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Abstract An electrochemical measurement system with a

high-speed camera for observation of dynamic behavior of

ionic molecules at a water-in-oil interface during micro-

fluidic droplet formation is described. In order to demon-

strate the usefulness of the system, a liquid interface

between 1 M sodium chloride aqueous solution and 0.02 M

tetrabutylammonium tetraphenylborate 1,2-dichloroethane

solution was investigated. During aqueous droplet forma-

tion in a microfluidic device, averaged and dynamic cur-

rents between the two phases were measured under

potential control. The measured current corresponded to

the transport of electrolyte ions to form the electrical

double layer at the liquid interface. When an 18-lm-sized

droplet was formed in each 1.2 ms, the amount of charge

on each droplet was measured to be 20 pC at 0.4 V and

negligible at the potential of zero charge (0.19 V). In

addition, the high-speed camera observations revealed that

the charge affects the stability of the droplet during and/or

just after the generation process. This measurement system

is expected to facilitate a fuller understanding of the

droplet formation process.

Keywords Microfluidics �Electrochemical measurement �
Microdroplet formation � Liquid/liquid interface

Abbreviations

DCE 1,2-Dichloroethane

NaCl Sodium chloride

PZC Potential of zero charge

TBATPB Tetrabutylammonium tetraphenylborate

TBACl Tetrabutylammonium chloride

1 Introduction

Research into the miniaturization of chemical and bio-

chemical processes on microfabricated devices has been

advancing rapidly (West et al. 2008; Günther and Jensen

2006). Recently, droplets generated in microdevices have

attracted much attention as a novel fluid operation field

(Teh et al. 2008). The droplets can encapsulate materials in

volumes as small as a femtoliter or picoliter (Tan et al.

2006), and be separated (Link et al. 2004), sorted (Maenaka

et al. 2008), fused (Tan and Takeuchi 2006), and inverted

(Fukuyama and Hibara 2011) by utilizing the microchannel

structure and wettability. Various biochemical analyses and

material syntheses have been demonstrated in the field

(Huebner et al. 2008; Song et al. 2006; Shui et al. 2007).

Precision of volume is one of the most distinctive fea-

tures of droplet operation, and understanding of the for-

mation process is a key topic in the field. In order to

analyze the formation process, it is necessary to measure

the micrometer-sized droplet formation on a millisecond

time scale, and high-speed camera observation has often

been applied (Christopher and Anna 2007). According to

the results of various investigations, it was found that the
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capillary number, a dimensionless number for the ratio of

viscous force to interfacial tension, is one of the important

parameters that determine the droplet size (Zheng et al.

2004; Sugiura et al. 2002). On the other hand, droplet sizes

are also known to depend on surfactant species, even when

having the same capillary number (Shui et al. 2009).

Therefore, the physicochemical parameters of the interface

(e.g., interfacial tension, specie of surfactant, and channel

wall wettability) need be taken into account in any inves-

tigation of droplet formation.

In conventional studies, despite the dynamic nature of the

formation process, static interfacial parameters have been

used. For instance, the interfacial tension during droplet

formation is higher than in the equilibrium state, because of

the kinetic surfactant adsorption to the interface (Sugiura

et al. 2001a). The adsorption process is determined mainly

by diffusive and convectional transport and kinetic adsorp-

tion/desorption. By taking these phenomena into account,

transient and variable water-in-oil (W/O) interfacial tension

affects the droplet formation dynamics (Baret 2012).

Thus, real-time, interface-selective and on-site mea-

surement methods for determining interfacial properties are

required in order to achieve a fuller understanding of the

droplet formation process. Several methods for evaluating

dynamic or static interfacial tension in microfabricated

devices have been reported (Steegmans et al. 2009; Xu

et al. 2008; Wang et al. 2009). These methods, however,

can be applied only to the droplet formation process with a

simple assumption: for example, they cannot explain the

dependence of size on surfactant species. Therefore, a

direct measurement approach based on molecular kinetics

would be extremely desirable.

In order to discuss molecular behavior at the interface

during droplet formation, we focused on electrochemical

measurement at a liquid/liquid interface. The electro-

chemical measurement has sufficient resolution to measure

the kinetics of ions in a lm2-sized interface (Taylor and

Girault 1986; Osborne et al. 1994) within a millisecond. In

addition, electrochemical measurement is expected to

measure not only the transportation of ion and ionic sur-

factant to the interface (Goto et al. 2005), but also the

amount of adsorbed nonionic surfactant, indirectly by

measurement of capacitance (Chen et al. 1991). From the

viewpoint of conventional electrochemical methods,

molecular kinetics at the W/O interface during droplet

formation have been well investigated in polarography

with the interface between two immiscible electrolyte

solutions (Kihara et al. 1986; Reymond et al. 2000). Some

polarography setups using mm-sized droplets formed on a

time scale of tens of milliseconds have been reported

(Bond and O’Halloran 1976). In order to discuss the

microfluidic droplet formation processes, a new analytical

device for the molecular behavior is required.

In this paper, an electrochemical measurement system

for analyzing the droplet formation process in a microflu-

idic device is reported. The main example of molecular

kinetics affecting an interfacial property during droplet

formation was the measurement of the ion transport phe-

nomena creating an electrical double layer at an aqueous/

1,2-dichloroethane (DCE) interface. The dependence of the

amount of charge accumulating in the electrical double

layer on the potential between two liquids was observed,

and its relation to the stability of the droplet is discussed

below.

2 Experimental section

2.1 Chemicals

Supporting electrolytes for aqueous and organic phases

were NaCl (Wako Chemicals Co., Ltd., Osaka, Japan) and

tetrabutylammonium tetraphenylborate (TBATPB; Tokyo

Chemical Industry Co., Ltd., Tokyo, Japan). DCE (Wako

chemicals Co., Ltd., Osaka, Japan) was used as organic

phase. An aqueous solution of tetrabutylammonium chlo-

ride (TBACl; Sigma Aldrich, Japan; K. K., Tokyo, Japan)

was used as reference/counter electrode for the organic

phase. All the aqueous solutions were prepared with Milli-

Q water. Octadecyltrichlorosilane (Sigma Ardrich Japan

K. K., Tokyo, Japan), a silane-coupling reagent, was used

for microchannel wall modification. These chemicals were

used without any purification. Ag/AgCl electrodes were

prepared on an Ag wire (/ = 200 lm) in the 1 M NaCl

aqueous solution by the electrodeposition.

Although surfactant plays an essential role in droplet

formation, surfactant was not added to the system, in order

to demonstrate the effectiveness of the present setup in the

observation of dynamic ion accumulation in the electrical

double layer during droplet formation.

2.2 Fabrication

Glass microfluidic devices were fabricated using a two-step

photolithography and wet-etching technique (Hibara et al.

2005). The layout of the microchannel is shown in Fig. 1a.

The black lines indicate the microchannels fabricated on

the bottom glass plate, and the red circles correspond to

0.5-mm-diameter holes drilled through the top glass plate.

The top and bottom plates were thermally bonded.

In the layout, the top and next to top holes on the left

were used as aqueous and organic inlets, respectively.

Immediately after the inlets, deep winding channels were

fabricated in the wide shallow etched area in order to trap

small particles at this stage and to prevent them contami-

nating the droplet formation. Following this filtration
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procedure, the two channels enter the droplet formation

section. Before the entry point, electrode connection ports

(the red circles in the midway of the channels) were pre-

pared by attaching Nanoports (Upchurch Scientific Inc.,

USA) to the top glass plate (Fig. 1b). The design of the

droplet formation section is illustrated in Fig. 1c, d. The

horizontal main channel and the vertical side channels were

connected through the shallow channel (the gray area in

Fig. 1c). When the aqueous and organic phases were

allowed to flow from the side and main channels, respec-

tively, aqueous droplets were formed at the junction of the

main and shallow channels.

Using the same basic layout, two devices (device 1 and

2) were prepared. In device 1, the main and side channels

had a width of 200 lm and a depth of 40 lm, while the

shallow part had a width of 60 lm and a depth of 2 lm. In

device 2, the main and side channels had a width of 200 lm

and a depth of 50 lm, while the shallow part had a width of

60 lm and a depth of 6 lm. Device 1 was used for cyclic

voltammetry measurements at the static (without flow)

interface, and device 2 was used for the electrochemical and

high-speed camera measurement during droplet formation.

The microchannel wall surface was modified with an

octadecylsilane group (Hibara et al. 2005).

2.3 Observation setup

Two syringe pumps (Model 210, KD Scientific Inc., USA)

were used to introduce solutions to the microdevice. The

droplet formation process was observed by an inverted

microscope (IX71, Olympus Optical Co. Ltd., Japan) with

a high-speed camera (FASTCAM SA3, Photoron Co. Ltd.,

Japan) at a frame rate of 5,000 fps. A potentiostat (elec-

trochemical analyzer) (HZ-5000, Hokuto Denko Co. Ltd.,

Japan) was used for cyclic voltammetry and amperometry.

The scan rates of cyclic voltammetry at the interface in a

conventional bulk setup and in the microchannel setup

were 20 and 500 mV/s, respectively. In the amperometric

measurement, the current was recorded for 100 ms with a

sampling rate of 50 kHz.

2.4 Preparation of electrochemical measurement

The electrochemical cell in this paper is shown below.

Ag AgClj j 0:02M TBACl aq: 0:02M TBATPB in DCEj j
1M NaCl aq: AgClj jAg ð1Þ

The Ag/AgCl electrode was immersed in TBACl aq.,

and the aqueous phase was used as the counter/reference

(CE/RE) electrode for the organic phase. The potential

between the organic phase and TBACl aq. was determined

by the TBA ion transfer. After filling the main channel with

TBATPB org., TBACl aq. pool was prepared in the

Nanoport of the organic side and the Ag/AgCl electrode

was inserted. An Ag/AgCl working electrode (WE) was set

to the Nanoport of the aqueous side after introducing NaCl

aq. to the side channel and Nanoport (Fig. 2a). As the result

of this procedure, the W/O interface was prepared in the

shallow channel.

The device was set in a homemade Faraday cage that

has windows for observation (Fig. 2b). All the connectors

and capillaries were wrapped in aluminum foil that was in

contact with the Faraday cage. The solution resistance in

each device was calculated using data from the literature

(Vanysek et al. 1990). The resistances in devices 1 and 2

were calculated as 15 and 13 MX, respectively, when the

shallow channel was assumed to be filled with the aqueous

solution.

Fig. 1 Glass microfluidic

device for electrochemical

measurement at a W/O interface

during droplet formation.

a Layout of microchannel.

Red circles indicate holes

drilled for liquid introduction

and electrode connection.

b Photograph of the device.

c Expanded view of the droplet

formation section. The black

and gray areas correspond to

the deep channels and shallow

part, respectively. d Three-

dimensional view of the droplet

formation section
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A centimeter-sized W/O interface set in a cylindrical

batch with a diameter of 4.5 cm was measured in order to

evaluate the results of measurement in the microdevice.

The electrochemical cell is shown below.

Ag AgClj j 0:02M TBACl aq: 0:02M TBATPB in DCEj j
1M NaCl aq: AgClj jAg ð2Þ

In addition to Eq. 2, a Pt counter electrode was inserted

in the organic phase.

3 Results and discussion

3.1 Cyclic Voltammetry

Before measurements were made in the microchannel, a

voltammogram was recorded in the centimeter-scale

interface (Fig. 3a). A positive current appearing over

0.42 V indicates the transfer of a cation from the aqueous

phase to the organic phase and/or of an anion in the

opposite direction (Senda et al. 1991). In the present case,

the positive current corresponds to TPB- transfers from

DCE to the aqueous phase and/or Na? transfers from the

aqueous phase to DCE. The negative current around 0.42 V

during the potential reducing scan indicates the return of

TPB- to DCE and/or to the aqueous phase. In the same

manner, the negative current appearing under -0.02 V is

attributed to TBA? transfers from DCE to the aqueous

phase and/or Cl- transfers from the aqueous phase to DCE.

The positive current appearing during the potential

increasing scan indicates the return of TBA? to DCE

and/or Cl- to the aqueous phase. In the potential window

between -0.02 and 0.42 V, no ion was transferred and

only the charging current to form the electrical double

layer at the interface was measured. The potential of zero

charge (PZC) was determined as 0.19 V by a quasi-elastic

laser scattering method (Nagatani et al. 2003; Hibara et al.

2003). The ion-transfer potentials are determined by the

concentrations and species of the ions.

The voltammogram measured in the microdevice is

shown in Fig. 3b. The ion-transfer currents measured were

in the same potential range as in the centimeter-sized

measurement. This result confirms that the target W/O

interface in the microchannel was correctly measured by

the present system. Because of faster diffusion, the current

peaks corresponding to the ion return were not observed in

the microchannel.

Fig. 2 Experimental setup.

a Schematic illustration of

liquid capillary connection and

electrode preparation.

b Overview of the setup. The

microdevice was contained in a

homemade Faraday cage

Fig. 3 Cyclic voltammograms at the W/O interface. The scan rates in

a centimeter-scale cell and in the microchannel setup were 20 and

500 mV/s, respectively. a Static interface at the centimeter-scale cell.

b Static interface in the microchannel. c Interface during droplet

formation with a frequency of 1,000 Hz. The flow rates for the

aqueous (dispersed) and organic (continuous) phases were set to 0.25

and 0.5 lL/min, respectively
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In contrast, the voltammogram measured during droplet

formation had a very different shape compared to that of

the static W/O interface (Fig. 3c). A characteristic linear-

shaped voltammogram was obtained and no plateau win-

dow was observed. This unexpected shape is explained

below, considering the dynamic process during droplet

formation.

3.2 Microscopic observation

With the flow rates of the dispersed and continuous phases

set to 0.25 and 0.5 lL/min, respectively, the droplets were

generated with a frequency around 1,000 Hz. From the

high-speed camera observations, the droplet formation

process was found to depend on the applied potential.

At a potential of 0.40 V, when a new droplet was gen-

erated from the tip of the dispersed phase, the new droplet

repels the previously generated droplet to form a single

droplet, as shown in Fig. 4a (i). A series of micrographs of

the droplet formation process is shown in Fig. 4b (i). The

formation process in this device is similar to that reported

by Sugiura et al. (2001b).

Here, the mechanism of droplet formation is described

briefly. The dispersed (aqueous) phase that advances in the

hydrophobic shallow channel (Fig. 4a left) has a relatively

high Laplace pressure due to the small curvature radius.

Next, when the front line (the tip) reaches the boundary

between the shallow and main channels, the tip of the

dispersed phase expands and forms a drop shape. At this

time, the pressure required to form a spherical drop in the

main channel is lower than that required to proceed or stay

in the shallow channel. Then, the front line of the dispersed

phase in the shallow channel recedes and the receded

volume flows into the expanding drop. The liquid junction

between the dispersed phase in the shallow channel and

that in the main channel is thinned by the receding of the

front line, and the drop in the main channel detaches from

the dispersed phase in the shallow channel. In the case of

the potential of 0.40 V, the liquid interface is sufficiently

repulsive to that of the previously generated droplet. Thus,

a new droplet is formed without fusion to the previously

generated droplet.

In contrast, when the potential is set around the PZC, the

tip of the dispersed phase connects and fuses with the pre-

viously generated droplet near the junction, and the volume

of the droplet increases, as shown in Fig. 4a (ii), b (ii).

Conventionally, the difference in droplet stability is

explained simply by static interfacial tension. However, the

Fig. 4 Droplet formation in the microdevice. a Illustrations of

droplet formation at each potential. While a new droplet is formed at

0.4 V, the liquid in the shallow channel connects to a previously

generated droplet at 0.19 V. b Micrographs of droplet formation at

each potential captured by high-speed camera. Flow rates of the

dispersed and continuous phases were 0.25 and 0.5 lL/min,

respectively
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values of interfacial tension are 26 mN/m for 0.40 V and 28

mN/m for 0.19 V, and this difference cannot explain the

results. Therefore, the processes have to be analyzed in

terms of the amount of dynamic interfacial charge.

3.3 Amperometric measurement

Figure 5a shows the results of amperometric measurement

at 0.40 V and 0.19 V during droplet formation, while

Fig. 5b shows their expanded views. The time course of

0.40 V consists mainly of two components: a background

and a periodic temporal variation. In contrast, the time

course of 0.19 V does not have the variation and the

background. Artifacts due to the line noise of 50 Hz are

observed at both potentials.

The period of the variation of 800 Hz at 0.40 V corre-

sponds to single droplet formation, which was also vali-

dated by the high-speed camera observation. The current

increase and drop in the period correspond to the droplet

expansion and its detachment, respectively. Since the ion

cannot be transported across the interface at 0.40 V, the

observed current corresponds to the charging of the ions to

form the electrical double layer. However, compared with

the cyclic voltammogram of the static interface (Fig. 3b), a

higher background current was observed. This phenome-

non can be explained when a simple series resistor–

capacitor (RC) equivalent circuit is assumed. Just after a

droplet is detached, the interface is an almost empty con-

denser. The initial current to the empty condenser was

estimated as 16 nA, which approximately agrees with the

observed current (14 nA). Contrastively, the charging

current was almost zero at PZC since the interface cannot

be charged up at this potential.

Although the current in an RC series circuit decreases

with time, in this measurement setup, the current not only

failed to decrease during the advancing process but also

increased during the expanding process. This can be

explained as follows.

Charging current relaxation The capacitance of the

present device 2 (C) was calculated as 6 nF from the

current at PZC (1 nA) in Fig. 3b, and the scan rate

(500 mV/s), where the ratio of the shallow channel depth

of the present device 2 (6 lm) to that of device 1 (2 lm),

was considered. The relaxation time (RC) was estimated to

be around 80 ms, and the current relaxation during 1 ms

was about 1 %.

Resistance deviation due to the advance of the dispersed

phase in the shallow channel As described above, the

front line of the dispersed phase recedes during the

expansion of the drop. The receded volume is filled with

the organic phase, which has higher resistivity (24 X/m)

than the aqueous phase (0.12 X/m). When 10-lm receding

is assumed, the total resistance of the system is 13.6 MX.

During the advancing process, the resistance becomes

13.0 MX. The reduction of the resistance corresponds to a

4 % increase in current and it may compensate for the

current decrease due to the relaxation.

The change in interface area during the expansion Dur-

ing the expanding process, the capacitance increase caused

by the expansion of the interface leads to the increase in

current that is clearly observed in the latter half of the

period. As discussed above, the time course includes many

processes. Since quantitative calculations of the time

course of the current require deeper discussion and are

beyond the scope of the present paper, they will be dis-

cussed in another work.

The characteristic ohmic-like behavior in Fig. 3c can be

explained by considering the droplet formation process. The

average of the transient current shown in Fig. 5 has good

correlation with the current in the voltammogram shown in

Fig. 3c. In the static voltammogram, the current measured

is due to the deviation in the charge during the potential

scan. In contrast, in the case of droplet formation, a fresh

interface is always generated and only the initial stage of the

charging is observed. Since the main component of the

Fig. 5 Amperogram during

droplet formation (a) and

expanded view (b). Artifacts

due to the line noise of 50 Hz

are observed in both potentials.

The period of the variation of

800 Hz at 0.4 V corresponds to

single droplet formation. The

current increases when the

interface expands and falls

when the droplet is detached

from the dispersed phase
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current (the initial charging current) is linearly dependent

on the potential from PZC, the voltammogram is approx-

imately proportional to the potential. In the cyclic voltam-

mogram, however, the current change corresponding to the

different droplet formation mechanism was not observed. It

can be considered that the change was too small to be

observed at this measurement, since the absolute value of

the current is small around PZC.

Next, the amount of charge at the electrical double layer

was calculated in order to consider the droplet stability

difference observed in Fig. 4. As seen in Fig. 5a, the

averaged current was almost stationary during the contin-

uous droplet formation. Therefore, it seems reasonable that

the detached droplet carries the charge that accumulates

during its formation (the time integral of the current). The

charge at 0.40 V was calculated as 20 pC while that at

0.19 V was negligibly small (\1 pC). Since the surface

area of the droplet is 3 times larger than that in the shallow

channel, the capacity of the droplet is assumed to be 20 nF.

The excess charge of 20 pC is \1 % of the fully charged

value (Q = CV, where Q is the charge amount, and V is the

potential deviation from PZC). When the excess charge is

assumed to be maintained to generate a two-phase potential

difference (V = Q/C), the difference is 1 mV. Before

reaching the relaxed state, a higher potential difference is

assumed to remain transiently at the interface. The

difference can be considered to represent an electrical

double layer around a droplet, which generates a repulsive

force against the other droplet to prevent fusion.

The present measurements demonstrate the direct

observation of molecular kinetics at the interface during

microfluidic droplet generation. This electrochemical mea-

surement system may have great potential for measuring

the dynamic interfacial properties that cannot be evaluated

by high-speed camera observation alone.

4 Conclusion

In this paper, we present an electrochemical measurement

system for observing kinetics of ionic molecular at the

W/O interface during droplet formation. By using this

system, we measured the amount of charge at the interface

of a single droplet as an example of the molecular behavior

that affects droplet stability during its formation. We

expect this measurement system to allow the observation of

surfactant adsorption at the interface, revealing the time

course of interfacial properties during droplet formation in

microdevices, and leading to a fuller understanding of the

phenomenon.
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