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ABSTRACT

The capability to design and modulate materials, shapes, heat transfer, and mass mixing during the process of
developing chemical reactors has allowed researchers to explore millions of chemical reactions and assays.
However, despite the advantages in engineering array-based microreactors or microfluidic systems, the wetting
attachment between solutions of reagents/products and the glass or polymer substrates of containers leads to
difficulties in collecting products effectively and preventing channel blockage. Herein we present a miniature
droplet reactor which takes advantage of the anti-wetting and low-adhesive properties of nanoparticle-derived
superhydrophobic pedestals, allowing aqueous droplets to be manipulated freely but also providing a confined
environment for performing a series of aqueous phase chemical reactions on a small scale. Gas- or precipitate-
forming reactions can also be performed inside this miniature reactor. Most importantly, reaction products in liquid,
solid or gaseous states can be collected effectively, which allows the harvesting of valuable products formed in
limited amounts. Such a miniature reactor built on superhydrophobic pedestals provides a new way of performing
common chemical reactions and may open the door to the design of next-generation microreaction systems.
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1. Introduction microchannels, have shown promising applications

in enzymatic kinetics, protein crystallization, and other

Billions of chemical reactions have been performed  biochemical reactions [8]. Since weak van der Waals

in test tubes, flasks or other glass containers since the
establishment of modern chemistry by Lavoisier in 1775
[1, 2]. Over the past decade, microreactor technology,
such as microemulsions [3], array-based microreactors
[4] or microfluidic systems [5-7], has attracted great
interest since it enables the miniaturization of reactions
by compartmentalizing reactions in droplets of
nanoliter to microliter volumes. Notably, droplet-based
microfluidic systems, in which reactions are perfor-
med by mixing aqueous reagent droplets in oil-filled
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forces or stronger hydrogen bonds generally exist
when water molecules are close to the molecules/atoms
on solid surfaces [9-11], problems of adhesion between
the aqueous liquid and container walls usually occur
in such reactors. As a result, due to the wetting nature
of the contact, liquids with reaction products tend to
remain at the bottom of containers or micro-channels,
which can simultaneously decrease product yield,
clog reactors, and result in contamination. In order to
overcome the adhesion problem and collect reaction
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products effectively, bio-inspired superhydrophobic
materials [12-18] might be a good candidate for a
reactor surface owing to their excellent anti-wetting
and low-adhesive properties [19, 20].

Herein we demonstrate a miniature droplet reactor
based on nanoparticle-derived superhydrophobic
pedestals, which provides a confined space with the
capability to perform a series of aqueous phase
chemical reactions. A facile “glue and nanoparticles”
method is employed to form superhydrophobic
coatings on glass or metallic pedestals. Due to the well
known water-repellent and anti-adhesion properties
of superhydrophobic materials, water droplets can be
manipulated by a superhydrophobic clip. Then, the
coalescence of droplets containing different reagents
leads to chemical reactions inside the final coalesced
droplet. Different types of aqueous phase inorganic/
organic chemical reactions have been performed inside
the miniature reactor to show its wide applicability.
Gas- or precipitate-forming reactions have also been
performed inside this miniature reactor. Reaction
products in liquid, solid or gaseous states can be
collected effectively, which allows the harvesting of
valuable reaction products formed in limited amounts.
Our results suggest that such a miniature reactor
built on superhydrophobic pedestals provides a new
way to carry out common chemical reactions and new
ideas for the design of next-generation microreaction
devices.

2. Experimental
2.1 Fabrication of the superhydrophobic pedestals

1 g of polystyrene granules (Mw 192, 000 g/mol,
Aldrich), 0.8 g of hydrophobic fumed silica nano-
particles (Aerosil R202, average particle size 14 nm,
Evonik Degussa Co.) and 30 mL of chloroform were
mixed and stirred for 30 min in a closed bottle.
Precleaned glass plates were dipped into this sticky
solution, held for 1 min, and pulled up at a speed of
ca. 0.5 cm/s. Owing to the rapid evaporation of solvent,
the semi-transparent membrane quickly transformed
into a white coating with extremely high water-
repellency. The coated plates were dried at room
temperature and then heated at 80 °C for 1 h, yielding

a hard coating on the surface. For fabrication of
superhydrophobic clips, the volume of chloroform was
decreased to 15-18 mL in order to make the composite
solution sufficiently sticky, and the resulting mixture
was coated on aluminium clips with all the other details
being the same.

2.2 Characterization

The structures of the composite coatings on substrates
were examined using a scanning electron microscope
(SEM, JEOL, JSM-6700F, Japan) with an accelerating
voltage of 3.0 kV and equipped with an energy
dispersive X-ray spectroscopy (EDS) detector. Static
water contact angles (CA) were measured on a
DataPhysics OCA20 contact angle system at ambient
temperature. The average CA was obtained by
measuring more than five different positions on the
same sample. The adhesive force was measured
by removing a 10 pL microdroplet from a coated
layer using a high-sensitivity microelectromechanical
balance system with a resolution of 10 pug (DataPhysics
DCAT 11, Germany) and a charge-coupled device
(CCD) camera system at ambient temperature. When
performing chemical reactions on superhydrophobic
pedestals, droplets were colored by various chemical
reagents for easy observation. Different solutions were
prepared in volumetric flasks and slowly dropped
onto the superhydrophobic plates. The volume of water
droplets was controlled by a Finnpipette (Thermo
Fisher Scientific Oy, Finland) which can release
droplets on a controllable microliter level. The videos
or photographs were recorded using a commercial
7.2-megapixel digital camera (Sony, DSC-W120, Japan).

3. Results and discussion

3.1 Droplets on superhydrophobic pedestals serving
as microscale “containers”

Research on superhydrophobic materials to date has
mainly focused on techniques for preparing rough
solid surfaces in an inexpensive and simple manner
[21]. However, less attention has been paid to droplets
on superhydrophobic surfaces. In this study, a
superhydrophobic plate was fabricated through a “glue
and nanoparticles” method (details of the structure
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and superhydrophobicity of the composite coatings can
be found in Fig. 5-1 in the Electronic Supplementary
Material (ESM)). Then, a ca. 20 pL droplet, in which
trapped a Caridina serrata type shrimp, was carefully
placed on the superhydrophobic plate which was kept
horizontal. Owing to the excellent water-repellent
and low-adhesive properties of the coated plate, the
droplet formed a perfect spherical shape with
minimum surface free energy (Fig. 1(a)). Interestingly,
unlike its streamlined appearance in a Petri dish
filled with water (Fig. S-2(a) in the ESM), the shrimp
became significantly bent. It is believed that such a
posture of the shrimp results from the existence of an
invisible hydrogen-bonding net around the droplet
[22]. The conformation of water molecules closest to
the interface has been shown theoretically to depend
strongly on the wetting properties of the underlying
solid surface [23]. On the superhydrophobic pedestals,
interfacial water molecules become arrayed in a regular
structure in order to maximize their hydrogen-bonding
partners and thereby form a compact hydrogen-
bonding net (Fig. 1(b)), resulting in higher density
than that of the adjacent layer [24]. Due to the “hard
wall” effect of the hydrogen-bonding net [25], bulk
water inside droplets is isolated from the water-
repellent surface and a microscale “container” is thus
formed around each droplet on the superhydrophobic
pedestals.

To demonstrate the wide applicability of such a
“container” for holding and confining various guests,

we placed droplets with different concentrations of
reagents or pH values onto the anti-wetting plates.
When the concentration of sodium chloride was varied
from 0.001 to 5 mol/L, the superhydrophobic pedestals
used in this study showed great repellence for all
droplets (Fig. S-2(b) in the ESM) and similar effects
were observed when the pH was varied from 1 to 13
(Fig. S-2(c) in the ESM); these results indicate the
excellent ability of such a “container” to retain
different chemical reagents. Therefore, each droplet
on the superhydrophobic pedestals can serve as a
microscale “container” for storing various chemical
reagents.

3.2 On-demand manipulation of droplets on
superhydrophobic pedestals

Furthermore, the “containers” on superhydrophobic
pedestals can be manipulated at will as shown in
Fig. 2. We built a superhydrophobic system consisting
of highly hydrophobic clips and plates prepared using
the same coating method. Owing to the excellent
water-repellent properties of the coated plate, a 20 pL
water droplet displayed spherical shape (Fig.2(a)).
Due to the existence of the hydrogen-bonding net
around it, the droplet could be lifted intact from the
superhydrophobic surface by closing the tips of the
superhydrophobic clip (Figs. 2(b) and 2(c)). Through
this “mechanical arm”—like clip motion, by closing
and opening the tips, the droplet could be placed at will
on the superhydrophobic plate (Fig.2(d)). Besides

&

Conformation of water molecles
in the outermost layer

Conformation of water
molecules in bulk

(b)

Figure 1 (a) Optical photograph of a ca. 20 pL droplet, in which a Caridina serrata type shrimp was trapped, placed on the
superhydrophobic pedestal. (b) Schematic illustration of a droplet on a superhydrophobic plate, showing the invisible hydrogen-bonding
net around the droplet consisting of a regular-array of water molecules. The conformation of water molecules closest to the water/solid
surface and water/atmosphere interfaces is different from that in the bulk. Interfacial molecules form regular structure in order to
maximize their hydrogen-bonding partners and thereby form a compact hydrogen-bonding net
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transferring a single water droplet, sequencing different
droplets (Fig.S-3 in the ESM), and collecting small
droplets to form a larger one (Fig.S-4 in the ESM)
can also be achieved by such manipulation. Here
we should point out, although such on-demand
manipulation of 20 pL droplets can also be obtained
with a normal pipette, the adhesion between the
droplets and pipette inner wall will inevitably result
in loss of droplets. By virtue of the water-repellent
and low-adhesive properties of the superhydrophobic
pedestals, liquid droplets can be held and moved at
will, and such manipulation facilitates the harvesting
of valuable materials formed in limited amounts. The
process of directly manipulating a water droplet can
be performed without the aid of functional additives
[26-28] such as Janus silica particles or Fe;O, nano-
particles, and/or applied force fields [29-32] such as
magnetic, electrical or optical. Since no additives are
required, on-demand droplet movements are possible
without any possibility of contamination.

Figure 2 (a) A water droplet (20 uL) was carefully placed on the
superhydrophobic plate and showed a perfect spherical shape,
indicating the excellent water-repellent properties of the substrate.
Water was colored with 0.3 mol/L methyl orange for easy
observation. A schematic illustration of the composite coating on
the aluminum clip is also shown: polystyrene (purple) acts as a
binder, fixing the hydrophobic silica nanoparticles (yellow) onto
the substrate (blue) and generating a composite coating (ca. 15 pm
in thickness) in which nanoparticles aggregated and generated
rough three-dimensional structures. (b) The clip begins to pick up
the water droplet when its tips are closed. (c) The clip lifts the water
droplet away from the surface. The droplet only experiences
upward lift from the clip tips and downward gravitational force
during the lifting process. (d) The clip releases the water droplet
in the desired location when its tips are opened

3.3 A miniature droplet reactor built on superhy-
drophobic pedestals

Based on the ability of those “containers” to store
different reagents and enable on-demand manipulation
of a single “container”, the possibility of performing
chemical reactions inside these “containers” was
explored. We performed a fluorescence quenching
reaction, which is commonly employed to detect the
opening of mitochondrial permeability transition pores,
on the superhydrophobic pedestals. The complete pro-
cess is shown in Fig. 3. A droplet of 0.05 mol/L calcein
solution (the volume of droplets in all experiments
was 20 puL unless indicated otherwise) was carefully
placed on the anti-wetting plate, forming a spherical
shape which gave yellowish-green fluorescence under
irradiation by a 16 W ultraviolet lamp at a distance
of ca. 0.1 m (Fig. 3(a)). When a yellow droplet of
0.05 mol/L FeCl; solution was picked up and dropped
onto the fluorescent droplet by a superhydrophobic
clip (Fig. 3(b)), the coalesced droplet quickly changed
color from fluorescent yellowish-green to gray-brown
in 2.24 seconds (Fig. 3(c)), indicating that Fe’" ions
readily attached to calcein molecules.

Reagent A+ Reagent B

(d)

—  Reaction product C

Figure 3 Photographs of each stage of the fluorescence quen-
ching reaction. (a) A droplet of 0.05 mol/L calcein solution was
carefully placed on the anti-wetting plate, forming a spherical
shape with yellowish-green fluorescence under irradiation by a
16 W ultraviolet lamp at distance of ca. 0.1 m. (b) A pale-yellow
droplet of 0.05 mol/L FeCl; solution was picked by a superhy-
drophobic clip and dropped onto the fluorescent droplet. (c¢) The
coalesced droplet quickly changed color from fluorescent yellowish-
green to gray-brown, indicative of attachment of Fe** ions to calcein
molecules. (d) Schematic illustration of the process for performing
chemical reactions on superhydrophobic pedestals
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Therefore, a new concept of manipulation of
microscopic chemical reactions on superhydrophobic
pedestals can be described as follows (Fig. 3(d)): One
water droplet (containing reagent A) on a superhy-
drophobic pedestal was coalesced with another droplet
(containing reagent B) by means of a superhydrophobic
clip, resulting in a final droplet (a microreactor
containing product C). To further demonstrate how
coalescence of droplets containing different reagents
can lead to chemical reactions inside the final
miniature droplet reactor, we carried out six typical
inorganic reactions utilizing the miniature reactors on
superhydrophobic pedestals including a decomposition
reaction (Fig. S-5 in the ESM), neutralization reactions
(Figs. 4(e)—4(g) and Fig. S-6 in the ESM), a displace-
ment reaction (Fig.S-7 in the ESM), a gas-forming

Gaseous
state

metathesis reaction (Fig. S-8 in the ESM), and a pre-
cipitate-forming metathesis reaction (Figs. 4(a)—4(c)).
Here we should point out that only reactions of water-
miscible reagents can be performed in this miniature
reactor since the superhydrophobic pedestals in this
study are unable to bear organic solvents. However,
several aqueous phase organic reactions, such as
addition reactions, substitution reactions, oxidation
reactions (Fig. 5-9 in the ESM) and a typical organic
color-forming reaction between phenol and Fe**
(Fig. 5-10 in the ESM) could be realized by means of
the anti-wetting clips and plates. Therefore, this minia-
ture reactor showed wide adaptability for aqueous
phase reactions.

In contrast to the problems of product loss occurring
in conventional microreactor systems due to the

15 2 25 3 35 4
(h)

Figure 4 Photographs of the stages of different reactions. (a)—(c) Collection of a solid product. A precipitate-forming metathesis reaction
was performed by combining a yellow droplet of 1 mol/L FeCl; and a colorless droplet of 1 mol/L NaOH solution. A red-brown
sediment of Fe(OH); was generated inside the coalesced droplet and could be collected completely following the removal of the final
droplet microreactor with a superhydrophobic clip, leaving a clean superhydrophobic surface. (d) EDS analysis of the superhydrophobic
surface after the precipitate-forming metathesis reaction and removal of the coalesced droplet showing the absence of any
iron-containing material on the surface. (e)—(g) Collection of a product dissolved in water. A neutralization reaction was performed by
combining a pink droplet of 1 mol/L NaOH containing 0.05 mol/L phenolphthalein and a colorless droplet of 1 mol/L H,SO, solution.
The coalesced droplet quickly changed from pink to colorless and could be collected by a superhydrophobic clip. (h) EDS analysis of
the superhydrophobic surface after the neutralization reaction and removal of the coalesced droplet. (i)—(k) Collection of a product in the
gaseous state. A CO, bubble was generated by the coalescence of a droplet of 0.4 mol/L NaHCO; solution and another droplet of 2.5 mol/L
hydrochloric acid (the amount of reagents should be controlled carefully to form only one bubble). The spherical bubble confined inside
the droplet could be removed by a syringe needle
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adhesion between the aqueous liquid and the container
walls [9-11], the anti-adhesive property of the
superhydrophobic pedestals enabled the products
from this miniature reactor to be harvested effectively.
To demonstrate the collection of a solid product, a
typical precipitate-forming metathesis reaction was
performed. A colorless droplet of 1mol/L NaOH
solution was coalesced into a yellow droplet of 1 mol/L
FeCl; solution by a superhydrophobic clip (Fig. 4(a)).
After 3.04 seconds, a red-brown Fe(OH), sediment was
generated and confined inside the coalesced droplet
by the compact hydrogen-bonding net (Fig. 4(b)). The
insoluble solid product could be collected completely
by removal of the final droplet microreactor (Fig. 4(c));
this was confirmed by the absence of any signals from
iron-containing materials when the superhydrophobic
surface was analyzed by EDS (Fig. 4(d)). Reaction
products in the liquid state or dissolved in water
droplets can also be collected. A colorless droplet of
1 mol/L sulfuric acid was picked up by a superhy-
drophobic clip and dropped onto a pink droplet of
1 mol/L NaOH solution containing 0.05 mol/L phenol-
phthalein (Fig. 4(e)). The coalesced droplet quickly
changed from pink to colorless in 2.48 seconds, which
showed that a neutralization reaction was occurring
inside the miniature reactor (Fig.4(f)). The droplet
containing the soluble product could be picked up
and collected (Fig. 4(g)), as shown by the absence of
any peaks from sulfur-containing compounds in the
EDS analysis (Fig. 4(h)) of the superhydrophobic
surface after removal of the coalesced droplet. Finally,
if the product was in gaseous state such as a CO,
bubble generated by the coalescence of a droplet of
0.4 mol/L NaHCO; solution and another droplet of
2.5 mol/L hydrochloric acid (the amount of reagents
should be controlled carefully to form only one bubble),
the spherical bubble confined inside the droplet can
be removed through a syringe needle in 14.4 seconds
(Figs. 4(1)—4(k)). In summary, such a miniature reactor
built on superhydrophobic pedestals offers effective
ways of collecting reaction products in solid, liquid,
and gaseous states due to the confining effect of the
hydrogen-bonding net around the droplets [25].
Generally, microreactors such as microfluidic systems
do not tolerate the formation of particulates because

the microchannels tend to become clogged. Clogging

has been identified by a number of researchers as the
biggest hurdle to overcome if microreactors are to be
widely accepted. Similarly, if gas bubbles are generated
in aqueous droplet-based microreactors or diffuse
inside the carrier fluid through the microchannels,
these might also clog the microreactors and gradually
shorten the residence time of reagents. In our case, the
chemical reactions occur inside coalesced miniature
reactors which are free of solid containers or micro-
channels. Therefore, precipitation and gas forming
reactions can be performed successfully without any
problems due to clogging. Such a miniature reactor
built on superhydrophobic pedestals therefore does
not suffer from the drawbacks of conventional droplet-
based microfluidic systems.

Other factors need to be taken into consideration
when constructing a new miniature reactor system,
however: Firstly, the durability of the superhydrophobic
coating was investigated. The “lifting—placing a
droplet” cycles were repeated several times and good
water-repellent properties remained on both clips and
plates. Importantly, by virtue of the facile nature of
the “glue and nanoparticles” method, the old coatings
can be replaced quickly (with a fabrication time of
just 2 h) by a new layer if some defects appeared on
the surfaces. Secondly, the volume of the water droplet
was also varied. A droplet as small as 3 uL. can be
manipulated by our special clips and larger volumes
were even easier to pick up. Thirdly, problems asso-
ciated with evaporation of water from droplets during
slow reactions can be overcome by enlarging the
volume of the droplet or increasing environmental
humidity, allowing the lifetime of the miniature reactors
to be prolonged. We are currently extending our studies
to include reactions inside aqueous droplets in oil or
organic droplets in water as a way of reducing evapo-
ration and dealing with water-immiscible reagents,
respectively.

4. Conclusions

A miniature droplet reactor on superhydrophobic
pedestals has been successfully fabricated. The compact
hydrogen-bonding net around the droplets played a
key role in forming miniature reactors, where micro-
particles, precipitates or bubbles can be held and
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confined inside. The hydrogen-bonding net serves as
an invisible “container”, offering the capability to
perform a series of aqueous phase inorganic/organic
chemical reactions inside the miniature reactor. Most
importantly, this miniature reactor allows solid, liquid,
and gaseous products to be easily collected due to the
“hard wall” effect of hydrogen-bonding net, allowing
valuable products to harvested even when formed in
limited amounts. This confined miniature reactor
built on superhydrophobic pedestals should have
numerous promising applications in microreactors,
microcollectors, microsensors, and other fields.
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