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Abstract
Liquid marbles allow for quantities of various liquids to be encapsulated by hydrophobic
particles, thus ensuring isolation from the external environment. The unique properties
provided by this soft solid has allowed for use in a wide array of different applications. Liquid
marbles do however have certain drawbacks, with lifetime and robustness often being limited.
Within this review, particle characteristics that impact liquid marble stability are critically
discussed, in addition to other factors, such as internal and external environments, that can be
engineered to achieve a robust long-lived liquid marble. New emerging applications, which
will benefit from this improvement, are explored such as unconventional computing, cell
mimicry and soft lithography. Incorporation of liquid marbles and liquid crystal technologies
shows promise in utilizing structural color for optical display applications, and within green
and environmental applications, liquid marble technology has been increasingly adapted for
use in energy conversion, heavy metal recovery, CO2 capture and oil removal.
Key words: Liquid Marbles, Long-Lived, Core-Shell, Liquid Crystals, Soft Lithography,
Green Applications

1. Introduction
Liquid marbles (LMs) are completely non-wetting soft solids, as first described by Aussillous
and Quéré in 2001, which have excellent non-stick properties, causing drastically reduced
adhesion to solid and liquid surfaces.[1-3] The behavior exhibited by LMs can be controlled
through a combination of different internal liquids and phobic particles. This is possible due to
phobic particles repelling away from certain liquids such as water and oil, making them hydro
and oleophobic, respectively. Thus, forming a physical barrier between the internal and
external environments, however, if the external particles become wetted to a critical extent then
instantaneous collapse of the LM will occur.[4] A fine balance arises between the hydrophobic
interactions of the coating particles and the internal liquid as well as particle-particle attraction,
both of which are responsible in ensuring good LM stability.[5, 6] This phenomenon has allowed
for LMs to be used within a broad array of disciplines including microreactors, bioreactors,
microfluidics, sensing and transportation.[7-16] Initially, the lifetime of LMs could be extended
via an increase in the external environments relative humidity, more recently LMs have been
developed which can be fully submerged in another liquid to further enhance their lifetime.[13,
17-20]

Having a LM which is both mechanically robust and long lived is advantageous for

practical applications. A strong, hard to rupture LM will allow for use within systems that
require high vortex mixing or suffer numerous impacts. Whereas a LM with a long useful
lifecycle will mean downtime is reduced and fewer replacement materials required, however,
combination of these desirable properties is proven to be challenging (Figure 1). Study of the
evaporation of the internal liquid has also gained significant interest,[21-25] particularly for gas
exchange applications from external to internal environments.[9, 11, 26, 27] Yet, the lifetime of a
LM does not solely depend on this factor with internal fluid volatility, the coating particle
composition, morphology and structure also playing key roles in determining LM stability.[28]

The review will explore how different factors can alter the robustness and lifetime of a LM, as
well as identify which factors are critical in ensuring both aspects are enhanced. LM lifetime
can often be described in three different ways – (i) the buckling time, as the time at which the
top of the LM caves in on itself; (ii) the collapse time, where the LM completely collapses;
and (iii) complete evaporation, the point at which all water is lost. The latter is significantly
longer than the buckling and collapse times. The difference may not be particularly important,
especially in applications which do not require structural integrity to be maintained.
Unfortunately, direct comparison between reports is difficult as this definition is often omitted
and/or interchangeably used. Robustness and lifetime will be categorized into two key areas –
(i) coating characteristics, which will cover the effect of hydrophobicity, particle size and
shape, the number of layers as well as particle surface structure and (ii) internal and external
environments, including the correct selection of relative humidity, pH, internal and external
liquid, and temperature. This report will also focus on how these newly reported improvements
to lifetime and robustness can aid green technologies. LMs possess many desirable properties
even before modification. They are a highly scalable technology, with simple continuous
production possible, amplifying the effects of a single LM rapidly.[29-31] This is often beneficial
over microfluidic devices and technologies that require multiple and sometimes complex
microfabrication process steps.[32] LMs although commonly attributed to microliter droplets,
for use as microreactors with high surface area to volume ratios, enhancing heat and mass
transfer and ultimately improving yield, can also exist as larger, centiliter volumes for physical
applications.[22] One of the greatest advantages of LM technology is their adaptability for use
with different reactions due to their multiphase composition. The powder coating allows for
solid-liquid and solid-gas phase reactions to occur due to the particles decorating the liquid
droplets surface, with multilayer shells providing a larger surface area further improving
reaction rate. The porous nature of the LM shell also allows for liquid-gas phase reactions to

occur. This same shell also provides stability and controllability of the LM in or on a liquid
medium.[20, 33] The combination of the aforementioned attributes is well suited for in situ
environmental and process based remediation of common pollutants, by tailoring the internal
liquid or coating particles could allow for capture and removal of oil, CO2 and microplastics.
This is especially prevalent now as within the last decade the trend has been to develop
technologies that are, or have the potential to be used as environmental solutions (Figure 2).
Within these emerging areas of research, the direct applications of common pollutant removal
such as CO2 and oil has been targeted.[34-39]

2. Coating Characteristics
Selection of the correct coating particle is crucial in ensuring a LM will form and remain stable
for any useful amount of time with controlled wetting properties.[1] Therefore, oleophobic and
hydrophobic particles are required to encapsulate and contain an internal liquid that is an oil or
water droplet, respectively. For the case of water droplets, the addition of the hydrophobic
particles to the droplet causes the particles to coat its exterior, preventing the internal liquid
from contacting the external surface/environment. This mimics the behavior practiced by
aphids in nature; these insects coat excreted honey dew in a powdery hydrophobic wax,
forming a LM and therefore avoiding infection or drowning.[40]

2.1.

Wetting Angle

It is not always necessary to use phobic powders (𝜃e > 90o), for the case of water droplets,
hydrophilic particles (𝜃e < 90o) can also be used,[41] with particles which are bound most
strongly to the water’s surface at the transition between phobic and philic states (𝜃e = 90o).[42]
LMs coated with particles with properties in the limit of the hydrophobic and hydrophilic
regime have been reported to have the highest mechanical robustness. This was shown in a
study by Zang et al. where the hydrophobicity of the coating particles was altered by varying
the number of silanol groups present in the fumed silica.[43, 44] It was confirmed that particles

possessing 36% and 42% silanol (corresponding to contact angles of around 90o [45]) were able
to survive higher impact velocities and compressions than their more hydrophobic and
hydrophilic counterparts. This encapsulation of the liquid occurs to minimize the surface
energy of the particles. As the energy barrier to remove a particle from the liquids surface is
not symmetric, the use of a particle with a contact angle slightly above 90o should produce
more stable LMs.[41] However, hydrophobic and hydrophilic particles differ at the liquid
surface, with hydrophobic maximizing the distance between the internal and external
environments by protruding further into the vapor phase.[22, 46, 47]
In most cases, hydrophobic powders are used for the production of artificial LMs, these
particles have a low affinity for the surface of the liquid drop which prevents complete wetting,
with the majority being synthesized from polymers, such as polytetrafluoroethylene (PTFE).[4]
Table 1 highlights commonly used particles and their sizes that were used to successfully form
water LMs. It must be noted however that both artificial: (PTFE), polyvinylidene fluoride
(PVDF), polyethylene (PE) and natural: Lycopodium particle coatings can form stable LMs.
As stated, hydrophilic powders, can also be used for water LM formation. They are more
commonly, however, used to stabilize bubbles and foams, this is in part due to hydrophilic
particles having a greater fraction of the surface of the particle residing in the water, with the
contact angle measured into the aqueous (water) phase.[48, 49] When using hydrophilic powders
to form a LM it can be coated in two ways – individual particles or aggregates. The hydrophilic
aggregates are porous and able to trap air. This air cushion instigates a Cassie Baxter wetting
regime which leads to a hydrophobic behavior.[50] The occurrence of these hydrophilic
aggregates within the formation of a LM has been reported in studies where electrostatic
formation was employed, explaining how aggregates could be used to form LMs.[51,

52]

However, for individual hydrophilic particles, it is thermodynamically unfavorable for the
particles to coat the droplets exterior, yet once a certain point of wetting is reached any increase

would be energetically more expensive and thus remains in a metastable state.[53] Hydrophilic
LMs are most commonly formed from either graphite,[17,

54]

or carbon black,[50,

55]

and

fabricated in the same way as their hydrophobic counterparts. The lifetime and stability of a
LM does not solely depend on whether the particle is attracted to water, other characteristics
such as size and structure of the particle dictate that. That being said, the lifetime of a naked
liquid droplet can be doubled when a hydrophilic coating is applied, graphite microparticles
were used to form 5 μL and 10 μL LMs, they retained their spherical shape for 70 minutes
before LM deformation began to occur, whilst uncoated droplets lasted half as long.[17, 56]
Carbon black has also been employed in studies as a hydrophilic coating. This strongly
hydrophilic material could form LMs up to 700 μL in volume.[50, 55] There is limited comment
within literature, especially within the last few years, on the viability of producing highly stable
hydrophilic LMs; this is somewhat unexpected due to hydrophilic coatings such as carbon
black having excellent conductive properties.[55] In terms of lifetime, however, it may be more
beneficial to incorporate more hydrophobic coating particles. Cengiz and Erbil directly
compared the buckling times of hydrophobic powders, poly(perfluoroalkyl ethyl acrylate) (PZonyl-TAN) and PTFE, with hydrophilic graphite powder. They suggested an inverse
relationship existed between hydrophobicity and buckling time on a solid surface, with the
most hydrophobic coating, P-Zonyl-TAN, surviving the longest, and the hydrophilic coating
buckling in the shortest time.[22]
Coatings have also been developed that possess both hydrophilic and hydrophobic sections.[57,
58]

Janus microspheres are often particles consisting of a hydrophobic and hydrophilic

hemisphere allows for direct arrangement of the particle around the droplets air-water interface.
Not only does this provide a highly stable and impregnable particle layer but could allow for a
particle hemispheres to aid with reactions whilst the other benefits stability.[57, 59] In addition
to particles with hydrophilic and phobic characteristics, Janus particles have also been

employed for amphiphilic purposes allowing for specific shape, composition and polarity to be
modified.[60]
Table 1: Types of common particles used in coating a water LM with their respective particle diameters and contact angles.

Diameter
Range /
μm

Contact
Angle / 𝜃e

Material

Modification

Lycopodium

Natural [8, 28, 30, 61-64]
Fluorinated [1, 47]
Salinized [65-67]

17-50

138-144o
160-165o
-

Silica

Salinized [1, 5, 43, 44, 47, 67-71]
Fluorinated [57, 64, 71-73]

0.01-0.5

113o
120-156o

74-79]

0.13-100

100-112o

Polyvinylidene fluoride
(PVDF)

Untreated [7, 8, 61, 62, 74, 80-82]

0.13-0.36

100o

Polyethylene (PE)

Untreated [31, 62, 74, 83]

2-100

96o

Polystyrene (PS)

Untreated [6, 48, 84]
Polypyrrole [85, 86]
Salinized [21]

2.2-500

95o

Polytetrafluoroethylene
(PTFE)

2.1.1.

Untreated [11, 18, 22, 27, 55, 62, 68, 69,

Fluorine Content

In general, chemical structures that contain long chain hydrocarbons at a molecular level have
lower wetting and therefore exhibit more hydrophobic behavior.[87] From Table 1, the most
abundant materials are shown with more exotic coatings excluded, it should therefore be noted
that these more exotic particles are more often more hydrophobic, with some existing as
superhydrophobic coatings (𝜃e > 150o).[88-90] One of the downsides of superhydrophobic
coatings and materials in general is the loss of their repellence, with the main causes usually
being attributed to weak mechanical properties and surface contamination.[91] Still, untreated
powders are being rivalled by particles coated with fluorine groups due to their hydrophobic
nature, with material hydrophobicity playing an influential role in providing balance to liquidliquid interfaces,[10] some typical examples are given in Figure 3. The most common surface

modification is via fluorocarbons, they pack less densely on surface, leading to reduced van
der Waals forces between the surface and water, often generating superhydrophobicity.[92]
The treated particles have higher contact angles than their untreated counterparts. Treated:
perfluorinated silica NP (PFSN) 150-165o, fluorinated nanoparticles (FNP) 158o,
PS/polypyrrole (PPy-C8F) 124o, A-SiO2/FAS 156o and fluorinated mesoporous silica
nanoparticles (FMSN) 161o whereas untreated: 100-112o for PTFE and 100o for PVDF.[22, 24, 72,
73, 87, 93, 94]

This trend is due to surface interactions and surface structure. For the case of PFSN,

the particles position themselves in a hierarchal surface structure and form inter/intra hydrogen
bonds which introduces micro-level elevations in their morphology, allowing for the high
contact angle.[93] The high contact angles achieved are argued to be due to the water droplet
not penetrating into the surface structure, leaving air pockets, suggesting Cassie wetting not
Wenzel. [94-96] These high contact angles allowed for large LMs to be produced. A-SiO2/FAS
powder could support the transport of LMs up to 500 μL without leakage and P-Zonyl-TAN (8
μm) powder was able to produce LMs up to 1000 μL in size.[22, 72] The fluorine modifications
not only provide large contact angles but can also extend LM lifetime. Even though both PZonyl-TAN and PTFE (7 μm) contain fluorine, when placed on water, the highly branched
fluorocarbon structure of P-Zonyl-TAN creates a LM capable of surviving 350 minutes
compared to the 1 minute lifetime of the PTFE LM.[22]

2.2.

Oleophobic vs Oleophilic

Oil LMs are often observed to be less robust than water LMs,[71] yet they do tend to have longer
lifetimes due to their higher vapor pressures.[97-99] Within this section oleo-, amphi- and
omniphobic materials will be discussed as they all have a lack of affinity to oil. The majority
of coating powders used within oil LM studies contain fluorine groups: fluorinated decyl
polyhedral oligomeric silsequioxane (FD-POSS),[10, 100] fluorinated clay,[71] fluorinated fumed
silica,[71, 99] fluorinated-Fe3O4 nanoparticles,[94] and PTFE particles.[97] Other more uncommon

powders such as yeast and methyl cellulose have been used, however, even though a LM was
formed, large amounts of the coating powder were found to also be present within the internal
liquid.[97] Additionally, lycopodium powder, which can achieve very high contact angles with
water without surface modification, due to its porous structure, cannot do so with oil LMs. In
fact, when a water LM formed using lycopodium particles roles over an oil film, the particles
become wetted and undressed from the LM.[101] Surface structure is equally important; for
superoleophobicity to be achieved, Cassie-Baxter wetting is crucial,[95] especially for liquids
with extremely low surface tension. With solid superoleophobic surfaces often having a reentrant structure incorporated into a material which has a rough surface microstructure and a
low surface energy composition, to further reduce wetting.[102-105]
As a wide variety of oils have been used throughout literature, the types of coatings used
change, as do the particles properties. Binks and Tyowua demonstrated that the most
fluorinated (50%) SiOH particles could encapsulate oils of the lowest surface tension such as
hexadecane, toluene and benzene.[94, 99] Even crude petroleum has been demonstrated to form
stable LMs when encapsulated by FD-POSS.[100] Furthermore, Janus LMs can also be formed
– these are LMs containing both oil and water formed by merging individual water and oil
LMs coated with omniphobic particles.[71] Unlike conventional liquid LMs which have a single
rate of evaporation, Janus LMs have multiple rates. This is due to each liquid within the Janus
LM evaporating at the same rate as their respective pure LM.[71]

3. Coating Layer Morphology
The morphology of the coating particle layer encompasses not only individual particle size,
shape and surface structure but also their interactions between one another in terms of the
number of layers. Individual particle morphologies being the most deterministic in terms of the
level of hydrophobicity with the chemical composition and surface structure dictating the
contact angle.[106] This can be at the molecular level through intermolecular forces or nanoscale,

similar to how pond skaters trap air and stay afloat on the surface of water.[107] Mimicking has
been carried out through laser processing techniques to form micro and nano hierarchical
structures creating superhydrophobicity.[108] The number of layers present is dependent on the
characteristics of these individual parameters and as such will dictate the lifetime of the LM,
especially upon comparison of mono and multilayered LMs.

3.1.

Particle Size

The size of particles and number of layers present are related, with course particles (> 50 μm)
tending to form a monolayer and fine particles forming multilayer LMs, with few reported
exceptions.[5, 109] One example of such an exception is monodispersed spherical PS/PPy-C8F
particles where monolayer LMs form with particles ≥20 μm.[110] It could therefore be suggested
that there will be a trend for LM lifetime and stability in terms of size for both multi and
monolayered LMs separately. In general however, it is suggested that the higher the degree of
particle coating (in terms of surface coverage) the lower the evaporation rate and that the degree
of coating tends to decrease with an increase in particle size.[76, 111, 112] Size, particle mass and
density play key roles in determining LM stability, if the particles are too large then incomplete
LMs can form.[112,

113]

It was confirmed through work by Nguyen et al., using confocal

microscopy, that more coarse particles penetrate much less into the internal liquid than finer
particles, with the majority of the coarse particle extending into the air phase.[5]
For monolayer coatings, larger micro sized particles form stronger LMs, to a point.[6, 44, 94, 109,
110, 114, 115]

Liu et al. tested the mechanical stability of 5 different PS particle sizes (between 15

and 100 μm), via compression, with LMs encapsulated with larger particle sizes able to
withstand greater critical pressures.[6] Asaumi et al. also tested mechanical stability via drop
testing. Of the 7 different (20, 40, 80, 140, 250, 500, 1000 μm) PS/PPy-C8F particle sizes
examined, LMs encapsulated with 80 μm particles had the highest stability, with stability
increasing initial from 20 – 80 μm, but as size further increased mechanical integrity

decreased.[110] The initial increase in mechanical stability is attributed to the gravity-induced
capillary attraction, which increases with particle size, and dominated all other interactions at
the LM surface, with the latter decrease associated with a larger particle mass causing an in
increase in potential energy, dominating the LM response.[6, 110] A similar pattern emerges with
smaller micro and nanosized coating particles, with LM stability increasing with particle
size.[94,

114, 115]

This trend continues with PTFE and SiO2 monolayer LMs, the maximum

pressure they were able to withstand increasing in order of particle size, 35 μm PTFE > 5 μm
PTFE > 100 nm SiO2 > 20 nm SiO2.[115] The authors also investigated the critical pressure of
LMs on solid surfaces of varying hydrophobicity. If the surface was not of sufficient
hydrophobicity the LM (salinized SiO2 (~20 nm)) collapsed due to interactions between the
internal water and the external surface, suggesting that a larger particle size increases the
distance between the two environments mitigating collapse.[115] LMs comprising of
nanoparticles can often be highly sensitive to external factors and can experience mechanical
deformation during handling. But by utilizing a superhydrophobic solid surface these LMs
instead exhibit exceptional robustness and can reconfigure when subjected to mechanical
impact.[116,

117]

Allowing for LMs to be used to repair superhydrophobic defects on solid

surfaces, as an effective way for self-healing.[91, 118]
The use of larger coating particles does not reduce evaporation in the same way they improve
stability, with smaller coating particles being favored due to the greater LM surface coverage
they provide.[76, 111, 112] Erbil and Cengiz demonstrated a considerable increase in the lifetime
of a floating multilayer LM by decreasing particle size. Both 8 and 20 μm formed the same
number of particle layers (~3.4), but achieved lifetimes of 350 minutes and 13 minutes,
respectively.[22] The benefits of both small and large particles can be combined to create a more
robust LM. Fullarton et al. formed a LM with multilayers of Ni (4-7 μm) particles filling the

gaps between UHDPE (100 μm) particles achieving a small reduction in evaporation, with
stability decreasing with fewer larger particles.[6, 31]

3.2.

Particle Shape

The shape of a particle can be considered in two important ways. Firstly, the shape of the
coating can differ greatly, powders existing as spheres and rods
polyhedral armored

[121]

[119]

whilst hairy

[120]

and

LMs have also been formed. Secondly, the shape on the particles

surface, which can be very smooth [57] or rough [63] both affects the hydrophobicity as well as
the lifetime of the LM.
Both rod-like and spherical particles form stable LMs with differing mechanical properties.[119,
122]

Azizian et al. directly compared their performance using hydrophobized CaCO3 particles,

with both types immediately forming multilayer LMs. Upon being subjected to compression
testing the spherical and rod-like coatings exhibited elastic and plastic responses, respectively,
due to the arrangements of the different particles at the air/water interface.[119] Other, more
unconventional shapes, such as hexagonal hydrophobic poly(ethylene terephthalate) plates
may also be used to form water LMs. These polyhedral LMs allow for shape control with the
formation of non-spherical, sharp edged droplets. However, the LM exhibits a shorter lifetime
then their uncoated counterparts due to the armored droplet retaining its surface area.[121]
Alternatively, fibers ranging in size from 50 – 280 nm are also used to form highly robust
LMs.[120, 123-125] When superhydrophobic fibrillar cloaks are used, the LM can undergo high
vortex mixing without bursting and float on water for 2-3 hours with only gradual shrinkage
observed. This is possible due to the complex multiscale topography the fluoroacrylic
copolymer and cellulose acetate provide.[120] Arshadi et al. similarly utilized bio-originated
superamphiphilic nanobiofibers (NBFs) to encapsulate water droplets up to 120 μL.[124] The
water molecules bound the NBFs together as a bridge, forming water droplets encapsulated by
the NBF cells.[125] LMs manufactured using fibers share similarities with LMs formed naturally

by Aphids (Eriosoma Moriokense).[126] Aphid LMs are comprised of fibrous wax particles
(~2.7 μm) and bundles of daughter wax fibers (~0.204 μm) that work in conjunction to coat the
honey dew droplets, achieving contact angles of 130o,

[126]

160o

[40]

and 150o.

[127]

By using

biomimicry it could be possible to develop LMs with the same characteristics as those produced
by Aphids or apply features demonstrated by fire ant (Solenopsis Invicta) colonies floating on
water.[126, 128]
Similarly, to LMs, capillary origami has been used to encompass a liquid droplet in a single
solid planar sheet. Unlike LMs, where evaporation is more of a hinderance, for capillary
origami it is the driving force behind the encapsulation. First discussed by Py et al., a water
droplet can be wrapped with a polydimethylsiloxane sheet due to elastic and capillary
interactions, and not material hydrophobicity. Evaporation occurs quickly initially as the
majority of the droplet is exposed, however, once the folding is complete, evaporation occurs
at a slower rate.[129] This process can be used to form numerous millimetric polyhedrons and
micron scale structures using atomically thin materials, with Teflon being used as a thin film
to instantaneously wrap a water droplet upon contact.[129-132] Covering of a liquid droplet using
solid flexible sheets often requires additional energies such as those from bending or
stretching.[129] LMs on the other hand are a method of droplet encapsulation without the energy
costs, which can be called as a liquid film at the extreme limit of a flexible solid.[1, 132]
Surface structure and hydrophobicity of a material are closely linked, with a textured surface
enhancing hydrophobic behavior due to microcavities.[47,

60, 133]

Scaling down the surface

roughness into the micro and nano ranges can provide superhydrophobicity as well as increase
stability against environmental disturbances.[134] This often has a greater impact than chemical
modifications, such as grafting fluorocarbon chains or silane layers to alter the particles surface
composition, which can only increase hydrophobicity to a maximum of 120o, to generate higher
contact angles the surface structure must be considered.[106] This is demonstrated by

Lycopodium powder, its naturally highly structured surface morphology of hollow sections
creates high contact angles that can be achieved even without surface modification (Table 1).
Natural hydrophobic surfaces have been studied when designing highly non-wetting materials.
The superhydrophobic lotus leaf demonstrates self-cleaning properties. This is partly due to
the surface roughness, which provides contact angles of 161o up to nearly 180o.[135, 136] Studies
have investigated the mechanism of dust particle removal from manufactured hydrophobic
surfaces to mimic the lotus leaf, with some particles being taken into the droplet and others
remaining on the surface, similar to LM formation.[137] In work by Yamamoto et al. they
demonstrated how the reduction of hydrophobicity could be achieved through the reduction in
surface roughness.[136] The addition of ethanol removes the plant waxes, which fabricated the
nanostructures, reducing the contact angle from 161o to 122o, highlighting the importance of
having a high surface roughness in achieving good hydrophobicity. [22, 136]
On the other hand, smooth particles have been employed to prevent the formation of particle
aggregates and ensure monolayer formation with a uniform hexagonal arrangement of the
coating particles on the LM surface.[138] Monolayer formation can be guaranteed due to gravity
dominating the particle-particle attraction for smoother particles, thus ensuring the attractive
forces between alike particles are overcome, preventing aggregates.[24, 42, 78] However, using
rough particles often provide a more robust protective layer to a liquid surface. Rough
microspheres can prevent a glass mixing rod from contacting the internal water, on the contrary
when smooth microspheres of the same composition were used, the glass rod immediately
penetrated into the water phase.[57]

3.3.

Mono/Multi-Layer

The number of layers of coating particles on a LM also determines its overall lifetime. As
previously stated, courser particles form monolayer LMs whilst more fine particles provide
multi-layered shell, with packing of the coating layer(s) often consisting of finer particles

packing between coarser particles, naturally or by design.[5, 31, 110] As demonstrated by Cengiz
and Erbil, 8 and 20 μm P-Zonyl-TAN powders formed multilayer LMs, whereas the 60 μm
particles formed a monolayer.[22] Size is not the only factor that determines the number of layers
present. Inter-particle interactions and particle density also have an impact, PMMA particles
(43 μm) formed multilayers whereas hydrophobized copper particles (9, 15 and 320 μm) either
formed a monolayer or partially formed monolayer LMs.[112, 113] The thickness of the particle
layer may also can also be altered through the method of formation. Soot coated water LMs
formed via impinging from a height, imprinting and rolling yielded three different shell
thicknesses, ~12 μm, ~20 μm and <12 μm, respectively.[123] It is therefore important to consider
a multitude of factors when designing a LM with a desired shell type or thickness.
Currently, the general consensus is that LMs coated with multiple layers of particles have a
slower rate of evaporation than their uncoated counterpart (drying rate is halved for a coating
thickness 1/10th the drop size), whereas LMs with a particle monolayer have faster rates than
their equivalent naked droplet.[17, 18, 21, 22, 24, 109, 123, 125, 138, 139] For monolayer LMs this has been
attributed to the incompressibility of the interface, which remains constant over the course of
drying. A LM covered with a monolayer of particles will exhibit more interface and therefore
quicker drying (Figure 4). This is attributed to – a single layer of particles not providing
resistance to evaporation and the “speeding-up” effect, where the droplets surface area remains
constant during drying due to the incompressibility of the interface caused by the solid coating
particles.[21] The speeding up effect may also be caused due to droplet elongation, as the droplet
volume decreases there will be more particles present than was initially required for complete
coverage. For the case of a monolayer coated LM, the excess particles could result in
compression of the LM resulting in droplet elongation, providing a greater surface area for
vapor loss.[140] The speeding up effect therefore, does not have an immediate impact on LM
evaporation rate and only occurs after a certain mass of internal liquid has been lost, 60-80 %

(Figure 4). It has also been demonstrated that the presence of a particle monolayer that enhances
LM evaporation can also occur on a liquid surface. Lin et al. demonstrated that by introducing
a layer of superhydrophobic silica nanoparticles onto the surface of water enhanced
evaporation. They postulated that this was due to locally curved air-water interface in the gaps
between the hexagonally arranged surface morphology thus requiring a higher partial water
vapor pressure in the air phase to maintain the equilibrium of water and its vapor.[141] Providing
a third potential mechanism for faster evaporation rate in a monolayer LM than the equivalent
naked droplet.
The extent of lifetime reduction has been shown by Asaumi et al. and Ogawa et al., where
comparison of the evaporation rates of monodispersed LMs (83 μm PS/PPy-C8F and 6 μm
poly(methylsilsesquioxane) respectively) and their naked counterparts were made.[24,

138]

Within both studies the particles are smooth allowing for the formation of a monolayer. In both
cases the rates of evaporation for both LMs are nearly completely linear, suggesting that the
air water contact area remains constant, as previously shown with polyhedral LMs.[121] The
initial evaporation rates in both studies are similar for the coated and uncoated droplets,
showing that the monolayer has little affect at preventing evaporation (Figure 4). That is until
the divergence between the naked droplet and LM profiles caused by the naked droplet
adhering to the d2 rule of droplet evaporation and monolayer LMs being subjected to the speed
up effect.[21, 140]
However, it has also been suggested that the presence of a mono or multilayer structure does
not affect evaporation when the LM is placed on a solid surface. P-Zonyl-TAN powder of three
different sizes (8, 20 and 60 μm), with the largest size forming a monolayer, achieved lifetimes
of ~30 mins for each particle diameter.[22] Interestingly, when placed on water the multi-layered
shell allowed for much longer lifetimes than the monolayer, achieving 350 and 1 minute,
respectively. This difference in part is that the monolayered LM only required slight wetting

before collapse whereas the multi-layered structure could allow for the outermost layers to be
wetted. In general however, LMs comprised of a multilayer shell tend to have longer lifetimes
than uncoated droplets.[17, 18, 21, 125] Unlike a monolayer of particles at the water/air interface a
multilayer provides a degree of evaporative resistance. The total reduction in evaporation
depends on the droplets volume, packing density as well as the number of layers present.[21] It
has been shown in evaporation studies that the presence of a multilayered PTFE (5-6 μm),
graphite (15 μm) or fumed silica (40 nm) shell can extended life by 30–100 % vs a naked
droplet, as represented in Figure 4.[17, 18, 21]
Multilayered LMs have also been shown to have better mechanical stability than their
monolayered counterparts.[110, 115, 123] This has been demonstrated through compression and
drop testing, with 3 different types of multilayered LMs able to withstand much greater
compressive pressure than the monolayer LM.[115] Asaumi et al. instead performed drop test
analysis on both types of LMs with the multilayered 1 μm PS/PPy-C8F LM performing better
than its monolayer equivalents. This was rationalized by the presence of aggregates forming
multilayers allowing for – (i) a long gap distance with an estimated 40 particle layers; (ii) a
very large number of capillary bridges in the layer creating numerous pinning points and (iii)
dissipation of the potential energy in the multilayer aggregates.[110] Liu et al. similarly found
that LMs with small internal volumes and larger powder densities are more robust and less
prone to rupture.[142] Instead, they described thickness in terms of mass of powders per unit
area on the surface of the LM, known as powder surface density. Rather than using different
shell thicknesses for the same volume of water, Liu et al. started with a small LM and increased
the volume of internal liquid volume in situ, which in turn decreased the powder surface
density. This larger density is attributed to a stronger resultant force towards the center of the
LM in small volume LMs, allowing for more particles to be adhered.[142] The presence of a
multilayer shell also prevents critical wetting from occurring, allowing for LM transfer onto a

liquid surface.[82, 115, 123] This is especially useful in environments where the likelihood of
wetting is high due to the presence of surfactants. A multilayer LM can allow wetting of the
outer layers without compromising its structural integrity, exhibiting a greater resistance to
collapse than a monolayer LM which cannot allow the wetting of its only particle layer.[82]
Nevertheless, it is advantageous in terms of LM surface property controllability to utilize a
monolayer, ensuring a uniform shell thickness, which cannot be guaranteed with multilayered
LMs.[6, 24, 138] It is not always possible to achieve a tightly packed uniform structure with multilayered LMs which is possible with a monolayer, where a critical jamming state occurs.[6, 24,
138, 143]

Multi-layered LMs often form aggregates as is the case for cellulose nanocrystals, it was

confirmed that the particle aggregates did not provide a well-covered shell.

[122, 144]

These

porous gaps are due to the attractive Van der Waals forces between the particles causing a
loosely distributed covering allowing for gas exchange and absorption to take place readily.[5]
The use of a gel layer as the encapsulating mono [145] and multi-layered [146] shell has often been
used within LM technology, providing a degree of evaporation resistance when compared to
their naked droplet equivalent.[140, 147] These shape designable LMs differ to their particulate
counterparts due to the bonds formed during the gelation process, where a membrane-like layer
forms between the internal water and stearic acid coating particles.[140] Similarly, composite
LMs, consisting of a shell particle coating and shell liquid, can reduce the evaporation rate and
generate a higher mechanical stability, allowing for effective use within polymerase chain
reaction applications. [139, 148-150] If further evaporation reduction is required core-shell beads
derived from LMs are often employed.[149-151]

4. Internal and External Environments
The positioning of the LM and the environment it is situated in are limiting factors for
maximum possible lifetime. The relative humidity of the immediate environment is crucial in
extending LM lifetime. An increase in relative humidity causes a subsequent increase in the

LMs lifetime, LMs at 80 % relative humidity experience a ~ 200% increase in lifetime when
compared to the same LM at 20% relative humidity (Figure 4).[17, 18, 122, 139] Although an
increase in relative humidity for a naked droplet also reduces its rate of evaporation, the
evaporation resistance provided by the multilayer coating ensures a longer lifetime when the
two are compared at each relative humidity.[17, 18]
In LM experiments that investigate different relative humidity’s or maintain one constant
humidity in order to control the vapor concentration, gradient salt solutions and a sealed
environment are often used.[17, 18, 54, 109, 122] However, the relative humidity of the immediate
LM environment can be controlled and increased by other beneficial methods. By positioning
a water LM on a liquid surface, such as water, the lifetime of a LM can be extended - providing
it is not critically wetted.

[22, 77, 81, 152, 153]

The longer lifetime experienced by a floating LMs

when compared to an identical LM on a solid surface is due to its proximity to water,
additionally, in some cases when placed in a humid environment floating LMs can last days
before structural integrity is compromised.

[152, 154]

Cengiz and Erbil demonstrated that a

multilayered LM positioned on water had a ~1000 % longer lifetime than when placed on a
solid surface, 350 and 30 minutes respectively.[22] However, the increase in lifetime for the
multi-layered LM was potentially due to the increased concentration of water vapor due to the
water surface. In contrast, Sreejith et al. investigated how the number of LMs present altered
the lifetime of water LMs coated with monolayered 1 μm PTFE powder. They found that the
average LM buckling time increased when more LMs were present. By having LMs in close
proximity a more vapor saturated immediate environment is present and therefore a lower
evaporation rate is exhibited compared to their solitary counterparts.[139] However, it is
important to ensure the temperature of the external water is controlled, as shown by Chandan
et al., when the external water temperature was increased from 20 to 40 oC the LM lifetime
decreased drastically from 480 to 2 minutes.[93]

LM lifetime can be further prolonged to the point where little to no evaporation is experienced
by being fully submerged in another liquid. A recent study by Zhao et al. investigated how LM
lifetimes could be extended through submergence in organic liquids, these LMs in liquid
(LMIL) have the potential to extend their lifetime by ~1000 times than ones in air (Figure 4).[20]
After 2 weeks the dimensions of the LMIL remained unchanged due too minimal evaporation
occurring.[20] Sulfur coated LMILs have also shown extended lifetimes, from less than 1 hour
when on a solid surface to up to 4 weeks when submerged in an appropriate organic phase.[155]
This stability that lasted for weeks is especially useful in the formation of stable LMs for
miniature reactor technology and cell marbles where submerging a LM containing cell culture
in mineral oil extended lifetime from a day to 2 weeks.[19, 156] These LMIL studies are often
said to exhibit Pickering like emulsions.[155,

156]

Pickering emulsions differ from standard

emulsions due to the presence of solid particles at the interface between the two phases. When
oil and water are mixed and solid particles, often silica, are added to this mixture they decorate
the oil droplets.[157, 158] This process not only creates a more stable emulsion, avoiding the need
for synthetic surfactants, but also enhance droplet lifetime.[159, 160] It must be noted that unlike
LMs a decrease in coating particle size produces more stable Pickering emulsions, but similar
to LMs, particle morphology has a bearing on Pickering emulsion droplet characteristics.[6, 161,
162]

Often the main difference between LMs and Pickering emulsions is the external

environment, with the majority of LMs existing in a gaseous environment, whereas Pickering
emulsions exist in a liquid environment.[163,

164]

The recent increase in LMIL studies has

generated the comparison with Pickering emulsions, with both describing encapsulated
droplets in liquid. However, Pickering emulsions exhibit smaller and less consistent droplet
sizes than their LMIL counterparts. In general, Pickering emulsion droplet diameters range
between 1-100 um, not too dissimilar to dry water, with examples of nanometer and larger 500
um droplets existing. [159, 163, 165-168] LMs on the other hand tend to exist as millimetric droplets,

from spherical droplets at ~1 mm to puddles producing larger diameters, 20 mm [1, 22, 47] Zhang
and Wang used this difference in size to their advantage, producing Pickering emulsion
marbles, encapsulating a water and oil Pickering emulsion droplet in hydrophobic silica
particles for use as a cellular capsule in sustained drug release.[163] By using LMIL, millimetric
Pickering like emulsions can be formed with the added benefit of a narrow size distribution.[155,
156]

Additional, LMs can be prepared out of liquid and then if required be submerged into a

liquid. Their millimetric size also allows for easier transfer and manipulation than smaller
Pickering emulsion droplets, often transferred easily with forceps, making them more well
suited for long term and temperature miniature reactors for cell cultures.[19, 20, 155]
The use of an external organic solvent can also be used to control the degree of water extraction
from a LM.[117] Within this study droplets of hydroxypropyl cellulose (HPC) were coated with
fumed silica NPs (20-30 nm). They were then submerged in toluene which facilitated slow
drying of the LM core of ~9 hours, double the time for an equivalent LM in air. The volume of
toluene was used to finely tune the concentration of the HPC, and hence the amount of water
extracted from the LMs internal environment was precisely controlled.[117] Alternatively, when
rapid evaporation of a LM is required, opening of a section of the external coating is possible.
Roy et al. demonstrated that when a water LM was submerged in silicone oil it remained at the
oil/air interface, instead of sinking.[169] Over time the coating particles migrated towards the
contact line and undressed at the water/vapor interface, this was shortly followed by
evaporation. The method developed by Roy et al. was the first to incorporate opening of the
LM shell in liquid, with ultrasonic levitation [78] and magnetism [94, 114, 170] working for LMs on
solid surfaces in air.
Varying the surfactant concentration of either the internal or external liquid is another simple
way to control LM behavior. The addition of a surfactant to one of these environments causes
the surface tension of the liquid to decrease, instigating LM collapse. Singha et al. demonstrated

that the addition of surfactant to the external liquid caused the pores between the coating
particles of multi-layered LMs to fill, with more layers becoming wetted as the amount of
surfactant increased. Larger volume LMs were less stable and required a smaller concentration
of surfactant to instigate collapse (higher surface tension) when compared to smaller LMs.[82]
In their following study they demonstrated how the thickness of the multilayer particle shell
can vary with internal liquid surface tension. Shell thickness decreased significantly from 64
to 52 μm as surface tension decreased from 72 to 54 mN m-1, followed by a rapid increase to
77 μm at 43 mN m-1. The decrease in shell thickness was attributed to the combined effect of
lycopodium powder penetration into the core and the hydrophilicity enhancement of the
lycopodium with the decrease in surface tension. On the other hand, shell thickness increase
was associated with interfacial jamming of the powder at the droplets surface.[171]
Therefore, in LM design there is a great deal of importance in considering changes in behavior
of the internal liquid especially if a mixture of liquids is used. For LM systems containing
different volatility liquids, such as water-ethanol, the surface tension increased gradually over
time due to the more volatile liquid (ethanol) evaporating from the internal liquid more
quickly.[172] Interestingly, the impact of a multi-layered shell is much more pronounced when
a more volatile liquid is present in the LM. Even though the multilayer shell reduces the
available area for mass transfer regardless of the internal liquid, the evaporation rates for a LM
and naked droplet containing only water were almost identical, 104 and 106 g min-1
respectively. Whereas an ethanol-water (25:75) LM had a much lower evaporation rate than its
naked droplet, 145 and 206 g min-1 respectively.[173] In LMs where water is the more volatile
liquid, glycerol can be used to negate evaporative losses. For pure water LMs, evaporation
occurred over time, on the contrary for pure glycerol LMs, the internal liquid volume increased
due to absorption of water from the external environment. When a certain glycerol content was
present in the LM an equilibrium between evaporation and absorption of the water was

achieved and no mass change of the internal liquid was observed.[122] This does not occur in
the ethanol-water LM as both experience vapor loss over time.[173] Balancing of evaporation
and absorption in glycerol/water LMs could allow for long lasting lifetimes crucial for
numerous applications, such as rapid gas evolution, with other studies showing that neither
evaporation or deformation of pure glycerol LM occurred during heating at 90oC over 8
hours.[122, 174]
Additionally, coating particles that are pH responsive have been developed, the LMs formed
therefore have extended or reduced lifetimes in different pH conditions with the same coating.
Depending on the coating developed these LMs can be stable on an alkaline solution and
collapse on an acidic solution or vice versa. For poly(2-vinylpyridine) and PS particles coated
with poly(2-(diethylamino)ethyl methacrylate), once the pH decreased and became more
acidic, the LM powder coating turned hydrophilic, wetted and the LM collapsed.[48,

175]

Conversely, the collapse of LMs formed from poly(6-(acrylamido) hexanoic acid)-grafted
silica particles and fluorinated fatty acid powder occurs under increasingly alkaline conditions
as the LM coating becomes increasingly wetted.[176, 177] Producing a LM coating that is highly
stable in normal operating conditions is key for LMs used to detect a change from the normal
operating window.[94] Liquid metal LMs have drawn increasing interest over recent years due
to their wide range of beneficial properties; low melting point,[178] low evaporation
pressure,[179] and good electrical conductivity.[180] Chen et al. developed a galinstan (68.5%
gallium, 21.5% indium, 10% tin) LM, whereby a liquid metal droplet was rolled through a
mixture of ferronickel and PE microparticles.[181] This low melting point metal is liquid at well
below room temperature, -19 oC, and could achieve contact angles of 141o on a smooth silicon
surface.[182] The resulting LM was not only magnetically controllable but also showed excellent
stability in air and resilience to ambient temperature, with onset of solidification at 11oC
reducing elasticity. However, this study has highlighted the potential benefits over other metal

LMs coated with either PTFE or iron oxide particles, which either exhibit poor controllability
or low mechanical robustness.[182, 183]

5. Emerging Applications for Highly Robust Liquid Marbles
Many applications have utilized the porous nature of a LMs shell to allow for gas exchange
between the internal and external environments (Figure 1). Whilst this is a hinderance in terms
of lifetime it allows for the effective use of LMs for liquid-gas phase reactions, such as the
copolymerization of 1,3-dienemonomer

[184]

and detection of ammonia and hydrochloric

acid.[9] LM microreactors have also been employed for Janus particle synthesis through
dopamine polymerization,[185] methylene blue degradation using catalytic LMs,[186] qualitative
and quantitative inorganic analysis,[187] and as electrochemical

[188]

and photothermal

microreactors.[189] Their use can also be extended into microbioreactors for enzymatic
hydrolysis,[16] the polymerase chain reaction

[149, 150, 190]

and rapid blood typing by forming

blood LMs.[14] In addition, the ability for vapor to leave the LM can allow for movement on
the surface of water due to Marangoni flow, making it possible for light driven delivery of
materials via laser driven boats.[3, 191]. The following studies discussed have all be investigated
within the last 3 years highlighting the continuous research interest in these areas.

5.1.

Environmental Remediation Applications

LM systems have the potential to be used within an ecological setting owing to their ability to
keep the internal and external environments separate.[1,

47]

Within recent years two main

common pollutants have been the focus of LM technology for environmental purposes CO2
capture and oil removal.

5.1.1.

Systems for CO2 Detection and Capture

CO2 based LM technology has focused on two main criteria, gas detection and gas capture,
both of which are key in the reduction of CO2 build up and subsequent venting to the

atmosphere. Yukioka et al. produced CO2 gas responsive LMs using a water droplet coated
with pH sensitive powder.[37] The LM was floated on water. Prior to CO2 introduction the LM
remained stable for over a day, however, upon CO2 introduction collapse occurred after a few
minutes, this was instigated by acidification of the external water, causing the coating powder
to become hydrophilic. The LMs in this study were exposed to high levels of CO2, at low
concentrations rapid collapse was not observed, as such they could act as sensors in high CO2
environments such as thermal power plants.[37] LM coalescence through CO2 induced wetting
of the interface can be used to achieve simultaneous initiation of multicomponent
microreactions. CO2 sensitive particles were used to coat the respective droplets, during the
continuous uptake of CO2 gas, the particles at the interface of the two LMs became hydrophilic.
As such a macroscopic particle free gap formed between both LMs, followed by a liquid bridge
and finally the formation of a single LM (Figure 5a). This process was observed through the
Iodine-Clock reaction where a color change from white to yellow-brown was observed upon
coalescence.[38]
These studies do not actively seek to remove and capture CO2. Rong et al., on the other hand
developed a LM based system capable of exhibiting a high rate of excellent CO2 sorption
capacity as well as long term stability (Figure 5b).[39] The use of LM technology allowed for
current limitations associated with both solid and liquid CO2 capture to be overcome by
utilizing solid-liquid hybrid super particles (SLHSPs). The SLHSP was comprised of a droplet
of aqueous tetraethylenepentamine (TEPA) containing hydrophilic silica NPs, coated with
hydrophobic silica NPs. The formation of the SLHSP occurred due to the slow evaporation of
the water within the LM, resulting in tightening of the external coating and formation of
hydrogen bonds between the TEPA and internal silica NPs. This method provides high
mechanical strength and high accessibility to the internal liquid due to the hierarchical micro
structured internal architecture. When incorporated into a fixed bed for CO2 capture excellent

sorption capacity of 6.1 mmolg-1 (100oC) was exhibited and maintained over 60 cycles,
outperforming many other amine and non-amine based CO2 capture techniques especially at
similar temperatures (1.14 - 3.90 mmolg-1).[39, 192-194]

5.1.2.

Systems for Water Remediation

LMs used within pollutant-based applications are divided into two main categories, the
detection of water pollution and the capture of such pollutants from water. Detecting water
pollutants through this manner allows for immediate indication of contamination without the
need for samples to be taken and assessed. This technology depends on the contaminant
creating a low surface tension film on the water surface. In the original study by Bormashenko
and Musin as soon as the floated PVDF coated water LM contacted the contaminant, ethyl
alcohol, the LM collapsed.[7] More recently Zhao et al. developed water LMs coated in colorful
stearate powder capable of detecting oil pollution in water.[34] To observe if effective detection
of oil contaminants was achieved, a blue LM was positioned on the water surface and petroleum
ether was then added. Similarly to report by Bormashenko and Musin, the petroleum ether
decreases the water surface tension causing the collapse of the LM.[7] When surfactants were
introduced to the external liquid, collapse occurred at very low levels (< 0.083 gL-1) mainly
due to the drastic change of surface tension.[34] In the previous examples, the contaminant liquid
was introduced to the external environment after the LM. In work by Uda et al., stimuli
responsive poly(alkylaniline) coated water LMs were fabricated. These LMs could be remotely
controlled via Marangoni flow induced by a near-infrared (NIR) laser, allowing for controlled
positioning of the LM at the contaminant location upon which collapse occurred. [195] Tuning
the levels of contaminant that cause the destruction of the LM would allow for the design for
specific process systems.
Alp, Alp and Aydogan coupled the process of contaminant instigated LM collapse with the
manipulation

of

the

contaminant

phase

with

magnetic

particles.[35]

Fluorinated

superparamagnetic iron oxide nanoparticles (6 nm) were used to encapsulate a droplet of either
water or a surfactant solution. An oil droplet (octadecene, hexane, engine oil or grease oil) was
floated on a water filled petri dish, followed by the addition of the LM to the water surface.
Instantaneous LM rupture occurred upon introduction to the liquid interface due to surface
tension change.[35, 82] When a cationic surfactant mixture was used, the magnetic particles
surrounded the oil droplet, with the semi-fluorinated ligand aiding nanoparticle integration into
the oil phase, allowing for simple manipulation of the oil via magnetic stimuli (Figure 5c).[35]
LM collapse is not always necessary in depositing particles into the phase, when multilayered
lycopodium coated water LMs were rolled over silicone oil, particle detachment occurs.[101]
Conversely, LMs can also be used to produce microcapsules of highly sorbent materials which
are one of the most successful, cost effective and versatile methods used within oil removal.[196]
Work by Fernandes et al. has shown that the production of hollow (1-20 mL) magnetic
microcapsules using polyionic LMs for oil removal was possible.[36] A droplet of water
containing magnetic nanoparticles was rolled through hydrophobic poly(3-n-tetradecyl-1vynilimidazolium bromide) powders, followed by melting the powder shell via fast solvent
treatment. The microcapsule was then placed in a water/oil mixture and left to allow for
absorption of the oil phase (sunflower, mineral and hexadecane) into the empty internal area,
with subsequent application of magnetic field for capsule removal (Figure 5d). The LM derived
microcapsules showed higher absorption capacity than the gold standard synthetic oil
absorbents (polypropylene) with 11 g of oil per gram of capsule and 10 g of oil per gram of
sorbent, respectively.[36, 197] While the use of hydrophobic particle oil sorbents allows for easy
spreading over a large area, they are often difficult to recycle.[198] However, the magnetic
microspheres can overcome this for simple collection.[36, 199] Even though crude petroleum LMs
have been reported, removal by oil encapsulation in the traditional LM sense has not been
used.[100]

5.2.

Energy Applications

New and creative applications for LMs are being explored consistently, expanding from the
classically reported uses as gas sensors [9, 26] and microreactors.[10] The first development within
energy to transport the electrical charge between two LMs connected by a salt bridge, acting
as a Daniell cell.[200] More recently, liquid nanofoams (LNs) have been utilized. These are
systems comprising of a liquid and a hydrophobic nano porous material.[201, 202] The result of
this system is a highly efficient energy absorbent material with rapid energy dispersion, caused
by liquid infiltration. When a sufficiently high external impact was experienced, the surface
energy barrier was overcome, and liquid molecules entered the nanopores. During this process,
a large amount of external energy was converted into solid-liquid interfacial tension and
dissipated as heat.[203-205] However, in order to better harness this capability and protect against
deformability overtime, LM-LNs were developed by Li and Lu.[206] Within their study they
compared LNs in layered samples and in LM form, using nanoporous silica and saturated
lithium chloride. Due to the LM-LNs macroscopically homogeneous structure, it is more
efﬁcient than the layered sample at increased strain rates, whilst ensuring the energy absorption
capacity of the LN is always fully activated (Figure 5e). This could potentially be used in
personal protective equipment to reduce impact force or in conversion of energy from
applications which constantly experience compression or impact.[207] It may now allow for a
greater development into the potential use of LMs within energy applications, following the
excellent performance droplet-based electricity generation has shown.[208-210]

5.3.

Biotechnology

Within current literature, several review articles, focusing on miniature reactors and
bioreactions associated with LM technology.[4, 211] However, other areas within biotechnology,
that do not focus purely on micro volume reactions, have not been extensively covered.

Within the development of new therapeutic and active pharmaceutical ingredients (APIs), one
common obstacle is poor solubility, resulting in reduced bioavailability (the measure of the
amount of a dose (API) that reaches the blood stream, 100% for intravenous).[212] Janská et al.
utilized oil LMs with dissolved APIs encapsulated by various powders (Figure 5f).[97] Unlike
their water-based counterparts, where the internal liquid evaporates relatively fast, the oil LMs
remained stable for much longer, suggesting their potential use within drug formulation. Their
low production cost, simple manufacturing process and sustainable formulations increase their
promise for application within this area. Additionally, the performance of the oil LMs was
superior to common drug administration methods, the macadamia oil LM capsules achieved
90% API release in ~59 minutes compared to 2-4 hours and 1-2 hours of tablet and solution
forms, respectively.[97]
LM technology has also been applied within tissue engineering where cell marbles (CMs) have
been created.[19,

20, 213]

A novel cell encapsulating technology has been demonstrated by

Gabbott, Mele and Sun, by wrapping cell suspension droplets in electro-spun hydrophobic
nanofibers. It was possible to encapsulate human dermal fibroblasts and/or immortalized
keratinocytes in mechanically strong CMs which was then able to be moved using forceps,
allowing for easy and accurate delivery (Figure 5f). Once the CM was at the target location,
release of the internal medium occurred through controlled rupture, which was induced by the
interactions between the aqueous external environment and the hydrophilic-phobic nanofibers.
Utilizing CMs not only simplifies the engineering strategy for tissue engineering, with no
special equipment or additional training required, but as there is no limit on the type of cell that
can be encapsulated. CMs could be mass produced and utilized within treatment of large tissue
defects and skin implants.[19] To increase the capabilities of cell culturing, LMILs can also be
employed. Zhao et al. utilized LMIL for the long term incubation of yeast cells using an
external water bath that allowed for well controlled, distributed and optimal temperature

control of the cell cultures.[20] This precise heating allows for reproducible conditions, offering
promising potential for LMIL to be used for confirmation of reaction kinetics.
Biomimicry is often employed using LM protocols. Composite LMs, consisting of a water
droplet coated first with silicone oil and then rolled through fumed fluorosilica powder have
been used to mimic the entry of a virus into a living cell. Roy et al. utilized the aforementioned
composite LMs to swallow hydrophilic polymer particles when also coated with the same oil,
whereas hydrophobic polymers attached to the outside.[148,

214]

The engulfing mechanism

exhibited by the composite LM shares characteristic with Neutrophil phagocytosis of
staphylococcus aureus, an important white blood cell in capturing bacterium.[215, 216] True
biomimicry, however, would require the targeting and chasing of the target (polymer particle),
which currently is not demonstrated. Artificial chemotaxis with Marangoni flow could be
employed to achieve this, allowing for rapid deployment of a LM to a specified target.[3, 217, 218]
LMs have also been incorporated into the formation of compound lenses for enhanced vision
systems, mimicking the compound eyes present in the majority of arthropods, consisting of
numerous individual micro lenses arranged as a curved array.[219, 220] This can be imitated
through the formation of a monolayer LM with hexagonally arranged silica nanoparticles on a
droplet of photocurable oil.[221] The lens formed resembles the hierarchical structure exhibited
by the mosquito compound eye.[222] Utilization of LMs for such structures bypasses the issues
of microfabrication which can often include multiple steps and allows for arrays of lenses to
be formed.[221]
Upconversion nanoparticles (UCNPs) have the unique optical ability to convert NIR light into
visible higher energy emission lights making them invaluable within the biomedical and energy
sectors.[209] By utilizing LMs coated with magnetic lanthanide doped UCNPs, the outer layer
of UCNPs can convert two or more low-energy NIR photons into high-energy photons (e.g.,
green emission), acting as a light transducer to introduce high-energy photons (i.e., UV/Vis

emission) into the LM.[209, 210] The UCNPs based LM it allows for magnetic manipulation for
controlled drug delivery and release, whilst remaining “transparent” of visible light, which is
commonly not the case when iron oxide particles are used – allowing for the photosensitization.
These LMs also exhibited excellent mechanical stability and can be employed as miniaturized
reactors for use in photodynamic therapy of cancer cells or accelerated drug therapy.[210]
Another unconventional application of LMs in recent years is for neuromorphic computing
devices. Mayne developed this system in order to emulate features of a biological nervous
system, more specifically properties of the synapse.[223] This was achieved through a copper
coated LM containing carbon nanotube solution which were sandwiched between two
electrodes and continuously DC pulsed at 3 V.

5.4.

Emergent Applications

In addition to the more common LM technologies, several new, novel applications have also
been developed. Unconventional computing and soft robotics are such areas which LMs have
recently been employed which require mechanically robust and long life LMs. They have been
used in collision-based computing to act as a logic gate and utilized as both a signal and signal
carrier without requiring electronics and moving parts (Figure 6a).[31, 109, 224, 225] More recently
the Belousov-Zhabotinsky type reactions have been used within LM technology (Figure 6b).
Fullarton et al. explored the influence of an array of these LMs in close proximity to one
another, revealing that sporadic transfer of excitation waves was achievable.[226, 227]
LMs and their dry water counterparts have been used by Tianwei et al. for the suppression of
liquid fuel fires by taking advantage of having solid and liquid fire extinguishants in a material
(Figure 6c).[228] Dry liquids are similar to LMs with both having a liquid encapsulated by a
solid, however, dry water particles are one order of magnitude smaller than the equivalent water
LM.[167, 168] The reported formation of dry water particles differed to LMs formation as high
sheer mixing was required to atomize the water whilst at the same time being coated with

hydrophobic silica particles. With the addition of Gellangum, water loss by evaporation was
reduced by 50%, allowing for an increased efficiency in the extinguishing of gasoline and
diesel fires via the synergetic cooling, dilution, homogeneous chemical, and heterogeneous
inhibition effects. This method provided extinguishing efficiency comparable to commonly
used ultra-fine dry powder and has the advantage of quicker flame temperature decrease than
other commonly used fire suppression methods, water mist without additives and ordinary dry
powders.[228]
One such issue with LMs is there inability to store volatile materials, with water evaporating
from the internal structure with relative ease.[17, 18, 22] Nevertheless, LMs can be used to form
microcapsules when a polymeric film such as latex is introduced providing rigid support
significantly increasing their lifetime.[23] More recently Takei et al. developed millimetric
spherical capsules with highly uniform shell thickness that were able to store highly volatile
ingredients (Figure 6d).[151] This was achieved using centrifugal force, which provided
increased encapsulation efficiency of ingredients compared to their previous methods.[229] This
technology can be engineered to allow for the prevention of degradation of ingredients,
controlled release of ingredients and the conversion of liquid to solids. This method also
generates millimeter sized capsules, the majority of capsules formed via emulsions generate
micro and nanometer sized capsules allowing for a greater stored volume of volatile liquid.[229231]

Additionally, the recent potential for LMs to be used as a form of soft lithography for “soft

stamps” has been highlighted by Roy et al (Figure 6e).[169] This method allows for
manufacturing topographies in the millimeter and sub-millimeter range providing an
alternative to the current methods which develop micro and nanoscale structures.[232]
LMs and hybrid core-shell beads share many similarities with other soft materials such as dry
water and encapsulated liquid crystals (LCs) due to their complex composition and internal
dynamics.[233] Dry water has a comparable structure to water LMs, however, are commonly an

order of magnitude smaller.[167, 168] Encapsulated LCs on the other hand contain an anisotropic
liquid, a liquid where the individual molecules have a strong tendency to form mesophases
with a high degree of orientational ordering, whilst still being able to flow as a liquid. [234, 235]
Both LCs and LMs are used in biological and chemical sensing,[26, 236, 237] and biomedical drug
delivery applications,[210, 238] but the optical properties LCs possess allow for use in display
technologies,[239-241] and data storage.[242] An encapsulated LC exists as a microcapsule
consisting of a LC core and appropriate shell. The shell is often formed via polymerization of
monomers present in the initial LC droplet mixture,[238, 241, 243, 244] or by interfacial sol-gel
reaction.[245] By utilizing an encapsulated LC, not only does the shell reduce potential loss of
mass due to evaporation, it provides a possible solution to issues often associated with smart
window technology such as dye contamination and low contrast resolutions.[241] Encapsulation
of LCs in the internal liquid of a LM has recently been achieved by Anyfantakis et al., this
concept provides a simple yet robust method for the preparation of long-lived, color changing,
soft spheres responsive to both heating and chemical changes (Figure 6f). It is the first example
of a LM that uses the organization of cholesteric liquid crystal for structural color changes,
with other LMs that utilize structural color incorporating colloidal crystal suspension drops.[117,
246]

Structural color, observed in bird feathers in nature, results from the physical interaction of

(visible) light with a material of suitable refractive index (visible wavelength), not the presence
of colored pigments.[247] Visibility and colors produced by these structures will often change
dramatically with the angle of observation. This is the case for the LC LMs where blue shift
occurs with change in viewing angle, indicating that angle-dependent reflection is inherent of
cholesteric LMs. Similarly to the nanostructures in bird feathers, the randomly distributed
cholesteric helical microstructure of the self-assembled polymer molecules provides the color
change.[117, 247] Utilization of cholesteric LC materials can allow for the use as chiral photo‐
switches and molecular motors.[248]

6. Possible Future Applications
Development and improvement of LM lifetime and robustness has occurred significantly over
the past three or four years with new fundamental behaviors still being investigated to date.[169]
LMs have been increasingly incorporated within environmental remediation. The next step in
many of these emerging technologies requires their transference into a more practical setting
and intensification of the manufacturing processes in which industrial problems are often
associated with. One such area is the use of LMs as microreactors for passive capture of CO2,
either atmospherically or at a chemical process outlet. Many methods for CO2 sequestration
have been suggested, utilizing algae,[249] amine sorbents,[192,

250]

ionic liquids,[251],

photocatalysis,[252] and direct air capture devices.[253] Passive CO2 capture is a technology that
has been discussed more recently, where systems are designed that require no additional energy
input and operate by removing CO2 directly from the atmosphere.[254, 255] Utilization of these
technologies with LMs as either the internal liquid (algae, ionic liquids) or coating particle
(photocatalyst, carbonation) could allow for an easily fabricated array of microreactors capable
of multiphase reactions with a large surface area to volume ratio ideal for exposure to CO2. The
LMs can be easily removed and replaced once removal begins to plateau. The porous nature of
LMs permits gas exchange with the internal and external environments, it would also overcome
shortcomings of traditional photobioreactors used in CO2 removal where light distribution and
heat and mass transfer is often inconsistent, effecting algae growth.[249]
The formation of the first bio-originated superamphiphillic coating for LMs has been achieved
recently and could pave the way for further bioinspired coatings.[124] The use of more
sustainable materials to act as coatings is not that straight-forward as quite often polymers
commonly used within LM technology provide the best hydrophobicity, are mostly chemical
inert and can be easily modified to have additional properties.[75, 82] However, it is possible to
take inspiration from nature and incorporate such behaviors, as shown by the Lotus leaf and

fish scales, into fully organic and biodegradable superhydrophobic surfaces, but as of yet this
has not been transferred into LM coating form.[256, 257] Inclusion of a biodegradable coating
would also provide the added benefits of separating the internal liquid from the coating
particles.
The incorporation of LM technology with LC technology is relatively new but could provide
beneficial especially if applied to reversible smart sensors.[117, 243] Current LM sensors for gas
detection display an irreversible color change of the internal liquid, which means once the
external gas levels have been controlled the LMs would need to be replaced.[9, 26] By applying
dye-doped LCs into a porous LM, effective gas detection could still be achieved with the
internal liquid returning to its previous state once remediation has occurred. LC-LM
technology, along with molecular switches can be incorporated into display technologies.[241,
258]

This would be especially useful for silica sol-gel monolayer nanoparticle coated LMs which

exhibit excellent transparency.[115, 145, 172] These LMs could be submerged in another liquid to
further reduce any loses from the internal environment or directly in situ.[20] The use of a color
changing molecular switch or LC as the internal liquid, could allow for messages to be
displayed in other transparent media such as glass or plastic when exposed to an external
stimuli such as light, heat or electricity.[259-261]
LMs have now been subjected to numerous investigations, from being on various solid surfaces
with different external vapor conditions to being placed on some liquids to being fully
submerged within others. The manipulation of LMs in each of these states has been discussed
but on demand movement from in liquid to on liquid (vice-versa) has not yet been explored.[13,
20, 33]

Manipulation of this parameter may provide the best method in extending lifetime whilst

also ensuring physical handling of the LM from within the liquid is not required. In addition,
the production of a LM with an internal liquid and external coating that is subjected to a variety
of pH conditions or rapid heat transfer would allow for use in more harsh and quick changing

scenarios. Future energy applications can also include electrode materials for batteries utilizing
low vapor pressure ionic liquid electrolytes to offer fast oxygen transfer or high oxygen
selectivity over H2O and CO2 at the LM interface (for air cathode) or to tune the contact angle
and interaction between electrode materials and electrolyte e.g. to minimize solid electrolyte
interface formation while allowing ion transport. Similarly, applications in fuel cells and water
electrolyzers are possible to allow enhanced oxygen transport of the electrode, improve
electrode tolerance to CO2 (e.g. alkaline anion exchange membrane fuel cells) or allow for
rapid gas evolution at the interface of LM minimizing energy losses from bubble formation in
water electrolyzers. Other relevant application could include in situ pH mapping of
electrochemical reactions involving proton transfer.

7. Conclusions
Throughout this review, there are numerous factors which can improve the lifetime and
robustness of LMs. Perhaps the best way of reducing the evaporation rate of a water LM is by
ensuring it is in the most suitable surroundings. This can be realized through a saturated
external environment, positioning numerous LMs near one another, or by fully submerging a
LM in another liquid, often an organic reagent or mineral oil. In common uses, such as gas
sensors, the LM may not be positioned in a high humidity environment to reduce the
evaporation rate. However, it can be applied to microreactor applications, especially cell
marble technology, with LMIL allowing for even tighter control of external conditions. On the
other hand, oil LMs have much longer lifetimes than water LMs due to their higher vapor
pressures, even within Janus oil-water LMs each liquid evaporates at their own rates. This will
allow for use in systems where greater variation in external environmental conditions exist,
such as drug delivery. In general, within microreactor applications, there is a degree of
dependency on optimal conditions being maintained, with deviations in pH or concentration
induced by the chemical reaction often unavoidable, leading to premature collapse. While this

is beneficial for LM detectors and sensors, changes to the internal or external environments in
many other applications, from biomimicry of a living cell to volatile material storage, is
undesirable and a particle coating resilient to change is required.
To ensure a high degree of stability is still present, the coating particle shell can be adapted. It
has been suggested that an inverse relationship between hydrophobicity and buckling times
exists, on the other hand in terms of mechanical robustness, it is advantages for intermediate
hydrophobicity to be exhibited. Therefore, for applications which require high mechanical
strength and a long useful lifecycle, compromise on coating hydrophobicity may be required,
unless other parameters such as particle size and shape are considered. If a monolayered is
required, larger coating particles will produce more robust LMs, up to the point where particle
mass becomes too great at which strength reduces and incomplete LMs can form. It is
advantageous for multilayers to be incorporated instead, as they produce stronger LMs due to
dissipation of the potential energy. Combination of hydrophobicity and particle size allows for
the formation of very robust or very long lived LMs, thus making them ideal candidates for
applications in which they remain in-situ for long periods of time or undergo reoccurring
impacts, respectively. Balance of the two benefits is difficult but it is required for applications
such as collision-based computing.
LMs can form shells comprising of well-structured highly organized monolayers or
inconsistent but well packed multilayers. The coarser a particle is, the more likely a monolayer
will form, with the opposite true for finer particles. If a monolayer is present the evaporation
rate will usually be higher than the corresponding naked droplet, this is due to a single layer of
particles not providing resistance to evaporation and the “speeding up” effect. However,
monolayered LMs are more transparent than multilayered making then ideal candidates for
applications which involve internal liquid observation or photodynamic therapy. Additionally,
due to the known particle layer thickness and its hexagonal arrangement they have potential

for use as light sensitive LMs with known lifetimes. Conversely, for a multilayer shell the rate
of evaporation is lower than its naked droplet counterpart, with thicker shells having the
smallest rates. LMs comprised of multiple layers of particles lend themselves to increased
useful period for use in CO2 or oil detection and removal, as well as being better suited to
applications in which the LM is floated on a liquid surface or submerged fully.
Improved lifetime and stability aside, perhaps the biggest drawback of this technology and the
reason why large-scale use of LMs has yet to be realized over the past two decades, is the focus
on LMs as a special system for special more niche applications. Across the board, research
work within this field is lacking theoretical guidance on the basic flow and transfer laws within
the LM. By branching in to these newer and more green applications, this technology will
propel further development systematically to overcome this barrier, thus, easily allowing
adaptation for applications at specific conditions.
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Figure 1: LM technology has many desirable features as shown by the inner circle, however, some of these features such as
gas exchange and long lifetime are often contradictory. The main parameters often associated with each of these key qualities
can be seen surrounding this inner circle, with applications which often require one or more of the desired features shown in
the outermost circle. Applications which can be considered a green technology are marked with a “leaf symbol” and naturally
occurring phenomena are marked with a green “N”. Aphids reproduced with permission. [126] Copyright 2019, American
Chemical Society. Methylene blue degradation reproduced with permission.[186] Copyright 2014, The Royal Society of
Chemistry. Oil capture reproduced with permission.[36] Copyright 2016, Wiley-VCH. Daniell cell reproduced with
permission.[200] Copyright 2013, Elsevier Publishing. Pollutant detection reproduced with permission.[34] Copyright 2017,
Taylor and Francis. Photocatalysis reproduced with permission.[210] Copyright 2016, Wiley-VCH. Tissue engineering
reproduced with permission.[19] Copyright 2020, Elsevier Publishing. CO2 capture reproduced with permission.[39] Copyright
2019, Springer Nature. Reproduced with permission.[37] Copyright 2019, American Chemical Society. CO2 detection
reproduced with permission.[37] Copyright 2019, American Chemical Society. Energy absorption reproduced with
permission.[206] Copyright 2017, AIP Advances.

Figure 2: The timeline in the development of LM technologies from general wetting fundamentals, to the milestone work by Aussillous and Quéré’s and subsequent development of LM theory
allowing for use in numerous applications with recent focus on green applications. First studies into LMs reproduced with permission.[47] Copyright 2006, The Royal Society Publishing. LMs in
nature reproduced with permission.[126] Copyright 2019, American Chemical Society. Evaporation studies reproduced with permission.[17] Copyright 2009, American Chemical Society. Gas
detection, sensing and reactions reproduced with permission.[9] Copyright 2010, The Royal Society of Chemistry. Magnetic LMs reproduced with permission.[10] Copyright 2010, Wiley-VCH.
Magnetic LMs reproduced with permission.[15] Copyright 2012, Wiley-VCH. Photo catalyst (upconversion nanoparticles-polyhedral oligomeric silsesquioxane (UCNP-POSS)) reproduced with
permission.[210] Copyright 2016, Wiley-VCH. Oil removal reproduced with permission.[36] Copyright 2016, Wiley-VCH. CO2 microreactions reproduced with permission.[38] Copyright 2018, The
Royal Society of Chemistry. Manipulation of oil phase reproduced with permission. [35] Copyright 2020, Elsevier Publishing. Energy absorption (Liquid marble-liquid nanofoam (LM-LN))
reproduced with permission.[206] Copyright 2017, AIP Advances. Oil pollution detection reproduced with permission.[34] Copyright 2017, Taylor and Francis. CO2 capture reproduced with
permission.[39] Copyright 2019, Springer Nature. Bio-originated coating reproduced with permission.[120] Copyright 2019, The Royal Society of Chemistry.

Figure 3: Impact fluorination can have on the contact angle of LM coating particles. Particles that have been treated with fluorine to increase the hydrophobicity can be seen: perfluorinated
silica NP (PFSN),[93] ﬂuorinated-Fe3O4 NPs (FNPs),[94] polystyrene core – polypyrrole shell doped with hydrophobic dopant containing perfluoroalkyl group and sulfonate groups (PS/PPyC8F),[13, 24, 85, 86]and fluorinated aggregated silica NPs (A-SiO2/FAS).[72] Reproduced with permission.[24] Copyright 2020, American Chemical Society. Reproduced with permission.[93] Copyright
2017, The Royal Society of Chemistry. Reproduced with permission.[72] Copyright 2017, Springer Nature. Reproduced with permission.[94] Copyright 2020, Elsevier Publishing.

Figure 4: Evaporation profiles for various conditions and types of droplets modelled from literature data. ∎ Monolayer LM, ∎ Naked droplet, ∎ Multi-layered LM. The plot represents the change
in lifetimes of LMs based on current literature, all lines are proportional to the solid black multi-layered LM line. For example, a multi-layered LM at 60% relative humidity has a lifetime
improvement of 100% and therefore exists for 240 minutes before complete evaporation occurs. Monolayer and multi-layered LMs have a ~20 % shorter and ~30 % longer lifetime than their
equivalent naked droplets, respectively.[24, 138] Relative humidity improves the lifetime of a multi-layered LMs by up to ~200 % for a relative humidity of 80 %. [17, 18, 122] The dramatic effect fully
submerging the LM can have on lifetime, compared to the other factors, is also highlighted. [19, 20]

Figure 5: LM applications which benefit from a longer lifetime and greater stability. Systems for the remediation of CO2 using
a) CO2 induced microreactions and b) Reproduced with permission.[38] Copyright 2018, The Royal Society of Chemistry. CO2
sequestration. Reproduced with permission.[39] Copyright 2019, Springer Nature. The removal of oil from water can be
achieved via c) magnetic manipulation of the oil phase or d) absorption into a magnetic microcapsule. Reproduced with
permission.[35] Copyright 2020, Elsevier Publishing. Reproduced with permission.[36] Copyright 2016, Wiley-VCH. LMs also
have the potential to be incorporated in e) liquid marble-liquid nanofoam (LM-LN) systems for energy adsorption or f)
biotechnology, specifically within photodynamic therapy using upconversion nanoparticle-polyhedral oligomeric
silsesquioxane (UCNP-POSS) and protoporphyrin IX (PpIX) to generate reactive oxygen species (ROS), and improving
bioavailability of active pharmaceutical ingredients. Reproduced with permission. [206] Copyright 2017, AIP Advances.
Reproduced with permission.[19] Copyright 2020, Elsevier Publishing. Reproduced with permission.[97] Copyright 2019,
Elsevier Publishing.

Figure 6: A wide array of novel applications have been developed by utilizing the unique properties LMs possess such as a)
unconventional computing using printed circuit board (PCB) sensors. Reproduced with permission.[224] Copyright 2020, The
Royal Society of Chemistry. Reproduced with permission.[225] Copyright 2018, Springer Nature. b) information transmission,
Reproduced with permission.[226] Copyright 2019, IOP Publishing. c) dry liquid fire retardant, Reproduced with
permission.[228] Copyright 2020, Elsevier Publishing. d) volatile material storage, Reproduced with permission.[23] Copyright
2014, American Chemical Society. Reproduced with permission.[151] Copyright 2019, Elsevier Publishing. e) millimetric soft
lithography with poly(dimethylsiloxane) (PDMS). Reproduced with permission.[169] Copyright 2020, Elsevier Publishing. and
f) liquid crystal LMs of hydroxypropyl cellulose (HPC). Reproduced with permission. [117] Copyright 2020, Wiley-VCH.

