and
assemble into a “ribbon-like” structure on the oil droplet (Dommersnes et al. 2013; Rozynek et al.
2014a; Ouriemi and Vlahovska 2015; Amah et al. 2016). By coalescing two oil droplets with
ribbon-like structures made of different particles, a Janus droplet was generated by Rozynek and
his colleagues(2014b).

The above-mentioned methods may not be suitable for producing Janus droplets carrying
opposite surface charges on the two hemispheres. For example, Janus droplets fabricated by the
one-step high energy mixing method consist of two immiscible oils, both carry negative charges
when contacting with water. However, for the Janus droplets carrying opposite surface charges
on their two hemispheres can be used in many areas. For example, under externally applied
electrical field, the electro-osmotic flows from the two sides of such a Janus droplet are in the
opposite directions and will result in vortices around the droplet. This phenomenon can be used
to control the electrokinetic motion and separation of Janus droplets by size and by surface
coverage of different charges. Furthermore, by adding certain curing agent, Janus droplets can be
solidified and bipolar solid Janus particles can be produced which can be used, for instance, for
flexible electronic display and for scientific research of the assembly of the bipolar Janus
particles under electrical field (Crowley et al. 2002; Hossan et al. 2015). Therefore, it is desirable
to develop a new method which can generate bipolar Janus droplets with opposite surface

charges on their two hemispheres.

In this paper, a new method of forming Janus oil droplets in water by aluminum oxide
nanoparticles is presented. First, aluminum oxide nanoparticles were introduced to the surface of

an oil droplet; the final surface area covered with the nanoparticles is controlled by the applied
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DC electrical field. The surface of Janus droplets formed by this method is composed of two
parts, one is the pure oil-water interface and the other is covered with positively charged
aluminum oxide nanoparticles The effects of the concentration of the nanoparticles suspension,
the droplet size and the strength of electric field on the topology of Janus droplets were studied.

2. Materials and methods

Aluminum oxide nanoparticles (US Research Nanomaterials, Inc., Houston, TX, USA) with an
average diameter of 5 nm were used. The zeta potential of these particles is positive from pH 2.5
to pH 8 (Chera et al. 2007), which means that these particles carry positive charges when
contacting with deionized water. In this study, two different concentrations of alumina
nanoparticle suspensions, 20mg/mL and 50mg/mL, were used in the experiments. A three-step
procedure was used to disperse the aluminum oxide nanoparticles into deionized water: a) First,
20mg or 50mg nanoparticles were added into 1mL deionized water in a beaker. b) Then the
nanoparticles were dispersed by placing the beaker into an ultrasonic cleaner for 8 minutes. c)
Finally, 20uL ethanol was added into the nanoparticle suspension. The ethanol acts as an inducer,
which can make sure enough nanoparticles are trapped at the oil-water interface (Reincke et al.
2004; Li et al. 2006).

Mineral oil was used to generate oil droplets. In order to observe the redistribution of the
nanoparticles on the droplet in response to the applied electrical field, it is desirable to avoid the
unwanted effects of the droplet motion; therefore, the oil droplets were anchored onto a solid
surface as sessile drops. To form a sessile oil droplet immersed in deionized water, a plastic petri
dish and a piece of cover glass slide were used, and the procedures are as follows: a) Pour
deionized water into the petri dish and make the water level is around 5 mm from the bottom; b)
Put the cover glass slide on the surface of water, due the surface tension, the cover glass slide
will float on water surface without sinking; ¢) Deposit a drop of the mineral oil on the floating
cover glass slide; d) Push the glass slide into water. As the oil droplet has already attached on the
surface of the glass, it will not detach and float; a sessile drop of oil in water is formed in this
way. As shown in Figure 1, the contact angle of water of the sessile oil droplet system is 45° (on

the water side) and remains unchanged before and after applying electric field, which was



measured with a side view microscope (Nikon, SMZ800). The size of the droplet can be adjusted

by changing the volume of mineral oil.

The experimental system used in this study is shown in Figure 2. It consists of a microscope and
image system, a DC power supply and a petri dish. In the experiment, the petri dish which holds
deionized water and oil droplet was fixed on the stage of the microscope (Ti-E, Nikon, Japan).
The DC power supplier (CSI12001X, Circuit Specialist Inc., USA) was used to apply the
electrical field via the electrodes. The Nikon Ti-E microscope was used to monitor the
redistribution of nanoparticles on oil droplets. The images were captured by a digital camera
(DS-QilMc ,Nikon) and sent to a computer to be displayed and saved.

Once the oil droplet is formed in water, as described above, the aluminum oxide nanoparticles
are deposited onto the droplet surface by releasing a certain amount of the nanoparticle
suspension over it by using a digital micro-pipette. As the aluminum oxide nanoparticles carry
positive charges, they will adhere at the negatively charged oil-water interface, forming a
uniform coverage on the droplet surface. However, due to the inter-particle cohesion forces, the
nanoparticles aggregate and form small clusters uniformly distributed over the oil droplet surface.
When a DC electric field is applied to the droplet, the positively charged particles on the droplet
surface will be forced to move and accumulate to one side of the oil droplet. A Janus droplet
partially covered with aluminum oxide nanoparticles is formed in this way. The total amount of
nanoparticles adhering on the oil droplet surface can be adjusted by varying the concentration of
the nanoparticle suspension. All of the experiments in this study were conducted at room
temperature (23-25°C).

3. Results and discussion

3.1 Micro-sized and macro-sized Janus droplets

By using the method described above, micro-sized Janus droplets and macro-sized Janus droplets
can be made. An example of a micro-sized Janus droplet and an example of a macro-sized Janus
droplet are shown in Figure 3 and Figure 4, respectively. For the micro-sized droplet shown in
Figure 3, it has a diameter of 67um and was covered with the nanoparticles by depositing 2.5 pL
nanoparticle suspension with a concentration of 20mg/mL over it. As shown in Figure 3(a),

7



before applying electric field, the nanoparticles on the surface of the droplet were uniformly
distributed. Then an electric field (E=15V/cm) was applied from left to right. Under the applied
electric field, the positively charged nanoparticles moved along the direction of the electric field
and accumulated to the right side of the oil droplet. The area with accumulated nanoparticles
becomes constant after 30 seconds. A Janus droplet which was partially covered with
nanoparticles was formed (Figure 3(b)). The position of the accumulation region of the
nanoparticles depends on the direction of the electric field. As shown in Figure 3(c), when the
electric field was reversed, i.e., from right to left, the nanoparticles moved and accumulated to

the left hemisphere of the oil droplet, reaching the final state as shown in Figure 3(c).

The same phenomenon can also be observed for the macro-sized Janus droplets. Figure 4 shows
a droplet with a diameter of 1.1 mm. In this case, 12.5 pL 50mg/mL nanoparticle suspension was
deposited over 5 times near the top of the droplet to make sure enough nanoparticles adhered on
the droplet. As seen from Figure 4(a), initially the particles distribute uniformly over the drop
surface. Then an electric field of 25V/cm was applied from left to right, the nanoparticles moved
towards right and eventually reached a final state after 2 minutes (Figure 4(b)). Similarly, under
the reversed electric field, the nanoparticles moved in the opposite direction and accumulated to
the left hemisphere of the oil droplet (Figure 4(c)).

The comparison of Figure 3 and 4 clearly shows that the motion and accumulation of the
nanoparticles in response to the applied electrical field is the same for both micro-sized droplets
and macro-sized droplets. However, it’s relatively difficult to generate micro-sized droplets with
accurately controlled size. Furthermore, it is difficult to introduce the same amount of
nanoparticles onto the surface of smaller micro-sized droplets. Therefore, macro-sized droplets
were used to carry out the studies of the effects of the concentration of the nanoparticle

suspension, the electric field and the size of the droplets on the topology of Janus droplets.

3.2 Effect of the concentration of the nanoparticle suspension
To study the effect of the concentration of the nanoparticle suspension on the topology of Janus
droplets, aluminum oxide nanoparticle suspensions with different concentrations, 20mg/mL and

50mg/mL, were used to cover the oil droplets, respectively. In these experiments, the diameter of



the oil droplets (d =1.1mm) and the applied electric field (E =25V/cm, from left to right) were

kept constant.

When the concentration of the suspension is 20mg/mL, the redistribution of the positively
charged aluminum nanoparticles under applied electric field is shown in Figure 5, as an example.
Before the electric field was applied, t = 0, the nanoparticles on the surface of the oil droplet are
distributed uniformly and motionless with the nanoparticle surface coverage ratio r=100%, as
shown in Figure 5(a). After the electric field was applied from left to right, the positively charged
particles moved in the same direction as that of the electric field and the coverage ratio decreases
from 100% to 20.75% as time went by (Figure 5(b)~(e)). At the final state, all of the
nanoparticles accumulated in a small area on the right side of the droplet, leaving a large “blank”
oil-water interface behind, and a Janus droplet with r=20.75% was formed finally, as shown in
Figure 5(f). The sequence of images in Figure 6 shows an example of the redistribution of
nanoparticles on the oil droplet when the concentration of the nanoparticle suspension is
50mg/mL. The similar phenomenon can be observed from the images in Figure 6. That is, the
original uniformly-distributed nanoparticles moved and accumulated to the right side of the oil
droplet in response to the externally applied electric field. The comparison of Figure 5(f) with
Figure 6(f) indicates that when the concentration increases from 20mg/mL to 50mg/mL, at the
finial state, the nanoparticle coverage ratio r increases significantly from 20.75% to 50%. As the
increase of the concentration of the nanoparticle suspension, the total amount of the
nanoparticles adhering on the surface of the oil droplet increases. This can be seen by comparing
the original states of the oil droplets as shown in Figure 5(a) and Figure 6(a). Obviously, the
more nanoparticles at the oil-water interface, the larger the final accumulation area. Therefore,
the following conclusion can be drawn: the surface area of the Janus droplet that is covered with
nanoparticles enlarges with the increase of the concentration of the nanoparticle suspension.
Under this set of specific conditions, when the concentration of the nanoparticle suspension is
50mg/mL, a Janus droplet whose whole right hemisphere is covered with aluminum

nanoparticles (r=50%) can be obtained.

3.3 Effect of the applied electric field
The strength of the externally applied electric field is another factor that will affect the topology

of Janus droplets. The effect of the applied electric field on the redistribution of nanoparticles on
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the surface of the oil droplet can be understood as follows. Under externally applied electrical
field, the positively charged nanoparticles will be pushed by the external electrical field force
and move to the side of the oil droplet facing the negative electrode. Once the nanoparticles get
closer, they start to repel each other due to the electrostatic repulsive force between the particles.
At final state, the two forces acting on the particles will be balanced, and the nanoparticles are
confined in an area. When the external electric field changes, the electrical field force will
change, hence affect the balance with the electrostatic repulsive force between the nanoparticles,
and consequently, the distance between the nanoparticles. Therefore, the final accumulation area

of the nanoparticles changes with the applied electrical field.

Figure 7 and Figure 8 shows the redistribution processes of the alumina nanoparticles on the
surface of the oil droplet of 1.1mm in diameter under different electric field, 15V/cm and
35V/cm, respectively. It is clearly shown in these figures that, at the final state, the nanoparticle
coverage ratio r decreases from 43.17% to 17.16% when the electric field increases from 15V/cm
to 35V/cm, which means the final accumulation area of the nanoparticles becomes smaller as the
externally applied electric field increases. Recall that Figure 5 shows the redistribution processes
of the alumina nanoparticles on the surface of the same sized oil droplet under 25V/cm. By
comparing Figures 5, 7 and 8, the following can be concluded:

(1) The final surface coverage of Janus droplets by the nanoparticles decreases with the applied
electric field, e.g., 43.17% for 15V/cm, 20.75% for 25V/cm and 17.16% for 35V/cm.

(2) For an oil droplet with a fixed size and the same amount of nanoparticles covered on its
surface, the particles move faster and the time required to reach the final state is shorter if the
applied electrical field is stronger. For example, when E=15V/cm, it takes more than 6 mins for
the nanoparticles to reach the final state (Figure 7). While it takes around 2 mins under
E=35V/cm (Figure 8).

3.4 Effect of oil droplet size

When a uniform electric field is applied to an oil droplet through an electrolyte solution, in a
spherical coordinate system, the local electrical potential along the oil droplet surface (¢ (6)) can
be obtained as (Zhang and Li 2013):
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—3&m

¢(0) = E,a cos@ (1)

Eqt2em

where &, and ¢, are the relative dielectric constants of the electrolyte solution and the oil droplet
(em = 80, g4 = 2.5), respectively. Eis the electric field far from the oil droplet, a is the radius
of the droplet. With this equation, the local electric field along the surface of the oil droplet
(E(8)) can be calculated by:

3&m

E(0) =V¢p(0) = Esa sinf 2

Eqt2em

Clearly, the local electric field along the oil droplet surface is dependent on the droplet size. For
a given externally applied electric field, E,, the larger the droplet size, the higher the local
electric field along its surface, which will generate relatively large electrical driving force on the
nanoparticles to push the particles to move towards one end of the droplet. Therefore, when the
other parameters are fixed, the relative accumulation area (the nanoparticle accumulation surface
area over the whole surface area of the oil droplet) decreases with the increase of the size of the
oil droplet.

To study the effect of the droplet size on the topology of Janus droplets, oil droplets with
different sizes, 1.9 mm and 3.1 mm in diameter, in addition to 1.1 mm in diameter (Figure 6),
were formed, respectively. Under a fixed electric field, E = 25V/cm, and a fixed concentration of
nanoparticle suspension, C = 50mg/mL, the redistribution of nanoparticles on different size
droplets has been studied. Figure 9 shows the redistribution of particles on the surface of an oil
droplet of 1.9mm in diameter. It is clearly shown from the sequences of images in this figure that
the nanoparticles moved and accumulated to the right pole of the oil droplet with the
nanoparticle surface coverage ratio r=38.91% at the finial state. The redistribution and
accumulation of the nanoparticles on the surface of an oil droplet of 3.1mm in diameter is shown
in Figure 10, and the nanoparticle surface coverage ratio is 32.06% at the final state. The
comparison of the final nanoparticle coverage on oil droplets with different sizes, as shown in
Figure 6(f), Figure 9(f) and Figure 10(f), indicates that the nanoparticle coverage decreases
gradually with the increase of the size of the oil droplets under a given externally applied electric
field 25V/cm from r=50%, to 38.91% and to 32.06% for oil droplets with a diameter of 1.1mm,
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1.9mm and 3.1mm, respectively. This confirms the above theoretical analysis that the relative

accumulation area decreases with the increase of the size of the oil droplet.

All of the experiments shown in the above sections were repeated at least 3 times, and the
comparisons of the experimental results obtained under the same conditions prove the reliability
of this method. For example, when 12.5 pL 50mg/mL nanoparticle suspension was used to cover
oil droplets with a diameter of 1.1mm, the Janus droplets with 50% nanoparticle coverage can
always be generated under externally applied electric field of 25V/cm, as shown in Figure 4(b)
and Figure 6(f).

4. Conclusion

This paper presents a new method to generate Janus droplets (i.e., an oil droplet coated partially
with aluminum oxide nanoparticles) by applying DC electric field. Both the micro-sized and
macro-sized Janus droplets can be produced by this approach. The final surface area that is
covered by the nanoparticles varies with the concentration of the nanoparticles suspension, the
applied electric field as well as the oil droplet size. Generally, a higher concentration of
nanoparticle suspension will result in a Janus droplet with a larger particle accumulation area.
Increase in droplet size and the applied electric field concentrates the charged particles in a

smaller area on the Janus droplets.
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Figure Legends

Figure 1. Side view image of a sessile oil droplet with a diameter of 1.9mm on a glass surface

immersed in deionized water.

Figure 2. Schematic diagram of the experimental system.

Figure 3.

Figure 4.

The formation of a micro-sized Janus oil drop with a diameter of 67um under
externally applied electric field. (a) Before the electric field was applied, the
nanoparticles were distributed uniformly on the surface of the oil droplet. (b) The
nanoparticles were accumulated to the right hemisphere of the oil droplet after the
electric field from left to right was applied for approximately 30 seconds (c) After
reversing the direction of the electric field, the nanoparticles were accumulated to the
left hemisphere of the droplet. The externally applied electric field was 15V/cm, and
2.5uL nanoparticle suspension with a concentration of 20mg/mL was released over
the oil droplet.

The formation of a macro-sized Janus oil drop with a diameter of 1.1mm under
externally applied electric field. (a) Before the electric field was applied, the
nanoparticles distributed uniformly on the surface of the oil droplet. (b) The
nanoparticles accumulated to the right hemisphere of the oil droplet after the electric
field from left to right was applied for approximately 2 minutes. (c) After reversing
the direction of the electric field, the nanoparticles accumulated to the left hemisphere.
The externally applied electric field was 25V/cm, and 12.5uL nanoparticle

suspension with a concentration of 50mg/mL was released over the oil droplet.
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Figure 5. The redistribution of aluminum oxide nanoparticles on the surface of an oil drop of 1.1
mm in diameter under E=25V/cm at different time. 12.5uL 20mg/mL nanoparticle
suspension was released over the oil droplet. Two minutes after applying electric field,
nanoparticles reached the final state when the coverage ratio (r) remained unchanged,
r = 20.75%. (a) t = 0 min, r = 100%; (b) t = 1min, r = 31.96%; (c) t =2min, r =

20.75%; (d) t =3min, r = 20.75%; (e) t =4 min, r = 20.75%; (f) t = 5 min, r = 20.75%.

Figure 6. The redistribution of aluminum oxide nanoparticles on the surface of an oil drop of 1.1
mm in diameter under E=25V/cm at different time. 12.5uL 50mg/mL nanoparticle
suspension was released over the oil droplet. Two minutes after applying the electric
field, nanoparticles reached the final state when the coverage ratio remained
unchanged, r = 50%. (a) t = Omin, r = 100%; (b) t = 1min, r > 50%; (c) t = 2min, r =

50% ; (d) t = 3min, r = 50%; (e) t = 4min, r = 50%; (f) t =5min, r = 50%.

Figure 7. The redistribution of aluminum nanoparticles on the surface of an oil drop of 1.1 mm
in diameter under E=15V/cm (from left to right) at different time. 12.5uL 20mg/mL
nanoparticle suspension was released over the oil droplet. When t = 6min,
nanoparticles reached the final state with r = 28.81%. (a) t = Omin, r = 100%; (b) t =
2min, r = 43.12%; (c) t = 4min, r = 30.05%; (d) t = 6min, r = 28.81%; (e) t = 8min, r

= 28.81%; (f) t = 10min, r = 28.81%.

Figure 8. The redistribution of aluminum nanoparticles on the surface of an oil drop of 1.1 mm
in diameter under E=35V/cm (from left to right) at different time. 12.5uL 20mg/mL
nanoparticle suspension was released over the oil droplet. When t = 3min,

nanoparticles reached the final state with r = 17.16%. (a) t = Omin, r = 100%; (b) t =
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Imin, r = 31.17%; (c) t = 2min, r = 17.16%; (d) t = 3min, r = 17.16%; (e) t = 4min, r

=17.16% ; (f) t = 5min, r = 17.16%.

Figure 9. The redistribution of aluminum nanoparticles on the surface of an oil drop of 1.9 mm
in diameter under E=25V/cm (from left to right) at different time. 12.5uL 50mg/mL
nanoparticle suspension was released over the oil droplet. The nanoparticle coverage
ratio is 38.91% at the final state. (a) t = Omin, r = 100%; (b) t = 1min, r > 50%; (c) t =
2min, r > 38.91%; (d) t = 3min, r = 38.91%; (e) t = 4min, r = 38.91%; (f) t = 5min, r =

38.91%.

Figure 10. The redistribution of aluminum nanoparticles on the surface of an oil drop of 3.1 mm
in diameter under E=25V/cm (from left to right) at different time. 12.5uL 50mg/mL
nanoparticle suspension was released over the oil droplet. The nanoparticle coverage
ratio is 32.06% at the final state. (a) t = Omin, r = 100%; (b) t = 1min, r > 50%; (c) t =
2min, r > 32.06%; (d) t = 3min, r = 32.06%; (e) t = 4min, r = 32.06%; (f) t = 5min, r =

32.06%.
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