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Abstract: Little attention has been paid to the participation of
the shell of silica-particle-based liquid marbles and their
influence on chemical reactions. The fabrication of liquid
marbles with the encapsulating particle shells not only act as
protecting layers to provide a confined environment, but also
provide the reactive substrate surfaces to regulate the classical
silver mirror reaction. Fabrication of silver mirrors with
different morphologies was achieved by modifying particle
surface properties, which could further lead to Janus liquid
marbles. The different evaporation behavior of microreactors
was demonstrated. Micrometer-sized silica particles were used
for the preparation of monolayer-stabilized liquid marbles,
which show great potential in fabricating Janus particles from
superhydrophobic particles that are not attainable from
Pickering emulsions.

Dry waters or liquid marbles, which were first introduced by
Dieter et al. in 1968,[1] were once again promoted by Qu¦r¦
and Aussillous to overcome the difficulty of transporting
a small amount of liquid on a solid substrate.[2] Coating the
liquid droplets by a thin layer of nano-/microparticles at the
air–liquid interface renders the droplets superhydrophobic or
superoleophobic, which reduces the adhesion of liquid to the
solid substrates significantly so that the motion of the droplets
can be easily triggered and thus transported with low
friction.[2,3] In the last decade, liquid marbles have been
exposed to intensive investigations ranging from basic
principles,[3a] static and dynamic properties,[4] surface tension
measurements[5] to various potential applications, such as

pollution detection,[6] rapid blood typing,[7] and gas sensing.[8]

The adsorption of particles at the air–liquid interface also
confers the formed liquid marbles excellent mechanical
stability, which allows them to maintain their integrated
structures when subjected to external forces, such as gravity,[9]

electrical fields,[10] or magnetic fields.[11] Given the flexibility
in the choice of solid particles and liquids to prepare liquid
marbles, it is not surprising that liquid marbles are fast
emerging as a versatile platform for a wide range of
applications.[1, 3b,d,e]

Liquid marbles offer potential applications as miniature
reactors owing to many advantages related to the reduced use
of chemical reagents and solvents, a well-confined micro-
environment, and a versatile platform for chemical reac-
tions.[12] Various applications exploiting their ability for
miniaturized chemical processes have been reported. For
example, Xue et al. have shown that liquid marbles coated
with magnetic powders could be used as smart miniature
reactors for chemiluminescence reactions, photochemical
polymerization, nanoparticle synthesis, and also acid–base
reactions.[13] Tian et al. and Bormashenko et al. have con-
cluded that the permeability of the porous powder shells
coating liquid marbles has allowed their application for gas
sensing.[8, 14] Arbatan et al. presented the use of liquid marbles
as micro-bioreactors for biological reactions and diagnostic
assays.[7] Also, liquid marbles used for synthesis, self-assembly,
and charge transport have been reported.[15] Compared to the
traditional examples of microreactors, such as liposomes,[16]

polymersomes,[17] colloidosomes, and emulsions,[18] liquid
marbles have many advantages in allowing the entry/exit of
reactants and products, granting the transport of gas and
vapor, and good controllability. However, it is desirable to
note that previous studies of using liquid marbles as miniature
reactors have been mostly focused on how the encapsulating
particle shells can act as inert protecting layers to isolate
a small-volume compartment, and less attention has been
paid to their participation in the reactions. Dorvee et al. have
shown that the surface of liquid marbles stabilized by
barcoded porous silicon particles could serve as a substrate-
less platform for indication of delivery through spectroscopic
analysis,[19] while Lee et al. showed that the plasmonic liquid
marbles would be used for quantitative and multiplex ultra-
trace molecular detection.[20] Only recently, Miao et al. and
Tang et al. demonstrated that particles adsorbed at the air–
liquid interface on liquid marbles could act as catalysts to
catalyze the chemical reaction in water.[21] Thus, liquid
marbles with such catalytic encapsulating particle layers can
further enforce their suitability as miniature reactors.

Historically, the silver mirror reaction has been and is still
being used as an efficient method for fabricating silver thin
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films on solid substrates for a broad range of applications,
such as nanoelectronics, medical diagnostics, and surface-
enhanced Raman scattering (SERS) detection. The conven-
tional silver mirror reaction typically involves the reduction of
silver salts, such as TollensÏ reagent [Ag(NH3)2]

+ with
reducing sugars to render silver nanoparticles depositing on
the substrates, such as glass plates. Herein, we demonstrate
the fabrication of liquid marbles with the encapsulating
particle shells not only acting as inert isolating layers to
provide a confined environment, but also providing the
reactive substrate surfaces in regulating the classical silver
mirror reaction and employing it as an interfacial platform for
production of Janus particles. First, we use fumed silica
nanoparticles with 50% Si¢OH groups (HDK H30) to
prepare liquid marbles, of which the encapsulating particle
layers at the interface can act as reactive substrates for
carrying out the silver mirror reaction. Furthermore, two
types of particles with relative Si¢OH contents of 50% and
25% (HDK H18) respectively are used as liquid marble
stabilizers, in which the hydrophobicity increases with
decreasing Si¢OH contents. Liquid marbles are formed by
rolling liquid (water or reaction solution) droplets over a bed
of the hydrophobic silica powders.[3d, 9, 22] We find that liquid
marbles coated with silica nanoparticles of varied hydro-
phobicities can regulate the rate of silver mirror reaction and
thus the formed silver nanoparticle deposition at the inter-
face. Also, Janus marbles can be prepared by collision and
coalescence of two liquid marbles coated with different silica
nanoparticles,[23] which results in the asymmetric silver mirror
coatings on one liquid marble. More importantly, the
interfacial reaction has also been found to affect the
evaporation behavior of the droplets. Finally, we investigate
the partitioning of microsized silica particles at the air–liquid
interface and demonstrate the fabrication and tuning of Janus
particles at the air–liquid interface.

To demonstrate that the encapsulating particle surface
plays an important role in regulating the silver mirror
reaction, four liquid marbles were prepared by first placing
15 mL glucose (5 wt %) aqueous solution on a bed of H30
silica particles and then injecting 15 mL diamminesilver(I)
[Ag(NH3)2]

+ (5 wt%) solution. They were barely coated,
partially coated (at the top or at the bottom), or fully coated

with H30 silica nanoparticles (Figure 1A–D; Supporting
Information, Figure S1). It could be observed that color
change in all the marbles was rapidly developed, as the silver
mirror reaction took place in the miniature reactors, leading
to the formation of silver nanoparticles at the interface.[24]

However, after 60 min, reflective silver mirrors were only
observed at the liquid marbles where they were coated with
the H30 silica particles (Figure 1B–D, 60 min; Supporting
Information, Figure S3). It is worth being noted that the
location of the silver mirrors is closely correlated to where the
H30 silica nanoparticles adsorbed at the air–liquid interface,
indicating that the encapsulating silica particle shells not only
prevent any direct contact between the solution and the
substrates, but also provide an indispensable reactive liquid–
solid interface for the deposition of the formed silver
nanoparticles, resulting in silver mirror coatings. The forma-
tion of the silver mirror can be explained by the following
mechanism:[25]

Si¢OHÐ Si¢O¢ Ð Si¢O¢ ¡ ¡ ¡Agx
þ ! Si¢OH ¡ ¡ ¡Ag ð1Þ

Specifically, in the initial stage, the excess ammonia and
the free hydroxide can activate the SiO2 surface to generate
reactive silanol groups as a result of the deprotonating
hydroxy structure on the surface in basic solution. Driven by
the electrostatic interaction between the negatively charged
silanol groups and positively charged silver ions, along with
the strong chemical bond between the siloxane oxygen and
Ag(++), free silver ions in the solution would bind to the
surface of colloidal silica spheres to form a silver ion layer, as
reported by Johnson and Pepper.[26] When the particles come
into contact with the glucose in solution, silver ions bonded to
the surface of silica spheres are reduced after accepting
electrons from glucose to produce bonded element Ag0,
creating an Ag0···HO¢Si bond. Subsequently, the newly
formed Ag0 could serve as a nucleating site for further
formation of Ag nuclei by reducing more Ag(++) around it,
leading to the formation of silver mirrors after the growth of
silver nuclei. In case that there are no sufficient substrate
surfaces, the newly reduced silver nanoparticles tend to form
aggregates dispersed in the solution.[24, 27] As a refractive silver
mirror cannot be obtained with a bare uncoated air–liquid
interface, the silica nanoparticle shell at the interface has
provided an indispensable platform for the silver mirror
reaction to take place.

After illustrating the essential roles of silica nanoparticles
adsorbed at the interface in the formation of the silver mirror
coatings on liquid marbles, we further investigated the
influences of the concentrations of [Ag(NH3)2]

+ and the
concentrations of glucose on the silver mirror reaction at the
interface of the liquid marbles coated with H30 silica nano-
particles. In both Figure 2A and B, the results showed that
increasing concentration of either reactant could both
enhance the reaction rate and improve the smooth and
refractivity of the silver coatings at the interface (Supporting
Information, Figure S4). However, the results showed that
only a small amount of [Ag(NH3)2]

+ would lead to obvious
silver deposition on the shell with very short time, which was
different from the influence of glucose. These phenomena

Figure 1. Representations and photographic images of liquid marbles
at 1 min and 60 min after preparation: A) an uncoated solution droplet
on a glass substrate; B) an only bottom-coated liquid marble; C) a
top-uncoated liquid marble; D) a fully-coated liquid marble. Scale bars:
1 mm.
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might be owing to the microenvironment inside the liquid
marbles. According to previous studies, the silver colloids
would be redissolved into silver ions in the solution, especially
at non-neutral pH, along with the existence of ammonia
(ligands) and oxidants.[28] Compared to the liquid marbles in
Figure 2Bb,c, the marbles which contained excess ammonia
and insufficient reductant in Figure 2Ab,c built a more
suitable environment for dissolution of silver colloids. On
the other hand, based on the classical nucleation theory, the
generation of silver nanoparticles includes two steps: silver
monomers Ag0 form nuclei and subsequently grow upwards.
Owing to the dissolution of silver, the missing of silver mirror
in Figure 2Ab,c was not surprising.

Apart from the feeding reagent concentrations, the sur-
face features of the supporting substrates have been reported
to play important roles in regulating the formation and
structure of the resulting silver nanoparticles. For this
purpose, we first prepared two liquid marbles coated with
two types of silica nanoparticles (H30 and H18; see the
Supporting Information for more details) with different
hydrophobicities and investigated how the properties of the
encapsulating particle layers could affect the silver mirror
reaction. Figure 3A shows that using silica H30 particles as
the marble stabilizers, the color of the encapsulating shell was
visibly changed within a few minutes and eventually turned
silvery black; in contrast, no apparent color change of silica
H18 nanoparticle-coated liquid marble was observed at the
beginning and a more silvery white mirror coating was finally
formed. This result indicates that the silver mirror reaction
rate on the reactive encapsulating silica H18 nanoparticle
layer was much slower than that of on the encapsulating silica
H30 particle layer surface. This should be attributed to
a higher density of hydroxy groups and a much larger liquid–
solid contact area of H30 particles, providing more activated
siloxane oxygen for the formation of Si¢OH···Ag sites. The
higher density of nucleating sites would further accelerate the
formation and growth of the silver nanoparticles.

To further confirm the surface features of the support
substrates affecting the silver nanoparticle formation, we
prepared several liquid marbles coated with silica H30/H18
nanoparticle blends (symmetrical shells) and silica H30//H18
colliding casing (Janus shells; see the Supporting Information
for more details).[23a, 29] For the particle-blending shells, Fig-
ure 3B shows that with increasing content of silica H30
nanoparticles, the density of black dots (that is, formed silver
nanoparticles) distributed around the liquid marbles
increased, further proving that the silver mirror reaction
preferentially took place on the encapsulating silica H30
nanoparticles. However, for the particle-colliding shells,
inconsonant appearance would gradually generate instead
of star-studded structures. Obviously, the newly formed Janus
marbles, which appeared to be almost the same as the normal
liquid marbles due to the similarity of these two kinds of
particles, progressively exhibited their Janus morphologies.
The H30 silica-coated parts turned dark brown while the H18
silica-coated parts remained white (see also the Supporting
Information, Figure S7). To better investigate the silver
mirror reaction in these Janus microreactors, Janus marbles
coated with different ratios of H30 and H18 silica nano-
particles were prepared (Figure 3C, see also the Supporting
Information). The percentages of black mirrors had notable
differences among different marbles, but increased with the
amount of H30 silica nanoparticles in the encapsulating shells.
However, the ratios of black to white did not strictly follow
the percentages of different particles in the shells, which was
very similar to other work.[23a] The differences between the
initial particle ratios in the shells and the final coverages of
different color on the shells indicated that the marble shells
were not monolayer and H30 nanoparticles prefer to stay at
the interface.[30]

Figure 2. Photogrsaphic images of liquid marbles with various diam-
minesilver(I) and glucose concentrations captured at different reaction
stages: A) liquid marbles with fixed diamminesilver(I) concentration
(5 wt%) and increasing glucose concentrations. a) 0, b) 0.1, c) 0.5,
d) 1, and e) 5 wt%; B) liquid marbles with fixed glucose concentration
(5 wt%) and increasing diamminesilver(I) concentrations. a) 0, b) 0.1,
c) 0.5, d) 1, and e) 5 wt%. Scale bars: 1 mm. Figure 3. A) Photographic images of liquid marbles coated with H30

particles and H18 particles over time. B) Photographic images of
liquid marbles coated with different particle blends at 5 min after
preparation. C) The appearance of different Janus marbles at 5 min
after preparation: VH30 :VH18 = a) 1:3, b) 1:2, c) 1:1, d) 2:1, e) 3:1.

..Angewandte
Zuschriften

7120 www.angewandte.de Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 7118 –7123

http://www.angewandte.de


Not only would the reaction change the marble appear-
ance, but also their evaporation behaviors. This is shown by
the fact that liquid marbles underwent obvious deformation
during the evaporation process at constant relative humidity
and temperature, which has been reported by Dandan
et al.,[31] Aberle et al. ,[32] and some others.[15b,33] However,
the same phenomena that all the shells collapsed should be
caused by different reasons. In the othersÏ work, the collapse
was owed to the attractive Laplace force overcame the
repulsive force stabilizing the particles against aggregation.
Thus, the Laplace force, the rearrangement of the particles,
and transformation of the shell from a viscous fluid to an
elastic solid should all attribute to the buckling of shells. But
in this work, the main driving force would not be limited to
these factors, and the silver mirror reaction should be taken
into consideration. To confirm our hypothesis, three types of
liquid marbles were prepared and their evaporation behaviors
were recorded (Figure 4). The results showed that buckling of

the shells only happened in the microreactors. Excluding the
main effect of the solutes, one possibility is that newly formed
silver clusters on the shells grew and expanded by continually
inducing more silver nanoparticles into precipitation, which
finally resulted in interlinks among silica particles. As
evaporation continued, the powders on the top lost their
mobility, and thus the shell had to collapse in order to reach
new equilibrium. For the other two kinds of liquid marbles,
the loosely packed particles lacked the interaction to support
each other, and so the particles excluded each other and the
shells shrank in order to maintain the stable spherical shape,
which has the smallest surface area with the same volume.
Furthermore, the difference in evaporation behaviors would
affect their evaporation rates: the microreactors evaporated
much faster owing to their much larger surface, while the
liquid marbles containing gluconolactone and diamminesil-
ver(I) had the slowest evaporation rates owing to the addition
of nonvolatile solutes, which would stabilize the solvent in the
liquid phase and reduce the density of water molecules. In
similar work, Bhosale et al. were able to correlate the
deviation from sphericity to the increasing of the evaporation
rates.[33b, c] However, what we have to point out is that the

differences in the evaporation behaviors should be driven by
several different factors synergistically, and we are still
working on this problem.

Since Hong et al. first reported preparation of Janus
particles in large quantity through particle-stabilized emul-
sion (Pickering emulsion),[34] this method has attracted
increasing attention, as a wide range of particles with different
sizes and compositions can be used as emulsifiers.[25d, 35] Solid
particles adsorbed at an oil–water interface can be modified
selectively in the aqueous or oil phase, which in turn can be
employed to produce Janus particles.[34, 35] Successful stabili-
zation of Pickering emulsions typically requires that the
particles have a balanced wettability towards both oil and
water and most investigated systems deal with the O/W.[36]

Although it is possible to control the position of particles at
the interface through addition of surfactants, salts, or organic
solvents in the emulsions and subsequently tune the Janus
balance of the prepared Janus particles,[35a,37] it still remains
a problem for the modification of superhydrophobic particles
or large-gauge particles using the emulsion-based methods.
Similar to the particles at liquid–liquid interface in Pickering
emulsion, the particles at the liquid–air interface of marble
shells have provided an ideal platform for modification and
fabrication of Janus particles. To further demonstrate this
idea, microreactors stabilized by 10 mm hydrophobic silica
particles were prepared and the silver mirror reaction was
carried out subsequently inside the liquid marbles (Support-
ing Information). Figure 5A shows an SEM image of the raw
silica particles before the silver mirror reaction, which have an
average diameter of 10 mm with a porous surface. In contrast,
silver nanoparticles deposited on the silica particle surface
could be easily observed in Figure 5B–D. Since the silica
particles at the interface have only one face trapped in the

Figure 4. Evaporation behaviors of liquid marbles containing: a) pure
water, b) gluconolactone (5 wt%) and diamminesilver(I) (5 wt%), and
c) glucose (5 wt %) and diamminesilver(I) (5 wt%). A) Side view of the
liquid marbles during evaporation. Scale bar: 1 mm. B) Mass-loss–
time plot of liquid marbles during evaporation in the closed chamber
(m/m0 was the ratio of the weight of liquid marble at specific time
over the initial weight of liquid marble; RH�40%, T�296 K).

Figure 5. SEM images of raw silica particles and Janus particles
synthesized from microreactors: A) Raw silica particles, and
B) 0.5 wt % glucose with decreasing diamminesilver(I). From left to
right: 0.5, 0.25, and 0.1 wt%; C) 0.5 wt% glucose and 0.5 wt %
diamminesilver(I) with increasing ethanol concentration. From left to
right: 0, 10, 15, 20, and 25 wt %. D) 0.5 wt % glucose and 0.5 wt %
diamminesilver(I) with increasing amounts of Tween 80. From left to
right: 0, 0.01, 0.1, and 1 cmc. The critical micelle concentration (cmc)
of Tween 80 is 0.013 gl¢1. Scale bars: 5 mm.
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solution, the deposition of silver would only occur on the
moieties of the silica particle surface that protruded into the
aqueous phase. Generally, the rotation of the particles at the
interface affects the formation of Janus colloids. However,
once some parts of a uniform colloid absorbed at the interface
have been modified by a different material, colloid rotation
will become more difficult and will further facilitate Janus
particle formation.[38] In our work, the deposition of silver
colloids, along with the porous surface, would completely
prohibit the rotation of the silica particles, which is attributed
to the asymmetric deposition of silver colloids. Further results
showed that the properties of the microenvironment play an
important role in determining the Janus morphologies of the
particles. For example, increasing the concentration of [Ag-
(NH3)2]

+ increased the sizes and density of silver nano-
particles, owing to more silver depositing to unit area
(Figure 5B). Furthermore, since the position of the particles
at the interface would be affected by the air–liquid interfacial
energy, addition of a third component can be used to finely
tune the locations of the interfacial particles. For instance,
addition of ethanol and Tween 80 can decrease the surface
energies of the solutions, which would lead to an expansion of
the coverages of silver coatings on the silica particles. The
coverages of the silver coatings would gradually increase with
the increasing concentration of either ethanol or Tween 80
(Figure 5C,D). Similar to the Pickering emulsion methods,
this method does not require any expensive equipment and
show high efficiency. Since air acts as the inert protector,
particles which are sensitive to the organic solvent could also
be modified by this method, while demulsifiers could be
introduced in this system. These offer liquid marble excel-
lence for the fabrication of Janus particles that is not
attainable from Pickering emulsion methods because par-
ticles with extreme wettability for either water or oil cannot
produce stable emulsions. However, nanoparticle modifica-
tion and biphasic modification remain a tough problem for
this method.

In summary, silica stabilized liquid marbles could be
employed as a substrate to carry out interfacial silver mirror
reaction. The influences of shells, feeding composition, and
particle properties have been studied systematically, and their
different evaporation behaviors have been demonstrated.
More importantly, the fabrication of Janus microreactors
expands greatly the range of liquid marbles applications. Not
only liquid marbles could serve as reaction cells, but also they
could be used for simultaneous multireactions, and even
selective separation of the reaction products. Fabrication of
Janus particles at the interface of these microreactors makes
liquid marble a promising method for the mass production of
Janus particles in the future, especially for modification the
superhydrophobic particles. As silver is utilized extensively in
various fields, these microreactors can be used to fabricate in-
situ platforms for further applications, such as catalysis,
surface-enhanced Raman spectroscopy (SERS), bactericidal
action, and so on. The ability to use liquid marbles as
microreactors is particularly attractive and competitive,
especially when the transportation of the liquids on solid
substrate without leakage is a necessity.

Keywords: interfaces · liquid marbles · microreactors ·
silica particles · silver mirror reaction
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