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ABSTRACT: Controlling the pinning of organic droplets on solid
surfaces is of fundamental and practical interest in the field of material
science and engineering, which has numerous applications such as
surface cleaning, water treatment, and microfluidics. Here, a rapid in
situ control of pinning and actuation of organic droplets is
demonstrated on dodecylbenzenesulfonate-doped polypyrrole (PPy-
(DBS)) surfaces in an aqueous environment via an electrochemical
redox process. A dramatic change of the pinning results from the
transport of DBS− molecules between the PPy(DBS) surface and the aqueous environment, as well as from a simultaneous
alternation of the surface oleophobicity to organic liquids during the redox process. This in situ control of the droplet pinning
enables a stop-and-go droplet actuation, applicable to both polar and apolar organic droplets, at low voltages (∼0.9 V) with an
extremely low roll-off angle (∼0.4°).
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1. INTRODUCTION
Surfaces found in nature exhibit various liquid affinities that
enable their specific functions. For instance, lotus leaves show
an ultralow resistance to water droplets so that they easily roll
off the leaves and spontaneously remove debris from the
surface.1 Similar to the lotus, certain species of fish are covered
with superoleophobic scales that repel oil contaminants found
in water.2 In contrast to these examples, surfaces found on the
petal of a rose exhibit a strong pinning effect when in contact
with liquids.3 Inspired by nature, researchers have designed and
fabricated various artificial surfaces with desirable droplet
pinning for a wide range of applications, including self-
cleaning,1,4−6 frictional drag reduction,7−11 antifouling,12−14

antifrosting/icing,15−17 and droplet manipulation.18−21 Nowa-
days, surfaces with controllable droplet pinning have gained a
great deal of attention for their applications in microfluidics,
lab-on-chip devices, sensors, and water treatments.22−28

Researchers have developed various methods to manipulate
the pinning of liquid droplets on surfaces via the application of
external stimuli such as light,29 heat,30 electrical potential,31

magnetic field,32 and mechanical stress,33 as well as through the
modulation of the pH34 or surfactant concentration35 of the
surrounding liquid medium. According to the Furmidge
equation,36 the pinning force of a moving droplet on an
inclined surface is represented as

α γ θ θ= −mg wsin (cos cos )R A (1)

where m is the mass of the droplet, g is the constant of
gravitational acceleration, α is the roll-off angle, w is the width
of the droplet, γ is the interfacial tension between the droplet
and the surrounding medium, and θR and θA are the receding
and advancing contact angles of the droplet. It reveals that both

the interfacial tension (γ) of a liquid droplet and the contact
angle hysteresis (θR − θA) affect the droplet pinning force on a
surface. However, existing approaches report the control of
droplet pinning by merely changing the wetting property of a
substrate (i.e., contact angle and contact angle hysteresis
resulting from the change of the interfacial tension of a solid
substrate with the surrounding medium),29−35 for instance,
from hydrophobic (oleophilic) to hydrophilic (oleophobic) or
vice versa but not the interfacial tension of a droplet with the
surrounding medium.
Here, we show a novel mechanism of achieving an in situ

control of the underwater-pinning of organic droplets using the
electrochemical redox process of dodecylbenzenesulfonate-
doped polypyrrole (PPy(DBS)) surfaces, enabled by a
simultaneous modulation of (1) the interfacial tension at the
solid−aqueous medium interface and (2) the interfacial tension
at the droplet−aqueous medium interface. We show that during
the reduction of the polymer, the interfacial tension of a droplet
with the surrounding medium decreases due to a release of
DBS− molecules from PPy(DBS), and the contact angle
increases due to an oleophobic tuning of the surface.
Conversely, we demonstrate that the interfacial tension
increases and the contact angle decreases during oxidation as
a consequence of the recombination of DBS− molecules with
the PPy(DBS) surface, in addition to the oleophilic tuning of
the surface. We furthermore show that the conversion between
reduction and oxidation enables an in situ control of the
pinning of organic droplets on a PPy(DBS) surface in an
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aqueous environment, demonstrating an extremely low roll-off
angle. Finally, we show that the control of the pinning on
PPy(DBS) surfaces is applicable to both polar and apolar
organic droplets.

2. EXPERIMENTAL SECTION
Synthesis and Redox of PPy(DBS). PPy(DBS) surfaces were

fabricated via electropolymerization on a Cr/Au-coated silicon
substrate. The Cr (30 nm) and Au (30 nm) coatings were deposited
on the silicon substrate using an e-beam evaporator (Explorer 14,
Denton Vacuum, Moorestown, NJ, USA). The PPy(DBS) films were
then electropolymerized on the Cr/Au-coated silicon substrate. During
the electropolymerization, the substrate was submerged in a solution
consisting of 0.1 M pyrrole (reagent grade, 98%, Sigma-Aldrich, St.
Louis, MO, USA) and 0.1 M sodium dodecylbenzenesulfonate
(NaDBS) (technical grade, Sigma-Aldrich, St. Louis, MO, USA) as
the working electrode. A saturated calomel electrode (SCE) (Fisher
Scientific Inc., Pittsburgh, PA, USA) and a Cr/Au-coated silicon wafer
were also submerged in the solution as the reference electrode and the
counter electrode. The deposition of PPy(DBS) on the Cr/Au-coated
silicon substrate was carried out at 0.8 V versus SCE by setting the
surface charge density to 300 mC·cm−2, using a potentiostat (263A,
Princeton Applied Research, Oak Ridge, TN, USA).37 The applied
surface charge density controlled the thickness of the PPy(DBS)
coating. The PPy(DBS) layer coated with a surface charge density of
300 mC·cm−2 was ∼1.6 μm thick. The substrate with the PPy(DBS)
coating was then cleaned by rinsing with deionized (DI) water. The
surface morphology of the PPy(DBS) coating was characterized via
scanning electron microscope (Auriga small dual-beam FIB-SEM, Carl
Zeiss, Jena, Germany) and atomic force microscope (Nano-I AFM,
Pacific Nanotechnology, Santa Clara, CA, USA). The reduction/
oxidation of PPy(DBS) was conducted in a three-electrode system in
0.1 M NaNO3 (≥99.0%, Sigma-Aldrich, St. Louis, MO, USA) solution
using constant voltages (263A, Princeton Applied Research, Oak
Ridge, TN, USA). During the reduction/oxidation, the PPy(DBS)-
coated substrate, a platinum mesh (13 mm × 35 mm), and an SCE
were used as the working electrode, counter electrode, and reference
electrode, respectively. A voltage of −0.9 V was applied to the
PPy(DBS)-coated substrate for the reduction of PPy(DBS) and a
voltage of 0.6 V was used for the oxidation, which were chosen
according to the cyclic voltammogram of the reduction−oxidation
reaction of PPy(DBS).37 The PPy films without DBS− doped were
synthesized in 0.1 M pyrrole solution at 0.8 V versus SCE with a
surface charge density of 300 mC·cm−2 and tested as control samples.
All solutions were prepared with DI water (>1 MΩ·cm, Milli-DI
system, EMD Millipore, Billerica, MA, USA).
Characterization of Droplet Pinning. The pinning of organic

droplets on PPy(DBS) surfaces was characterized according to the
roll-off angles of organic droplets in 0.1 M NaNO3 solution on top of
the PPy(DBS) surfaces in both reduced and oxidized states using a
goniometer system (model 500, Rame-́hart, Netcong, NJ, USA). The
configuration of the experimental setup is shown in Figure S1 in
Supporting Information. The PPy(DBS) samples were tested in a
quartz cell (45 mm × 30 mm × 45 mm deep) filled with 0.1 M
NaNO3. The counter electrode was a 13 mm × 35 mm platinum mesh,
which was vertically placed in the NaNO3 solution at a corner of the
quartz cell. An SCE was used as the reference electrode, which was
placed in the center of the cell. The contact angle and the profile of
organic droplets were also monitored using the goniometer system.
Dichloromethane (DCM, ≥99.8%, Sigma-Aldrich, St. Louis, MO,
USA), hexane (anhydrous, 95%, Sigma-Aldrich, St. Louis, MO, USA),
and octane (anhydrous, ≥99%, Sigma-Aldrich, St. Louis, MO, USA)
droplets were tested as the organic droplets.
Release of Surfactants. The release of DBS− molecules from

PPy(DBS) into the aqueous environment was investigated by two
methods. First, the energy dispersive X-ray spectroscopy (EDS)
(Auriga small dual-beam FIB-SEM, Carl Zeiss, Jena, Germany) was
used to measure the content change of sulfur (S) in the PPy(DBS)
surface during reduction, oxidation, and the cycles of redox,

respectively. The content (atom %) of sulfur during reduction (−0.9
V) and oxidation (0.6 V) was measured at 0, 5, 10, 50, 100, 500, and
1000 s. The content (atom %) of sulfur was also measured after 0, 1, 2,
5, 10, 20, and 50 redox cycles. In each cycle, the reduction was
conducted at a voltage of −0.9 V for 15 s and the oxidation was
achieved at a voltage of 0.6 V for 15 s. The beam energy was 5 kV, and
the analyzed area was ∼74 μm2. Second, a DCM droplet was placed at
a distance of 0.2 mm near a PPy(DBS) surface, which had been
reduced at a voltage of −0.9 V for 100 s. The change of shape of the
DCM droplet was monitored and used to calculate the change of
interfacial tension of the DCM droplet.

Droplet Manipulation. The transportation of a DCM droplet on
a PPy(DBS) surface was monitored using the goniometer system
(model 500, Rame-́hart, Netcong, NJ, USA). The PPy(DBS) surface
was tilted to 1.5°. Initially an oxidative potential (0.6 V) was applied
on the PPy(DBS) substrate. Then, the DCM droplet was dispensed on
the PPy(DBS) in a 0.1 M NaNO3 aqueous environment using a
dispensing syringe (∼1 μL). The working electrode potential was
adjusted in cycles of −0.9 V for 8 s and 0.6 V for 10 s using a
potentiostat (263A, Princeton Applied Research, Oak Ridge, TN,
USA). The shape and the contact angle of the DCM droplet upon the
repetitive PPy(DBS) redox cycles were monitored and recorded.

3. RESULTS AND DISCUSSION

Figure 1 illustrates the proposed mechanism and a
representative droplet behavior, showing an in situ control of
the pinning of a DCM droplet on an electropolymerized
PPy(DBS) surface (the surface morphology is shown in Figure
S2, Supporting Information) in an aqueous electrolyte

Figure 1. In situ control of the pinning of an organic droplet on a
PPy(DBS) surface. (a, c, d) At a voltage of 0.6 V, the PPy(DBS)
surface is oxidized and observably sticky to organic droplets. (b, e, f)
At a voltage of −0.9 V, the PPy(DBS) surface becomes slippery to
organic droplets due to a dramatic decrease of pinning force; this
decrease is caused by the simultaneous alternation of the surface
oleophobicity and the decrease of interfacial tension at the droplet−
aqueous medium interface, which are induced by the reorientation and
the desorption of surfactant (DBS−) molecules from PPy(DBS) during
the reduction, respectively. (g, h) The in situ control of the pinning of
dichloromethane (DCM) droplets on a PPy(DBS) surface in 0.1 M
NaNO3 solution. γSL, γSO, and γLO are the interfacial tensions at the
interfaces of PPy(DBS)−aqueous medium, PPy(DBS)−droplet, and
droplet−aqueous medium, respectively. Scale bars = 1 mm.
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environment (0.1 M NaNO3 solution) via a low-voltage (<1 V)
redox process. In an oxidized state, upon the application of a
voltage of 0.6 V (Figure 1a), the DBS− surfactant molecules
bond to the PPy chains via ionic bonding with polar sulfonic
acid groups, allowing the dodecyl chains to protrude out from
the polymer chains and constitute the surface layer. Since the
strongly hydrophilic (or oleophobic) polar sulfonic acid groups
are attracted to the polymer backbone and the hydrophobic (or
oleophilic) dodecyl groups situate to the external surface, the
oxidized PPy(DBS) surface exhibits a state of underwater
oleophilicity and strong pinning to organic droplets. For
example, the apparent contact angle of a DCM droplet is ∼32°
on the oxidized PPy(DBS) surface (the inset of Figure 1g) and
the droplet is strongly pinned on the surface; thus, it does not
move at all, even when the surface is tilted vertically (Figure
1g).
Upon the application of a voltage of −0.9 V (Figure 1b), the

PPy(DBS) surface exposed to the aqueous electrolyte is
reduced and absorbs cations from the electrolyte for charge
neutralization (Figure 1e).37 However, the surface area

underneath the droplet still remains oxidized due to the
absence of cations. The DBS− molecules in the reduced
PPy(DBS) no longer bond to PPy backbones; rather they
reorient within the PPy(DBS), exposing the hydrophilic (or
oleophobic) sulfonic acid groups at the outermost surface. This
change makes the reduced polymer surface hydrophilic (or
oleophobic) and consequently decreases the interfacial tension
at the PPy(DBS)−aqueous medium interface (γSL, Figure 1f).
As a consequence of the decreased γSL, the contact angle of the
droplet increases according to the Young’s equation, which is
represented as

θ
γ γ

γ
=

−
cos SL SO

LO (2)

where θ is the contact angle of a droplet, and γSL, γSO, and γLO
are the interfacial tensions at the interfaces of PPy(DBS)−
aqueous medium, PPy(DBS)−droplet, and droplet−aqueous
medium, respectively. In addition, although the majority of the
DBS− molecules are locked in the PPy(DBS) matrix due to the

Figure 2. Release of DBS− molecules from PPy(DBS). (a, b) Change in the atomic ratio of sulfur (S) to carbon (C) in the PPy(DBS) coating (S/C)
and the rate of change of the sulfur content remaining in the PPy(DBS) with respect to the initial state (S/S0) during continuous reduction and
oxidation mode, respectively. (c, d) Change in atomic ratio of sulfur (S) to carbon (C) in the PPy(DBS) coating (S/C) and the rate of change of the
sulfur content remaining in the PPy(DBS) with respect to the initial state (S/S0) during repetitive redox cycles (reduction for 15 s and then
oxidation for 15 s per cycle), respectively. (e) Comparison of the change in atomic ratio of sulfur (S) to carbon (C) in the PPy(DBS) coating (S/C)
during continuous reduction and that in repetitive reduction through redox cycles.
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bulkiness of volume,38−40 a minute amount of DBS− molecules
can escape from the PPy(DBS) surface during reduction and
accumulate at the interface between the organic droplet and the
aqueous medium (Figure 1e). This results in a significant
decrease of the interfacial tension at the droplet−aqueous
medium interface during the reduction (γLO), as indicated by
the flattening of the organic droplet on the reduced PPy(DBS)
substrate (the inset of Figure 1h). Once the contact angle
increases greater than 90° with the decrease of the interfacial
tension at the PPy(DBS)−aqueous medium interface (γSL), the
decrease of the interfacial tension at the droplet−aqueous
medium interface (γLO) further amplifies the change of the
contact angle according to eq 2. As shown in the inset of Figure
1h, the contact angle of a DCM droplet apparently increases to
140° upon reduction. Furthermore, the pinning force of the
organic droplet is also significantly decreased with the decrease
of the interfacial tension at the droplet−aqueous medium
interface and the increase of the surface oleophobicity
according to the Furmidge equation (eq 1) so that the droplet
becomes more mobile with less friction during movement. On a
stage with a tilting angle as low as 0.4°, the droplet slides off
from the reduced surface, showing the high slipperiness of the
surface (Figure 1h). The PPy(DBS) surface switches back to
the sticky state under oxidation via the reorientation/
absorption of DBS− molecules and the desorption of cations
out of the PPy(DBS) film (Figure 1c). Thus, the low-voltage
redox process of the PPy(DBS) surface enables an in situ
control of the underwater-pinning (i.e., from sticky to slippery
and vice versa) of organic droplets.
We used EDS analysis to examine the release of DBS−

molecules from the PPy(DBS) surface during the redox process
(described in detail in the Experimental Section). Although the
DBS− molecules in PPy(DBS) are reportedly retained in the
polymer during the redox and the electroneutrality is preserved
by the diffusion of cations according to a previous qualitative
study using probe beam deflection and quartz crystal
microbalance techniques,39,40 our quantitative EDS analysis
shows that DBS− molecules are gradually released from the
polymer matrix during the redox. As shown in Figure 2a, the
average atomic ratio of sulfur (S) to carbon (C) was
approximately 2.86% in the as-deposited PPy(DBS) samples,
which practically agrees with the ratio of S/C calculated
according to the chemical composition of PPy(DBS) (2.94%).
However, the ratio of S/C in PPy(DBS) films gradually
decreased to 2.76%, 2.60%, and 2.51% after a reduction for 10,
100, and 1000 s, respectively, while there was no significant
change in the ratio of S/C during oxidation. Since the sulfur (S)
in PPy(DBS) only exists in DBS− molecules, the content
decrease of sulfur confirms that DBS− molecules were released
from PPy(DBS) films during the redox process, particularly
during reduction. Figure 2b further shows the change of sulfur
(S) in PPy(DBS) in regard to the initial state (S0). The ratio of
sulfur to the initial state (S/S0) gradually decreased during the
reduction. After 1000 s of reduction, only 77% of the initial
sulfur (i.e., DBS− molecules) was retained in the PPy(DBS).
During the repetitive redox cycles (reduction for 15 s and then
oxidation for 15 s in each redox cycle), the ratio of S/C in
PPy(DBS) films also gradually decreased to 2.79% and 2.74%
after 5 and 50 redox cycles, respectively (Figure 2c). After 50
redox cycles, the content of sulfur (i.e., DBS− molecules) in the
PPy(DBS) decreased to 91% of the initial state (Figure 2d).
Compared to the decreasing rate of the content of sulfur during
continuous reduction, the release rate of DBS− during the

repetitive redox cycle was slower as shown in Figure 2e (e.g.,
the redox cycles of 1, 10, and 50 correspond to 15, 150, and
750 s for the total reduction time). This implies that some of
DBS− molecules, which had been released from PPy(DBS)
during the reduction process of the redox cycles, reentered into
the PPy(DBS) during the oxidation process and consequently
slowed down the release rate of the DBS− molecules.
To prove that the DBS− molecules released from the

PPy(DBS) surface accumulate at the interface between the
droplet and the aqueous medium, we examined the change in
the shape of a pendent DCM droplet located near the
PPy(DBS) surface immersed in the aqueous medium. In this
test, a PPy(DBS) surface was first reduced for 100 s and then a
pendent DCM droplet (∼1 mm in diameter) was placed near
the reduced PPy(DBS) surface at a distance of 0.2 mm (Figure
3a). The DCM droplet near the reduced PPy(DBS) surface

gradually changed from a spherical shape to a spindle in
approximately 7 s and then fell down from the needle, landing
on the PPy(DBS) surface at approximately 8 s. The initial
shape of the pendent droplet is retained by the equilibrium
between capillary force and gravity. Therefore, the shape
change and the fall of the droplet indicate a decrease in capillary
force, induced by the decrease of interfacial tension at the
droplet−aqueous medium interface. Since the DBS− molecules
(surfactants) in the aqueous medium decrease the interfacial
tension of a pendent DCM droplet with the surrounding
aqueous medium (Figure S3, Supporting Information), this
result provides further evidence of the release of DBS−

molecules from PPy(DBS) and their accumulation around

Figure 3. (a) Shape change and falling process of a DCM droplet,
placed at 0.2 mm away from a reduced PPy(DBS) substrate. The
dashed line indicates the location of a substrate surface. Spherical-cap-
like objects below the dashed line are the reflections of the droplet
from the PPy(DBS) surface. (b) Change of interfacial tension and
Bond number (Bo) during the falling process.
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the droplet−aqueous medium interface. Figure 3b shows the
change in the interfacial tension of a DCM droplet during the
falling process. The interfacial tension of the pendent droplet
before the fall was measured using a goniometer, based on the
Young−Laplace equation.41,42 The interfacial tension after the
fall was calculated based on a balance between the Laplace
pressure and the hydrostatic pressure of the droplet according
to the flattened droplet shape (Figure S4, Supporting
Information). The interfacial tension was significantly de-
creased from 27.8 to 3.6 mN·m−1 in approximately 7 s before
the droplet fell onto the PPy(DBS) surface. Once the DCM
droplet landed on the PPy(DBS) surface, it was flattened as
shown in Figure 3a. Here, the interfacial tension was further
decreased to 0.16 mN·m−1 due to additional accumulation of
the released and unconstrained DBS− molecules on the surface
of the DCM droplet. To estimate the time scale of the
desorption process of DBS− from PPy(DBS) and the
subsequent adsorption on a droplet, a pendent DCM droplet
(0.8 μL) in 0.1 M NaNO3, similar to Figure 3a, was placed in
close proximity to the surface of an initially oxidized PPy(DBS)
substrate (coated with a surface charge density of 300 mC·
cm−2). The gap between the droplet and the substrate was
∼0.03 mm to minimize the time for the diffusion of DBS−

molecules from the PPy(DBS) surface to the droplet in the
electrolyte. After a reductive voltage was applied to the
PPy(DBS) substrate, the droplet changed the shape in ∼3 s
and fell on the substrate. From this result, we estimate that the
total time of the desorption process of DBS− from PPy(DBS)
and the relaxation time of the adsorption process of DBS− on a
DCM droplet was approximately 3 s (Figure S5-a, Supporting
Information). We also found that a pendent DCM droplet in
0.1 M NaNO3 deformed and detached in ∼0.2 s when it was
contacted with a small amount of NaDBS solution (0.001 M)
(Figure S5-b, Supporting Information). This indicates that the
relaxation time of the adsorption process is quite shorter than
the response time of shape change of the DCM droplet on the
PPy(DBS) surface. Therefore, the desorption process of DBS−

from PPy(DBS) is primarily responsible for determining the
response time of shape change of the DCM droplet, and the
time scale of the adsorption process of DBS− to the droplet−
aqueous medium interface is negligible in the actuation
mechanism.
The significant decrease of the interfacial tension at the

droplet−aqueous medium interface has two implications. First
of all, the droplet flattens with a significantly decreased
interfacial tension. Figure 3b shows the change of the Bond
number (Bo) resulting from the decrease of interfacial tension
during the fall of a droplet. The Bo number is the ratio of the
gravitational and interfacial tension forces, defined by

ρ
γ

=
Δ

B
gR

o

2

(3)

where Δρ is the difference in density between the droplet and
the surrounding medium, g is the constant of gravitational
acceleration, R is the characteristic length (e.g., the radius of the
droplet), and γ is the interfacial tension of the droplet with the
surrounding medium (i.e., γLO).

43 A low Bo number (typically
smaller than 1) indicates that interfacial tension dominates over
gravitational body force so that the droplet would be spherical
in shape. In contrast, a high Bo number (typically larger than 1)
indicates that the system is more affected by gravitational force
than interfacial tension, resulting in a tendency of the

gravitational force to deform the spherical shape of the droplet.
As shown in Figure 3b, the Bo number gradually increased,
accompanied by the decrease of interfacial tension before
falling, indicating an increased effect of the gravitational force
on the droplet shape over time. Once the droplet falls onto the
PPy(DBS) surface, the Bo number increases intensely (i.e., Bo >
1), corresponding to a significant decrease of interfacial tension,
even though the DCM droplet size is ∼1 mm in diameter (the
capillary length43 of the droplet fallen on the PPy(DBS) surface
was estimated to be smaller than 0.36 mm). The change of Bo
number further explains the droplet flattening phenomena on a
PPy(DBS) surface during reduction. The flattening of an
organic droplet on conjugated polymers was previously
explained from different perspectives such as the electrical
double layer (EDL),44 the Marangoni effect,37 and the release
of surfactant dopants.45,46 In this work, we observed that apolar
organics such as hexane and octane also flattened (Figure S6,
Supporting Information), which cannot be explained by the
EDL hypothesis.44 In addition, as shown in Figure 3, the DCM
droplet flattened on top of a uniformly reduced PPy(DBS)
surface where the Marangoni effect could not be present due to
the lack of surface tension gradient along the surface. In
contrast, our results (Figures 2 and 3) indicate that the release
of surfactant dopants (i.e., DBS− molecules) from the
PPy(DBS) surface during reduction plays a major role in the
flattening of an organic droplet on surfactant-doped conjugated
polymers. Second, according to the Furmidge equation (eq
1),36 a significantly decreased interfacial tension at the droplet−
aqueous medium interface (i.e., γLO) results in a small roll-off
angle (0.4°) as shown in Figure 1d, which further confirms the
effect of reduced interfacial tension on the change of the
pinning state of the droplet on the reduced PPy(DBS) surface.
In Figure 4, we show the process of the contact angle change

of a sessile DCM droplet on the PPy(DBS) surface, upon
reduction for 15 s, from an initial 32° to 140° along with the
deformation of the droplet from a spherical-cap shape to an

Figure 4. (a) Change of contact angle of a DCM droplet on a
PPy(DBS) surface upon a reductive voltage of −0.9 V. Scale bar =
1mm. (b) The change of a contact angle can be categorized into four
different stages: (I) an initial slow increase, followed by (II) a rapid
increase, (III) a second slow increase, and (IV) a final stabilization.
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ellipsoid as discussed in Figure 1f. On the oxidized PPy(DBS)
substrate, the droplet retained the spherical-cap shape with
neither flattening nor a significant increase of contact angle
(Figure S7, Supporting Information). The change of a contact
angle of the droplet upon reduction can be categorized in four
different stages (Figure 4b): an initial slow increase (0−2 s),
followed by a rapid increase (2−3 s), a second slow increase
(3−12 s), and a final stabilization (12−15 s), which all relate to
the reduction process of PPy(DBS). As shown in Figure 4b, the
change of the chronoamperometric current after the reductive
voltage application depicts the change of the charges consumed
by the PPy(DBS) film,47 indicating the occurrence of the
electrochemical reaction of the PPy(DBS). The change of
current was intense at the beginning and became moderate as it
approached the background current after ∼3 s, implying the
completion of the reduction process of the PPy(DBS) film.
Therefore, the initial slow increase of contact angle corresponds
to the beginning of the reduction process of PPy(DBS), in
which the surface of PPy(DBS) is not fully reduced yet. With
the continued reduction of PPy(DBS) upon the voltage
application (2 s), the surface property significantly changes
near the droplet edge, and as a consequence, the contact angle
quickly changes. After the rapid increase (3 s), the change of
contact angle becomes slow again due to the moderate change
of current and eventually becomes stable. The switching time of
a droplet from the spherical-cap to the ellipsoidal shape was
affected by the droplet volume and PPy(DBS) coating
thickness. For the droplets between 0.7 and 6 μL, the switching
time on PPy(DBS) surfaces coated with 300 mC·cm−2 surface
charge density was 2−3 s, and the change was not remarkable
with respect to the droplet volume. However, when the
droplets were smaller than 0.2 μL, the switching time was
significantly decreased to less than 0.5 s (Figure S8-a,
Supporting Information). The change is due to the flattening
of smaller droplets requiring less surfactants, which could be
obtained in a shorter time. The thickness of PPy(DBS) coating,
which was controlled by adjusting the applied surface charge
density during electropolymerization, also affected the switch-
ing time of the droplet. As shown in Figure S8-b, the switching
time of 1 μL droplets on the PPy(DBS) surfaces increased with
the coating thickness from ∼0.4 s on ∼0.2 μm thick coating
(applied surface charge density, 50 mC·cm−2) to ∼2 s on ∼1.6
μm thick coating (applied surface charge density, 300 mC·
cm−2). We attribute this to a longer reduction process on the
thicker coating according to the current change. In addition, we
studied the effect of the location of the counter electrode on the
switching time. The switching time of 1 μL droplets on the
samples synthesized with 300 mC·cm−2 surface charge density
was ∼2 s, and the difference was not clearly observable when
the location of the counter electrode was changed in the range
of 45 mm in the tested quartz cell, as shown in Figure S8-c.
The changes of contact angle and interfacial tension at the

droplet−aqueous medium interface, along with the consequent
droplet pinning behaviors, are repeatable with the switch of an
applied voltage (by redox process). Figure 5a shows the change
of contact angle of a DCM droplet on PPy(DBS) under an
alternating application of voltage of −0.9 and 0.6 V. The DCM
droplet on the initially oxidized PPy(DBS) surface increased in
contact angle from 32° to 140° while the droplet became
flattened upon reduction of the PPy(DBS) surface; the contact
angle decreased back when the flattened droplet switched back
to a spherical-cap shape under oxidation of the PPy(DBS)
surface. The time scale for the change of contact angle and the

flattening of the droplet was approximately 3−6 s. This time
scale agrees with the change of the electric current during the
reduction and oxidation process, indicating that the change of
the surface property of PPy(DBS) is directly associated with the
reduction and oxidation process. We also tested DCM droplets
on the PPy produced in the absence of surfactants (DBS−)
during electropolymerization. The droplets did not exhibit any
change in their shapes or contact angles during the redox cycles
(Figure S9, Supporting Information). This control experiment
confirms the effect of surfactants on the change of droplet
pinning on the PPy(DBS) surface as discussed above. It should
be noted that during the multiple redox cycles, the contact
angle of a DCM droplet at oxidation gradually increased (e.g.,
from 32° to 41° in 10 cycles). We attribute this to the change of
surface roughness, the influx of water from the electrolyte into
the polymer, or the accumulation of surfactant dopants on the
polymer surface,35,48−50 which affects the contact angle. Figure
5b shows the changes of interfacial tension at the droplet−
aqueous medium interface of the DCM droplet on the

Figure 5. Control of underwater-pinning of DCM droplets on
PPy(DBS) surfaces under an alternating application of voltages of
−0.9 V (15 s) and 0.6 V (15 s). (a) Change of contact angle of a DCM
droplet and the electric current during redox cycles. The inset shows
the change of a droplet shape during the process. (b) Change of the
interfacial tension of the DCM droplet on a PPy(DBS) surface during
the redox process. (c) Repeatable switch of the DCM droplets
between pinning states and rolling states on a PPy(DBS) surface for
20 redox cycles.
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PPy(DBS) surface during the redox process. In the case of
reduction, the interfacial tension of the flattened droplet was
calculated according to the droplet shape using the same
method employed in Figure 3 (the method is illustrated in
Figure S4, Supporting Information). Since the droplet on the
reoxidized PPy(DBS) surface reverted back to a spherical-cap
shape (similar to the situation of the initial oxidized
PPy(DBS)), the interfacial tension of the droplet at the initial
state (i.e., 27.8 mN·m−1) was used in the case of oxidation
during the redox cycles. Upon reduction, the interfacial tension
at the droplet−aqueous medium interface decreased from 27.8
to 0.3 mN·m−1 and then increased back upon another oxidation
process as shown in Figure 5b. In a test of 20 redox cycles, the
DCM droplets on the PPy(DBS) surface showed a repeatable
switch between a pinning state (pinned at 90° tilting angle) and
a rolling state (roll-off angle, <0.4°) (Figure 5c).
We also investigated the controlled underwater-pinning of a

DCM droplet on a tilted PPy(DBS) surface (coated with a
surface charge density of 300 mC·cm−2) for a controlled
droplet transportation. As shown in Figure 6a, a DCM droplet
(1 μL) was initially pinned on an oxidized PPy(DBS) surface
with a tilting angle of 1.5° because the pinning force overcomes
the effect of gravity. The 1.5° tilting angle was chosen in order
to obtain an appropriate velocity for the droplet to move within
the camera’s field of view as the voltage was continuously
switched. Upon reduction, the DCM droplet became flattened
and began to slide down the PPy(DBS) surface, since the
pinning force is significantly decreased. The contact angle at a
front (advancing) side of a droplet increased to 173° (Figure
6b) as it slid down the reduced PPy(DBS) surface. The contact
angle at a rear (receding) side of a droplet also gradually
increased to 146° in 10 s (Figure 6b). Such high contact angles

indicate the underwater-superoleophobicity of the reduced
PPy(DBS) surface to the DCM droplet. Here, the contact angle
hysteresis is around 27°, which is relatively large in comparison
to typical slippery surfaces.4,22 However, the low interfacial
tension at the droplet−aqueous medium interface (∼0.3 mN·
m−1) promotes the low roll-off angle according to the Furmidge
equation (eq 1). With the movement of the droplet, the
PPy(DBS) surface initially underneath the droplet is exposed to
the electrolyte and further reduces with the absorption of
cations from the surrounding electrolyte. Therefore, the
reduction of the exposed PPy(DBS) surface follows the
movement of the back edge of the droplet. Whether the
reduction of the PPy(DBS) surface could catch up to the back
edge of a droplet or not depends on the reduction time of the
PPy(DBS) surface (∼3 s according to Figure 4) and the
moving velocity of the droplet. In this demonstration, the
average moving velocity of the droplet was ∼0.18 mm/s during
the first reduction process (i.e., the first 8 s) (Figure 6c).
Therefore, the reduction of the exposed PPy(DBS) surface
followed the back edge of the droplet with a gap of ∼0.54 mm
(i.e., 0.18 mm/s × 3 s) under a reductive voltage. Upon
oxidation at 8 s following the reduction, the droplet continued
sliding and stopped after 6 s (i.e., at 14 s). Meanwhile, the
droplet changed back to a spherical-cap shape and the contact
angles of both sides dramatically decreased to less than 32°.
With the continuous application of redox potentials (i.e., an
alternating application of voltages of −0.9 V (8 s) and 0.6 V (10
s)), the DCM droplet exhibited a process of successive moving
and stopping (Figure 6c). The switching time of ∼6 s between
moving and stopping is remarkably shorter than the previous
report (e.g., 53 s),49 which is attributed to the dramatic and
rapid change of the pinning state of droplets on the surface.

Figure 6. Controlled transportation of a DCM droplet on a PPy(DBS) surface. (a) The DCM droplet exhibited a process of successive moving and
stopping on a tilted (1.5°) PPy(DBS) surface in 0.1 M NaNO3, under an alternating application of voltages of −0.9 and 0.6 V. The inset shows the
front advancing contact angle and the rear receding contact angle of the DCM droplet on the reduced PPy(DBS) surface during the movement,
respectively. Scale bar = 2 mm. (b) Contact angles at the front and rear sides of the DCM droplet and (c) displacement of the DCM droplet during
the transportation. The droplet’s center before transportation was defined as the origin, and the displacement was calculated by the traveled distance
of the droplet’s center.
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The switching time could be further reduced on thinner
PPy(DBS) coatings with smaller droplets according to the
result shown in Figure S8. The pinning behavior of other
organic liquids, such as hexane and octane, was also tested
(Figure S10, Supporting Information). Similar to DCM
droplets, they were all pinned on the oxidized PPy(DBS)
surfaces, and the pinned organic droplets became flattened and
then slid off the surface upon reduction of the tilted PPy(DBS)
surfaces. However, the switching time for hexane and octane
droplets changing from a pinning state to a rolling state was
∼100 s, which was longer than that of DCM droplets,
indicating a difference among organic liquids.
This work elucidates a new mechanism of an in situ control

of the underwater-pinning of organic droplets on PPy(DBS)
surfaces. In previous reports, the control of the pinning of
liquid droplets on solid surfaces was typically achieved through
ex situ processes, such as tuning the surface’s chemical
composition,51 tailoring the surface morphology,52 or applying
external stimuli.29 Whereas an in situ control of droplet pinning
was also reported,31−33 it relied on the application of a high
voltage (e.g., >20 V),31 special liquid (e.g., superparamagnetic
liquids),32 or an engineered surface.33 In this paper, we
demonstrate that an organic droplet on PPy(DBS) switches
dramatically from totally pinned to extremely slippery at a low
voltage (i.e., 0.9 V). Also, we demonstrate that the control of
the pinning on PPy(DBS) is completed without removing
liquid droplets, implying great potential for in situ manipulation
of a liquid droplet. Furthermore, the control of droplet pinning
is completed in a relatively short time scale (0.4−6 s),
compared to previous reports on conjugated polymers (e.g., 53
s).49 The previous approaches in literature have been only
based on the change of the interfacial tension of the solid
substrate with the surrounding medium. However, the
demonstrated control of droplet pinning is achieved through
a simultaneous modulation of the interfacial tension of the
droplet with the surrounding medium, in addition to the
interfacial tension of the solid substrate with the surrounding
medium. The low-voltage in situ control of droplet pinning on
PPy(DBS) is applicable to both polar and apolar organic
droplets and therefore is a pathfinder for a broad range of
applications in microfluidics, water treatments, and oil−water
separation.

4. CONCLUSION
In this work, we have elucidated the mechanism for an in situ
control of underwater-pinning of organic droplets on PPy-
(DBS) surfaces via a redox process. The control of droplet
pinning on a PPy(DBS) surface has been achieved through a
redox process modulated by a voltage lower than 1 V,
demonstrating a dramatic conversion from sticky (upon
oxidation of PPy(DBS)) to slippery (upon reduction of
PPy(DBS)) or vice versa. We have also demonstrated that a
reduced PPy(DBS) surface is extremely slippery to organic
droplets with a roll-off angle of 0.4°. We have shown that the
dramatic change in the pinning state is due to the cooperative
effect of the controllable release and reorientation of surfactant
dopants (i.e., DBS− molecules), which changes the interfacial
tension of the droplet with the surrounding aqueous medium
and the surface wetting property, respectively, during the redox
process of a PPy(DBS) surface. We have also demonstrated the
controlled pinning of a DCM droplet on a tilted PPy(DBS)
surface for a controllable droplet transportation. This finding
on the new mechanism of the controlled underwater-pinning of

organic droplets on PPy(DBS) surfaces potentially impacts
several future applications including lab-on-chip technologies,
water treatments, and oil−water separation.
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