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ABSTRACT: We explored the electrowetting behavior of a hydrofluoroester solvent, Novec 7100™ (Novec), as a liquid drop-
let on a Au(1 1 1) electrode in water (0.05 M KClO4). Comparison with the electrowetting of hexadecane (HD) highlighted 
the significance of the lower adhesion energy and static friction energy of Novec than those of HD. The electrode potential-
dependent contact angle  of a Novec droplet showed little hysteresis. When potentials were set by means of potential steps, 
a Novec droplet increased its  at more positive potentials than the potential of zero charge, pzc, of the Au(1 1 1) electrode. 
We found that the key factor of the electrowetting behavior for Novec is its low adhesion energy and static friction energy. 
The static friction energy of the oils to Au(1 1 1) electrode surface was evaluated by a comparative analysis of the potential 
dependence of the interfacial tension at the solid/water interface,  S/W–E curve, calculated from electrochemical surface 
charge data and the experimental cos–E curve; 2.6 mN/m for HD and 0.95 mN/m for Novec. When Br– was added in the 
aqueous solution to allow its adsorption on the Au surface surrounding a Novec droplet, the potential of maximum cos was 
shifted to negative. Overall, although the Novec droplet showed a narrower range of  change than a HD droplet, the Novec 
droplet seldom got stuck to the surface as far as potential step was used, reflecting the narrower plateau region of  near 
pzc.  Also, the specific adsorption of a coexistent anion was a significant factor of . This work has featured the significance 
of a slippy droplet on an electrode surface, giving an impact on the technology of microfluid transportation control by elec-
tric potentials. 

INTRODUCTION 

The shape of a small droplet on a solid surface is deter-
mined by the balance of three interfacial tensions at each 
interface between two phases among the three1. The shape 
is represented by the contact angle, . The regulation tech-
nique of the shape change by electrical potential has been 
called electrowetting, which draws much attention to mi-
crofluidics2-4. Regulated changes of interfacial tensions can 
drive locomotion of the droplet on the solid surface. How-
ever, the methods for the locomotion are presently lim-
ited5-13. One way among them is a chemical modification of 
the surface to give an interfacial tension gradient. A direc-
tional gradient serves as a running track for a droplet. Typ-
ical methods to give the gradient on the solid substrate 
include surface functionalization by a self-assembled mon-
olayer of amphiphilic molecules5-10. Another way is to in-

troduce a local interfacial tension unbalance on the surface 
of a droplet put on the substrate by using adsorption-
desorption of surfactants11 or by light irradiation12,13. The 
local inhomogeneity of the surface tension causes a Ma-
rangoni effect and drives the deformation of the droplet. 
Therefore, the droplet shows spontaneous motion driven 
by the Marangoni effect, although the motion stops when 
an equilibrium reached.  

Over the interfacial tension change by chemical modifi-
cation or external stimuli, electrowetting has an advantage 
in faster and repeatable motion because of a quick dynam-
ic decay of the electrochemical double layer structure to a 
new equilibrium upon potential change.  In this paper, we 
consider key factors of an electrowetting system, especial-
ly the adhesion energy and static friction energy, keeping 
in mind that these are of profound importance in the drop-
let locomotion.  



 

Electrowetting on a dielectric (EWOD) is a technique of 
potential-dependent shape change of a droplet on a thin 
dielectric insulating underlayer. Usually, an electrolyte is 
dissolved in the droplet, in which one of the two electrodes 
is inserted, and the outer medium is a gas phase (Fig. 1–a). 
EWOD has been used in the microfluidic system or micro-
reactor14, although a high voltage is needed to give enough 
shape change to an aqueous electrolyte solution droplet 
placed on the air/insulated polymer coated electrode in-
terface. Electrowetting has been frequently suffered from 
the saturation of . For example, when a high voltage over 
100 V is applied, the  of the droplet change becomes less 
than the theoretical value3, 15–21. Such a -saturation is 
caused by the polarization saturation of the insulated pol-
ymer surface or by non-linear electrode potential depend-
ent of a charge density of the insulated polymer surface 
because of OH– adsorption20. 

Electrowetting on a conductor (EWOC) has a direct con-
tact of the electrolyte aqueous solution with the conductive 
electrode surface (Fig. 1–b and c). EWOC systems apply a 
voltage of 2 V or less, being much lower than the voltage 
for EWOD. For an EWOC system of an aqueous solution 
droplet on an electrode in air (Fig. 1–b with a counter elec-
trode in the droplet) or an oil droplet on an electrode in an 
aqueous solution (Fig. 1–c with reference and counter elec-
trodes in an aqueous medium), the potential dependence 
of the interfacial tension () at the solid elec-
trode/electrolyte aqueous solution (S/W) interface is the 
cornerstone of droplet shape regulation. The non-faradaic 
phenomenon that the interfacial tension at a S/W interface 
(S/W) depends on the electrode potential is called electro-
capillary, and it can control  of a droplet repeatedly through 

the change of S/W. The non-faradaic control of EWOC can be 

enhanced by potential-dependent intercalation or adsorption 
of anions at the S/W interface22–25. Faradaic processes have 
been used in some EWOC systems to achieve the locomo-
tion of the droplet on the electrode surface. For example, 
Mukouyama and Shiono demonstrated a movement of a 
nitrobenzene droplet on a Au electrode in water in the 
same configuration as Fig. 1–c, where the interfacial ten-
sion change brought about by Sn electro-deposition on the 
Au electrode drives the movement26. A local unbalance of  
of the droplet originated from the fact that the interfacial 
tension increases with the Sn electro-deposition at one 

side of a droplet but decreases with the hydrogen genera-
tion at the opposite side. Arscott demonstrated a sponta-
neous movement of a HF aqueous solution droplet on the 
silicon wafer surface in air in the configuration of Fig. 1–b27. 
An inhomogeneous increase of  is induced by a progres-
sive chemical oxidation of H-terminated silicon surface by 
HF. Note that these redox-driven locomotions are not re-
peatable but have limited durability.  

Regardless of which processes, non-faradaic or faradaic 
ones, are used, EWOC appears as a promising system to 
perform a locomotive droplet using the configuration of 
Fig. 1–c. There are, however, some drawbacks to drive the 
locomotion. The most serious one is the presence of plat-
eau regions of  in which  remains constant in an elec-
trode potential region around the potential of zero charge 
(pzc)23, 25, 28. In these plateau regions, the adhesion energy 
W and the static friction energy F of a droplet limit its 
shape change. For the locomotion of a droplet by electro-
chemical control, our better choice is the oil that can exhib-
it smooth motion without getting stuck to the surface by a 
fine control of electrode potential. The adhesion energy W 
is defined as the work per a unit area required to detach an 
oil droplet (O) from a solid surface (S) in an aqueous me-
dium (W), and it is given as the Dupré equation as29: 

 

W = O/W + S/W – S/O    (1) 

 

Using the Young’s equation representing a contact angle 
t which is attained when any friction is not working:  

 

𝛾S/W  =  𝛾O/W cos 𝜃t  +  𝛾S/O (2) 

 

Eq. (1) can be rewritten as the Young-Dupré equation: 

 

W =  O/W(1+cost)   (3) 

 

 

 

 

Figure 1. Typical configurations of electrowetting: (a) an electrolyte aqueous droplet in a gas phase (G) on an insulating poly-
mer film on an electrode surface, (b) an electrolyte aqueous droplet in G directly on an electrode surface, and (c) an water-
immiscible oil droplet in an electrolyte aqueous solution on an electrode surface. For each system, Young’s equation is given 
with interfacial tensions, , and phase notations of water phase (W), solid substrate (S), and oil (O). Upon voltage application, 
only S/W is exclusively a subject of direct control. 



 

When the contact area changes in the electrowetting be-
havior with the contribution of F, Eq. (2) should be modi-
fied, in order for the interfacial tension balance at the foot 
edge of an oil droplet at S/W interface to be considered24, 
as 

 

𝛾S/W =  𝛾O/W cos 𝜃e  +  𝛾S/O + 𝐹 (4) 

 

 

 

Figure 2.  Droplet shape change with a contribution of a static 
friction energy F working in a receding process of electro-
wetting behavior. 

where e is an experimental value obtained by the contact 

angle measurements.  F works in an opposite direction against 

the motion of the three-phase contact line in the electrowetting 

behavior as shown in Fig. 2.   

Mertens and coworkers evaluated the changes of W and 
F for an aqueous electrolyte solution droplet on the elec-
trode surface in air (configuration of Fig. 1–b)24. They used 
a boron nitride monolayer-modified Rh(1 1 1) electrode, 
where the hydrogen intercalation to the boron nitride lay-
er takes place. They ascribed the changes to structure 
changes of the electrode surface with hydrogen intercala-
tion.   

The focus of this work is on the optimization of W and F 
to achieve more active EWOC in water giving smooth mo-
tion with insignificant plateau regions of  at the electrode 
potentials around pzc. Because the origin of the plateau 
region has not been well understood, the clear solutions to 
the problem have not found. The aim of this work is at the 
quantitative evaluation of F and to provide a guideline to 

achieve plateau-less EWOC movements of an oil droplet. The 

guideline would serve as a basis of the techniques for realizing 

smooth on-surface locomotion of the droplet. To uncover the 
factors that limit the change of  of an oil droplet, we com-
pare the electrowetting behavior of a hydrofluoroether 
solvent Novec 7100™ (Novec) droplet with that of hexade-
cane (HD) droplet in water. In our previous paper25, we 
studied the electrowetting of a HD droplet on a Au(1 1 1) 
electrode in water with concurrent specific adsorption Br–. 
We found that the electrode potential dependence of  of a 
HD droplet follows an electrocapillary equation. Specific 
adsorption of Br– at the potential region between 0.0 V and 

+0.8 V as an atomic-level surface structural change of the 
electrode could be an additional driving force of the elec-
trowetting, because the specific adsorption largely lowers 
S/W. The specific adsorption causes a change of the surface 
charge density of the electrode and its potential depend-
ence. As a result, the HD droplet is repelled from the sur-
face at the potential region between 0.0 V and +0.8 V 
where the specific adsorption of Br– anions takes place.  
We also found the appearance of plateau potential regions 
of  for a HD droplet on the Au(1 1 1) electrode surface at 
the potentials both sides of pzc. 

Referring to Eq. (3), W is greater with increasing cos 
value and thus with wider spreading of the droplet. There-
fore, an oil droplet with lower O/W attains more active and 
repeatable electrowetting at the S/W interface around   
90º with narrower plateau regions.   

Referring to Eq. (4), F represents the tendency of a drop-
let to resist the change of the contact area between an oil 
droplet and the electrode (O/W) surface in the electro-
wetting process.  Again, a lower O/W is expected to show a 
shape change without both such plateau regions of  and a 
hysteresis that a HD droplet showed.   

In this study, we used a Novec droplet and explored its 
electrowetting on a Au(1 1 1) electrode.  Using Novec as a 
liquid of low O/W, we compared the  – E (electrode poten-
tial) curve of Novec droplet with that of a HD droplet and 
discussed the effect of W and F on the electrowetting of the 
two liquid on the Au electrode surface. As a new approach, 
a theoretical electrocapillary curve was calculated from 
experimental surface charge–E curve and was compared 
with an experimental cos – E curve to obtain F. 

 

 

EXPERIMENTAL SECTION 

Materials 

The reagent grade HD was obtained from TCI.  Novec 
7100™ is a mixture of 95% n-C4F9OCH3 (methyl no-
nafluorobutyl ether) and 5% i-C4F9OCH3 (methyl no-
nafluoroisobutyl ether); we used this Novec from 3M Japan 
as obtained. Its properties are summarized in Table 1. Its 
solubility to water of 12 ppm (wt.) and water-solubility to 
Novec of 95 ppm (wt.) are also known30. Water was puri-
fied through a Milli-Q integral (Millipore) to a resistivity 
over 18 M cm. Potassium perchlorate (KClO4) of the 
highest reagent grade from Wako was recrystallized three 
times from water and was dried in vacuo. Ar gas was of 
99.9995% purity.  All other chemicals were of the highest 
reagent grade commercially available and were used as 
received. 

A rod of cylindrical single crystal Au with a (1 1 1) sur-
face base with an area of A = 0.272 cm2 was purchased 
from Techno Chemics Inc. Immediately before its use as a 
working electrode, it was flame-annealed and quenched by 
water. A Ag/AgCl electrode in saturated KCl solution 
served as a reference electrode, and a coiled Au wire 
served as a counter electrode. The quality of the Au(1 1 1) 
electrode was examined by comparing its cyclic voltam-
mogram (CV) and differential capacitance-potential (C–E) 



 

curve in 50 mM KClO4 solution with those in a previous 
report31. 

 

Table 1.  Properties of HD and Novec. 

  HD Novec 7100TM 

O/Air (mN m-1) 27.6 a 10.1f, 13.6 f 

O/water (mN m-1) 53.3b 40 

density (g mL-1) 0.77c 1.37f 

viscosity (mN s-2 m-2) 3.591d 0.37f 

a) from ref. 32, b) from ref. 33, c) from ref. 34 d) from ref. 35, 
and f) from ref. 36. 

 

 

Electrochemical measurements 

A quartz electrochemical cell was cleaned in a boiled sul-
furic acid + nitric acid mixture and rinsed with a copious 
amount of purified water.  The reference electrode was set 
in a separate compartment, which was connected to the 
main compartment through a liquid junction bridge. All the 
voltammetric measurement were made by setting the 
Au(1 1 1) electrode in a hanging-meniscus configuration to 
the electrolyte solution under a wetted Ar atmosphere in a 
Faraday cage at room temperature (22±2°C). We used 
50 mM KClO4 aqueous solution as the base solution. 

A 1.0 L droplet (< 3 mm) was deposited on a Au(1 1 1) 
electrode surface using a procedure called Procedure B as 
described in our previous publication 25;  a 1.0 L droplet 
was deposited using a micro syringe in air after a flame 
annealing treatment of the electrode. 

Electrode potentials were controlled by a potentiostat 
(HUSO Electro Chemical System, HECS 9002) connected 
with a function generator. C-E curves were obtained from 
the ac voltammograms assuming an equivalent circuit of a 
capacitance of C and a resistance in series; C was equated 
to [−2f Im(Z)] −1, where f = 14 Hz is the ac frequency of the 
ac potential modulation with an amplitude of 5 mVrms and 
Im(Z) is the imaginary part of the ac impedance. For ac 
measurements, a lock-in amplifier (EG&G Instruments, 
model 7265) was employed. 

A set of surface charge density (M) -electrode potential 
(E) curves for a bare Au(1 1 1) electrode were obtained by 
potential step train chronoamperometry followed by cur-
rent integration using the well-established protocol37. First, 
the initial potential Ei was applied. Then, the potential step 
was given to Ef = E + Ei. The potential step width, E, may 
be positive to introduce adsorption process or negative to 
desorption process. The transient current was recorded as 
a function of time and integrated with respect to the time.  

 

In situ contact angle measurements 

For the measurements of e of a 1.0 L droplet in aque-
ous electrolyte solution, the image of the droplet on the 
electrode in the cell was captured by a digital microscope 
(J500-extreme). The obtained image was distorted by the 
curvature of the vertically-cylindrical electrochemical cell 

glass wall. The captured images were corrected in refer-
ence to a standard image of a perfect-sphere model ball 
lens (TECHSPEC N-BK7) of nearly the same size of the 
droplet to evaluate e; the correction was to compress the 
horizontal lengths in the images by ×0.78 (Figure S1-a). 
The value of e of the liquid droplet was evaluated graph-
ically as shown in Figure S1-b.  Note that, as described in 
our previous publication25, because the droplet diameter in 
this study was always smaller than the capillary length 
(1.8 mm)38, the gravity affects the shape of a smaller drop-
let negligibly. 

 

 

RESULTS AND DISCUSSION 

Electrowetting: HD on Au(1 1 1) electrode 

First, we will show the fact that rather the large adhe-
sion energy W and the static friction energy F limit the 
electrowetting behavior of a HD droplet on a Au(1 1 1) 
electrode around pzc. This fact will be the basis of our 
comparison of electrowetting behavior between Novec and 
HD as well as the discussion on the effect of W and F in 
section 3.2. 

Recall that, in the Young’s equation (Eq. 2), the value of 
t is a theoretical value that can be experimentally realized 
only when F = 0. Because O/W and S/O are potential-
independent constants in our system, S/W is linear to cost. 
This relationship is observable when the interfacial ten-
sion balance establishes an equilibrium without any hyste-
resis.  In such a case, the potential-dependent dynamics of 
S/W could be observed as a time-change of cose approach-
ing to cost.  Using constants of a and b, if cose differs little 
from cost, we can write 

 

cos 𝜃e  =  𝑎 𝛾S/W(E )  +  b        (5) 

 

Eq. (5) demonstrates that cose–E plot should have almost 

the same curve shape as a S/W–E plot, the electrocapillary 

curve.  When e = t, the constant a corresponds to 1/O/W and 

b does to –S/O/O/W. Note that S/W and S/O are not directly 

measurable at a solid electrode.  The electrocapillary equation 

describes S/W on an electrode surface as39: 

 

−dγS/W = σMdE        (6) 

 

where E is the electrode potential in reference to the pzc. 
In general, a M–E curve is obtained from a potential step 
train chronoamperometric measurement as mentioned in 
the experimental section. Once M–E curve is obtained, Eq. 
(6) permits us to obtain S/W–E curve by the integration of 
M–E curve with respect to E, where S/W is the relative 
value of S/W with respect to that at a base potential. The 
obtained S/W–E curve is regarded as a theoretical cost–E 
curve. The electrocapillary curve (S/W–E plot) shows a 
shape of an inverted parabola as a whole as a function of 
the electrode potential when no adsorption of solute takes 
place. The potential of M = 0 is the potential of zero charge 



 

(pzc), and S/W takes maximum at pzc (+0.23 V for bare 
Au(1 1 1) electrode in 50 mM KClO4 aqueous solution).  

As shown in Eq. (3), W steeply increases when the drop-
let spread wider through cose  0. In addition, the droplet 
is difficult to change its shape if F works. F appears as a 
mechanical factor to limit the electrowetting as shown in 
Eq. (4). On the basis of this, comparison between the ex-
perimental cose–E curve and the cost–E curve (the 
S/W–E curve which is theoretical value of integrated M–E 
curve of the bare Au(1 1 1) electrode in the potential step 
chronoamperometric measurements) should uncover the 
effect of F on the electrowetting behavior. 

The values of M and e at a given potential are sensitive 
to the surface condition such as surface reconstruction 
structures. The value of cose of a HD droplet at the S/W 
interface is determined by the balance of the interfacial 
tensions at a three-phases contact line. Among them, S/M is 
the same as that at the surface area away from the contact 
line.  Therefore, we use the value of M of the bare elec-
trode without oil droplet. An essential variable describing 
S/W interface is the surface charge density, M. Therefore, 
we proposed to describe  as a function of M of the bare 
Au(1 1 1) electrode instead of as a function of the electrode 
potential25.  

 

 

Figure 3.  (a) M–E curve of bare Au(1 1 1) electrode in 50 
mM KClO4 aqueous solution.  (b) S/W–E curve calculated 
from M–E curve given in (a). Each value was integrated from 

the initial potential +0.40 V. (c) Experimental cose–E curve of 
HD 1.0 L droplet on Au(1 1 1) electrode surface in KClO4 
aqueous solution. (d) M–E curve of bare Au(1 1 1) electrode 
in 5.0 mM KBr + 50 mM KClO4 aqueous solution.  (e) cost–E 
curve; theoretical S/W–E curve calculated from M–E curve 
(d). Each value was integrated from the initial potential +0.40 
V. (f) Experimental cose–E curve of HD 1.0 L droplet on 
Au(1 1 1) electrode surface in KBr + KClO4 aqueous solution. 
The experimental data (a), (c), (d) and (f) were obtained in 
negative potential step measurements; the initial potential 
(Ei) was fixed at +0.40 V to obtain the data points of negative-
going to –0.60 V as final potentials (Ef). 

 

In Fig. 3, the M–E curves were obtained at a bare 
Au(1 1 1) electrode in KClO4 aqueous solution (Fig. 3–a) or 
KBr (5 mM) + KClO4 solution (Fig. 3–d) in negative poten-
tial step measurements in the absence of HD. The S/W–E 
curves (Fig. 3–b and e) were calculated from these M–E 
curves (Fig. 3–a and d, respectively). The cose–E curves of 
a HD 1.0 L droplet on the Au(1 1 1) electrode surface in 
KClO4 aqueous solution (Fig. 3–c) or KBr + KClO4 solution 
(Fig. 3–f) were measured by negative potential steps. Inte-
gration of M–E curves to obtain S/W–E curves were made 
by setting the initial potential +0.40 V.  

The plateau regions were observed from 0.00 V to +0.40 
V in KClO4 solution (Fig. 3–c) and from –0.22 V to 0.00 V in 
KBr + KClO4 solution (Fig. 3–f). In these regions, the drop-
let showed the widest spreading so that cose and W 
showed the greater values than those at other potentials. 
As shown in Fig. 2, when the difference between S/W and 
S/O reaches the maximum value of F, the droplet begins to 
change its shape in electrowetting. The smaller value of 
cose than cost is caused by F. Therefore, F reflects in the 
difference of the appearance of plateau regions in between 
S/W–E curve and cose–E curve. Taking a close look at the 
S/W–E curve in the plateau potential range of cose, we 
found that the greatest span of the S/W change therein 
was 1.2 mN/m in Fig. 3–b and 2.6 mN/m in Fig. 3–e. It 
turns out that the value of F working in the potential re-
gion E > pzc is 2.6 mN/m at a maximum in KBr solution. In 
other words, the change of S/W needs over 2.6 mN/m to 
show the shape change of the HD droplet on the Au(1 1 1) 
surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Electrowetting: Novec on Au(1 1 1) electrode 

 

 

Figure 4. Voltammograms for a Novec 1.0 L droplet-attached 
Au(1 1 1) electrode in 50 mM KClO4 aqueous solution: (a) CV 
at a potential sweep rate of 20 mV s–1, (b) C–E curve at a 
sweep rate of 5 mV s–1. The gray lines in (a) and (b) were ob-
tained for a bare Au(1 1 1) electrode without HD.  (c) e–E 
curve obtained by potential sweep method at v = 10 mV s–1. 

 

In previous section, F is evaluated for HD on a Au(1 1 1) 
surface to be 2.6 mN/m. The value of W is largely deter-
mined by O/W so that W at a given e for Novec will smaller 
than that of HD. This estimation promises a narrower plat-
eau region of e for a Novec droplet at positive potentials 
to pzc than that of a HD droplet. 

In this section, we describe an electrowetting behavior 
of a Novec droplet to experimentally uncover the effect of 
its lower W to Au(1 1 1) electrode surface. Fig. 4 shows 
typical CV, C–E curve, and e–E curve for a 1.0 L droplet of 
Novec in 50 mM KClO4 aqueous solution. Both CV and C-E 
curve (Figs. 4–a and 4–b) were measured by setting an 
initial potential at +0.6 V. In Fig. 4–c, e was tracked by 
scanning 0.0 V → –0.7 V → +0.7 V → 0.0 V. An appearance 
of a couple of CV peaks around +0.07 V (Fig. 4-a) and a 
change of the capacitance level in the range of 0.00 V to 
0.14 V (Fig. 4–b) are of the same features as that we ob-
served for a 1.0 L droplet of HD (Fig. 1-a in our previous 
paper25). The appearance of low capacitance regions in 
both CV and C–E curve is indicative of the formation of 
Novec microdroplets around the 1.0 L droplet. The elec-
trode surface area covered by the 1.0 L droplet, which 
was ca. 10% at the potential between +0.10 V and +0.70 V, 
was much less than the covering area of ca. 75% as calcu-
lated from the decrease of the differential capacitance. The 
presence of many tiny microdroplets forming around the 
1.0 L droplet resolves this discrepancy. It has been also 
the case for HD a 1.0 L droplets, and the presence of HD 
microdroplets was confirmed by the fluorescence micros-
copy25. Upon immersion of the electrode with a hanging 
droplet of HD and Novec in water from a gas phase, the 
contact area of the droplet to the electrode surface largely 
decreases; this movement of the 1.0 L droplet leaves a 
number of microdroplets. For both Novec and HD, such 
microdroplets dominate the electrochemical responses. 
These microdroplets were formed in the process that a 
1.0 L droplet put on the electrode in air was brought into 
contact with the aqueous electrolyte solution. Because the 
interfacial tension at Novec/water interface (40.0 mN/m 
as we measured using the Wilhelmy plate method) is larg-

er than the interfacial tension at Novec/air interface (10.1 
mN/m), a Novec droplet repels the surface, and these mi-
crodroplets remain at the S/W interface. As mentioned in 
our previous paper25, these microdroplets are exclusively 
found in the Au/solution interface portion that has never 
been swept by the 1.0 L droplet under potential control. 
These microdroplets hardly coalesce with the 1.0 L drop-
let and never affect the potential-dependent shape change 
of the 1.0 L droplet.  

The initial value of e of Novec at 0.00 V before the po-
tential sweeping (64°) was smaller than the value of e of a 
HD droplet (67°), because the interfacial tension at 
Novec/water interface (40.0 mN/m) is smaller than the 
interfacial tension at HD/water interface (53.3 mN/m). 
When sweeping the potential from 0.00 V to negative, the 
value of e of a Novec 1.0 L droplet began to increase 
from 65° at −0.30 V to 115° at −0.70 V (Fig. 4–c). After the 
turning of the potential scan to positive, the decrease in e 
occurred between –0.30 V and +0.40 V. At the negative 
potential region, the greater e change (from 65° at –0.30 V 
to 115° at –0.70 V) was observed for Novec than for HD. 
The smaller O/W value for Novec than that for HD causes a 
greater change of e, because such a change is needed to 
balance with S/O and S/W. The hysteresis in the negative 
potential region was of a greater extent for Novec than for 
HD. This hysteresis is caused by F, because the both shape-
change processes of repelling and spreading take place in 
opposite direction to each other. Thus, the hysteresis 
width of e reflected excess surface energy equivalent to 2F. 
In addition, the hysteresis width may be apparently en-
larged by a sluggish surface reconstruction of the elec-
trode25 from (√3×23) to (1×1) in positive potential step 
direction around –0.2 V. The potential range of the re-
markable hysteresis roughly accords with the region of the 
occurrence of surface reconstruction at the negative poten-
tial than pzc. This surface reconstruction has a longer re-
laxation time than 10 s so that the potential scan at 10 
mV/s cannot realize an equilibrium state. The atomic-level 
reconstruction structure of the electrode surfaces resulting 
in the hysteresis also depends on whether the potential 
was scanned to negative or positive direction. 

 

 



 

 

Figure 5. (a) cose–E plots obtained by potential step in nega-
tive direction for a Au(1 1 1) electrode with a Novec 1.0 L 
Droplet (close circles) and a HD 1.0 L droplet (open circles) 
in 50 mM KClO4 solution. (b) cose–E plots obtained by poten-
tial step in positive direction (black circles) with an underlay-
er cose–E plot in negative direction (gray circles) copied from 
panel (a). The initial potential, Ei, which is the base potential 
for the step train, was 0.40 V (HD) and 0.80 V (Novec) for the 
steps to negative-going process, whereas Ei = –0.60 V (HD) 
and –0.80 V (Novec) for the steps to positive-going process. 
(c) Theoretical S/W–E plot calculated as same plot in Fig. 2–b. 
(d) Calibrated photographs of a Novec droplet at Au(1 1 
1)/water interface at -0.70 V (D1), +0.10 V (D2), and +0.80 V 
(D3) as shown in panel (b). (In this case, the Novec droplet 
contained a small Ar gas bubble captured in immersion pro-
cess to water, whereas it did not affect experimental results). 

 

To suppress the contribution of kinetics to the hysteresis 
in Fig. 4–c, we conducted the potential step measurements 
of e to obtain Fig. 5–a and b. The potential step approach 
enables us to find e values of near equilibrium states at 
constant potentials, although the potential step direction 
remains as a factor. Fig. 5–a shows cose–E curve for the 
Novec 1.0 L droplet on a Au(1 1 1) electrode obtained by 
potential step experiments in negative-going direction 
(closed circle). The cose–E curve for a HD droplet was 
superimposed as open circles. The same procedures were 
used to obtain the cose–E curve of the HD droplet (Fig. 3–
c). Fig. 5–b shows the data in positive-going direction. For 
Novec, smaller hysteresis depending on the direction of 
the potential step was observed in the range between –
0.80 V and +0.20 V in the cose–E curve (Fig. 5–a and b) 
than in the potential-scan cose–E curve (Fig. 4–c). The 
value of cose of the Novec droplet decreased at more posi-
tive potential than pzc. The decrease even in the absence of 
Br– is because of positive surface charge and more orders 
orientation of adsorbed water molecules. The obtained 
cose–E curve of the Novec droplet was likely a parabolic 
curve in contrast to that of a HD droplet. As mentioned 
above, W of a Novec droplet to the Au(1 1 1) electrode sur-
face is smaller than that of a HD droplet at a given potential. 
This fact resulted in a narrower plateau region around pzc 
(from 0.00 V to +0.30 V). A close comparison between Fig. 
5–a and c in the plateau regions of cose revealed that the 
S/W change was less than 0.95 mN/m. This value is 
smaller than that observed with HD (2.6 mN/m). An addi-
tional work of 0.95 mN/m is needed for S/W to exceed F of 
a Novec droplet on Au(1 1 1) surface at +0.15 V. 

Especially, a Novec droplet repelled from the Au surface 
at E > pzc as shown in Fig. 5–a and b. Both W and F of a 
droplet limited the electrowetting phenomena around pzc. 
The Novec droplet with a lower O/W produced the cose–E 
curve with smaller hysteresis and a narrower plateau re-
gion than that of a HD droplet.  Novec has smaller F than 
HD and showed smaller hysteresis than HD in the potential 
step experiments. However, Novec showed greater hyste-
resis in the negative potential region in the potential 
sweep experiment. Generally speaking, potential sweep 
enhances hysteresis, making the evaluation of the effect of 
F difficult. The reason remains unresolved. 

 

 

 

 

 

 

 

 

 



 

 

Figure 6. (a) cose–E curve obtained by potential step for a 
Au(1 1 1) electrode with a Novec  1.0 L droplet in 50 mM 
KClO4 solution (opened circles) and in 5.0 mM KBr + 50 mM 
KClO4 solution (closed circles) in positive-going process.  (b) 
cose–E curve of a Novec 1.0 L droplet with (closed circles) 
and without KBr solution (opened circles) in negative-going 
process. The initial potential, Ei, which is the base potential for 
the step train, was –0.70 V for the steps to positive-going pro-
cess, whereas Ei =+ 0.60 V (with KBr) and Ei = +0.80 V (with-
out KBr) for the steps to negative-going process. 

 

The effect of the specific adsorption of anion on cose of 
a low-F oil droplet has never been investigated. On the 
other hand, the remarkable effect of the presence of Br– on 
the cose–E curve of HD was demonstrated in Fig. 3. To 
highlight the effect on Novec, using the same concentration 
of KBr (5.0 mM) as in Fig. 3 in 50 mM KClO4 aqueous solu-
tion, cose–E relationship for a Novec 1.0 L droplet on a 
Au(1 1 1) electrode surface was plotted in Fig. 6 and com-
pared to that without KBr. The cose–E curves were ob-
tained by potential step for a Au(1 1 1) electrode with a 
Novec 1.0 L droplet in KClO4 solution (opened circles) 
and KBr + KClO4 solution (closed circles). In the presence 
of Br–, the maximum values of cose appeared at -0.05 V in 
positive direction step and –0.10 V in negative direction 
step. The potentials of maximum cose shifted to negative 
potential from that in the absence of Br–. The values of 
cose at the more positive potentials than the maximum 
were smaller than those without Br–. These results showed 
that S/W decreases because of the specific adsorption of 
Br– on S/W interface so that the droplet repels from the 
S/W interface in positive potential region. Plateau regions 
appeared at +0.30 V< E < +0.60 V (in positive direction 
step) and 0.00 V< E < +0.60 V (in negative direction step). 
When cos e reached to –0.5, it did not change. In this po-
tential region, the change of S/W is so small that the droplet 
did not change its shape. The obtained cose–E curve of a 
Novec droplet with smaller W than that of HD to Au(1 1 1) 
electrode was in line with a parabolic electrocapillary 
curve. In contrast to a HD droplet, we found disappearance 
of the plateau region near pzc and expansion of the flat 
region over 0.3 V for a Novec droplet at the same level of 
cose as in the negative potentials. 

 

 

CONCLUSIONS 

The electrowetting of a hydrofluoroester solvent Novec 
of a low O/W was examined as a droplet on a Au(1 1 1) 
electrode. The adhesion energy W and the static friction 
energy F as a factor to limit the electrowetting are smaller 

with lower O/W. Because of smaller W with Novec, the 
plateau potential region, in which e does not change 
around pzc, is narrower than that of a HD droplet. Com-
bined use of the S/W–E curve obtained from experimental 
M–E curve and the experimental contact angle as a func-
tion of E enabled us to obtain F = 2.6 mN/m for HD and F = 
0.95 mN/m for Novec.  Because of smaller F, the value of e 
of a Novec droplet increased at more positive potential 
than pzc even in the absence of specifically adsorbed Br–. 
Therefore, a choice of a low O/W liquid should be consid-
ered to have plateau-less EWOC that can be smoothly con-
trolled by the electrode potential. This work has left two 
important questions to be answered: i) why the potential 
sweep really enhances the hysteresis compared to the po-
tential step, and ii) why the amplitude of the e-change of 
Novec is smaller than that of HD. We are currently under 
further study.   
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Figure S1.  Photograph of the droplet at the electrode/water interface and the schematic image of meas-

uring the contact angle of the droplet. (a) Compressed image in horizontal length by 

×0.78. (b) Schematic image to measure the contact angle, . 

 

 


