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Abstract

Colloid science has classically concerned itself with the investigation of the properties of
dispersed phases in a bulk medium. This has led to the development of a rich amount of
chemistry, physics, and engineering that have facilitated the evolution and maturation of this
field. One of the many developments made over the last 30 years is the introduction of particles
that are heterogeneous in chemistry and shape. These heterogeneities can introduce behaviors
that are not achievable in homogeneous systems and that are specific to the type and class of
nonuniformity. This has led to the development of numerous technologies, two of which are
Janus micromotors and solid surfactants. This review aims to familiarize the reader with the field
of heterogeneous particles. We begin with an overview of various synthetic methods to produce
colloidal particles that are heterogeneous in chemistry and shape. We then discuss their use as
solid surfactants and autonomous micromotors, and then summarize and provide a future

perspective on the field.
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Introduction

A colloid is very broadly defined as a material that is finely dispersed in second where the
resultant properties of the dispersion are different than that of the two bulk phases [1,2]. This
classic definition of a colloid is purposefully broad to encompass multiple systems. The four
main classes of colloids that arise from this broad definition are then sols, emulsions, foams, and
aerosols (Figure 1). A sol is a dispersion of solid particles in a liquid medium [3,4]. In modern
definitions of the term colloids or colloidal solutions, the authors are most-often referring to sols
or the particles dispersed in sols. A few examples of sols are polystyrene or silica microspheres
that are dispersed in aqueous or organic solutions. Dispersions of liquid droplets in a second
liquid medium are known as emulsions [5,6]. Emulsions typically are droplets of an oil phase
dispersed in an aqueous media or vice versa. These droplets are then stabilized using a variety of
surfactants or solid particles. This makes emulsion droplets particularly useful since this enables
the transport or dispersion of materials in a medium in which it is not soluble. Like emulsions
and sols, a foam is a dispersion of gaseous bubbles in a solid or liquid medium [7-9].
Introducing the gaseous bubbles significantly reduces the density of the material to yield
lightweight materials with unique engineering properties. An aerosol is a dispersion of solid or
liquid particles in a gaseous medium [10,11]. Each of these classes of colloids has been
researched by many groups and thoroughly reviewed by other authors. In this review we will

focus on sols in which the solid particles in the sol contain a built-in heterogeneity.
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Fig. 1 — A schematic depicting the various classes of colloids.

Research into sols containing solid heterogeneous particles garnered significant interest in
the 1990s after de Gennes first coined the term Janus particle in his 1991 Nobel Prize lecture
[12]. He hypothesized that particles containing two chemically dissimilar faces have the potential
to more efficiently stabilize interfaces compared to small-molecule surfactants. This birthed the
idea of using Janus particles as solid surfactants, which are colloidal particles that readily
assemble at and stabilize the interface between immiscible fluids. The idea of using colloidal
particles as solid surfactants was not a new one [13—-16]. However, the production and synthesis
of colloidal surfactants often focused on how to create narrowly dispersed spherical particles.
Since the initial formulation of the concept of a Janus particle, heterogeneous particle synthesis
has branched off to focus on two types of heterogeneities. The first is chemical heterogeneity, as
proposed by de Gennes, where the particle is chemically heterogeneous. The second is
morphological heterogeneity, where the particle shape is not necessarily spherical and contains a
shape anisotropy.

To describe the various classes of particle heterogeneities, a seemingly infinite number of

possible descriptions of particle morphologies has emerged. However, there are several common



morphologies which we will classify (Figure 2). Janus particles, one of the most ubiquitous and
simplest classes of heterogeneous colloids, are particles with two chemically dissimilar
hemispheres [17-23]. A common example is an amphiphilic Janus particle where one half of the
particle is hydrophobic, and the other half of the particle is hydrophilic [24,25]. Recent literature
has also placed additional emphasis on the synthesis of Janus particles in which the materials are
sustainable or have a biological origin [26-28]. Similar to Janus particles are patchy particles
[29-33]. Patchy particles are similarly chemically heterogeneous, but the heterogeneities are
distributed over the surface of the particle. The patches can vary in size and shape depending on

the synthesis and processing used to make the particles.
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Fig. 2 — A schematic diagram depicting some selected examples of chemically, morphologically,
and combinatorically heterogeneous particles.

There are also many varieties of morphologically heterogeneous particles. Advances in
synthesis have enabled the synthesis of non-spherical particles of a regular shape (e.g., rods,
cubes, and hexagonal platelets) [34—40]. In addition, there have been significant advances in
producing particles with more irregular and unique morphologies [28,34,41-44]. Some examples
include patchy Janus particles [45—47], dumbbell particles [48—54], multi-lobal particles [55-60],

or core-shell particles [61-66]. The variety and uniqueness of the different shapes illustrates the



high degree of control that has been developed, enabling the synthesis of many unique varieties
of heterogeneous particles that can be used for various applications. This makes the term
heterogeneous particles itself an incredibly broad term that includes many classes of particles.
However, for this review we will focus on Janus or Janus-like heterogeneous particles since
these particles have been popular in recent literature.

In this review we will first discuss some popular synthetic techniques for producing
chemically or morphologically heterogeneous particles and some selected applications. The
specific synthetic techniques discussed will be self-assembly and physical vapor deposition,
Pickering emulsion masking, and seeded emulsion polymerization. We will then discuss some
specific applications of heterogeneous particles, including the assembly of particles at fluid

interfaces and their use as autonomous micromotors.

Synthesis of Heterogeneous Particles
Self-Assembly and Physical Vapor Deposition

Self-assembly coupled with physical vapor deposition is one of the more straightforward
techniques for the fabrication of Janus particles (Figure 3a). As the name suggests, this method
begins with self-assembling a monolayer or sub-monolayer of pre-synthesized solid particles on
a planar substrate. Post-assembly, a metallic or inorganic oxide layer is deposited onto the
particles using physical vapor deposition (PVD). The assembly of the particles onto the 2D
substrate and the directionality of the stream of metal atoms showering down on the assembly
masks one half of the particle. This allows only one half of the particles to be coated with the
metal, generating the Janus configuration. This technique is used to produce Janus particles
where one domain is the solid particle phase and the other is a noble metal or an inorganic oxide.
This technique became popular and remains one of the most popular techniques due to its
simplicity. Additionally, the only specialized laboratory equipment needed to produce Janus

particles by this method is a PVD system.
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Fig. 3 — (a) A schematic diagram illustrating the self-assembly and physical vapor deposition
technique. Reproduced with permission [67]. Copyright 2021, Wiley-VCH. This first begins with
the synthesis of Inert colloids which are then convectively assembled into (b) monolayer or sub-
monolayer configurations. Reproduced with permission. Copyright 2004, The American
Chemical Society. One can then perform (c) PVD to obtain Janus particles or (d) GLAD at
various angles to obtain patchy particles. Reproduced with permission [33,68]. Copyright 1997
and 2008, The American Chemical Society.

In the first step of this fabrication process, one must either synthesize or purchase the
base particle system. With the advancement of synthetic processes there are a wide number of
methods and suppliers through which one can either synthesize or purchase the base particle.
Two common choices for the base particles are polystyrene and silica colloids of a wide range of
sizes and surface chemistries. To synthesize polystyrene colloids, heterogeneous polymerization
techniques, such as emulsion or dispersion polymerization, are commonly used. These and other
heterogeneous polymerization techniques have been extensively reviewed by others [69-72]. A

commonly utilized technique to produce silica colloids is the Stober method or a variation of it



[73]. This technique has similarly been extensively reviewed and the reader is directed to them
for in depth treatments [74-77].

In the second step of the fabrication process, the particles are convectively assembled into
either a monolayer or sub-monolayer configuration using various methods. A technique
popularized in the early 2000s was the controlled rapid deposition of particles using blade
coating or flow coating [78-80]. Here, a highly concentrated sol is dispensed behind a blade
raised slightly above a movable substrate. The substrate is then pulled at a controlled rate so that
the evaporating solvent and resulting convective mass transfer causes the particles to assemble in
a sub-monolayer, monolayer, or multi-layer configuration (Figure 3b). The resultant morphology
of the assembly is a function of multiple variables, including sol concentration, substrate pulling
rate, and solvent evaporation rate. Like blade coating, drop casting is where a sol of a known
concentration and volume is dispensed onto a planar substrate [§1-84]. The solvent of the sol is
then evaporated as the particles assemble on the substrate and form assemblies. This is the
simplest of all the convective assembly techniques. These techniques and advances in the
formation of particle assemblies have been extensively reviewed by other authors [85-89].

The final step of the fabrication process is the PVD of a metallic or inorganic oxide layer
to form the Janus morphology (Figure 3c). Two common PVD techniques used to achieve this
are sputter coating and evaporative deposition. Sputter coating is a technique in which a target
material is bombarded with a high energy plasma or gas under vacuum [90,91]. This causes the
ejection of target material in the form of small particulates that bombard and are deposited on the
sample. Evaporative deposition is where small noble metal or inorganic ingots are heated to high
temperatures in a high vacuum environment [68,92-94]. The high vacuum decreases the boiling
point of these materials dramatically allowing the metallic or inorganic material to evaporate and
deposit onto the sample substrate. Typically, sputter coating requires a lower vacuum
environment but gives less uniform coatings than evaporative deposition while the converse is
true. In both sputter coating and evaporative deposition, the separation distance between the
sample and the source, along with the lateral dimensions of the sample, define a solid angle. The
greater the distance between the sample and the source, the smaller the solid angle will be. This
minimizes the divergence of the stream of atoms deposited on your sample and is important for

defining the geometry of the resulting coating on the particles. To manipulate this solid angle and
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produce patchy particles which do not exhibit a Janus morphology, one can perform what is
known as glancing angle deposition (GLAD) (Figure 2d). [29,32,33] By tilting the substrate at
controlled angles this facilitates the deposition of controlled patch sizes that do not fully coat the
unmasked portion of the assembled particle. GLAD is typically limited for use by thermal
evaporation systems and cannot be reliably performed with sputtering systems. This is because
sputtering is not a strict line of sight method, unlike thermal evaporation. Sputtering often yields
coating beyond the line of sight due to the low-vacuum environment and the mechanism of
deposition. Therefore, it is not possible to obtain uniform patch sizes with sputtering systems that
one can obtain with thermal evaporation. The final step in the fabrication process is the release of
the particles from the deposition substate and dispersion into the final fluid phase. This is usually
done via ultrasonication of the substrate in a corresponding fluid phase.

Self-assembly and PVD in addition to being one of the more straightforward techniques
for fabricating Janus particles, also comes with several distinct advantages. First, one can
consistently create Janus particles with a well-defined and controlled morphology. In addition,
the size range of Janus particles that can be synthesized using this technique are only limited by
how small or large one can make their base particle. This means that the size of Janus particles
obtained from this technique can vary from tens of nanometers all the way to hundreds of
microns. In a similar way, particle amphiphilicity and the surface characteristics of one domain
can easily be tuned. This can be done via the deposition from a wide range of materials that can
be subsequently functionalized using a variety of chemistries, like silane functionalization or Au-
thiol chemistry [95-100]. However, the total volume of particles produced by this method is
typically small, since one is physically limited by the size of the 2D substrate. In addition, the
requirement of various levels of vacuum for both sputtering and evaporation makes this synthesis
process highly energy intensive and not scalable. This ultimately limits this technique to use in

academic lab settings.

Pickering Emulsion Masking
Like self-assembly and physical vapor deposition, Pickering emulsion masking produces
Janus particles by modifying an unmasked portion of a self-assembled chemically homogeneous

particle. In Pickering emulsion masking the masking of the particle is done by imbedding the
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colloid at an oil/water interface in an oil in water emulsion rather than assembling them on a
substrate (Figure 4a). This allows one to modify the exposed surface while the phase imbedded
in the oil phase retains the original functionality producing a Janus particle. This technique was
originally popularized in the early 2000s and has been used by various groups as a strategy for
synthesizing Janus particles [101-104]. This technique continues to remain popular due to the
high modularity in chemical functionalities that can be added to the particle surface. In addition,
all steps in this process are potentially scalable.

(a)

Masking of Particles

Functionalization of Particles — Releasing from Mask

Fig. 4 — (a) A schematic diagram illustrating the Pickering emulsion masking technique. This
begins first with the masking of particles in (b) Pickering emulsion droplets where one portion of
the particle is exposed. Reproduced with permission [101]. Copyright 2006, The American
Chemical Society. These can be (c) functionalized using single step or multi-step
functionalization to obtain complex Janus particle structures. Reproduced with permission [105].
Copyright 2017, Wiley-VCH. In the final step the particles are released via dissolution of the

wax mask.

This process, like other masking techniques, begins with the choice of the base particle

system. The most common choice for a base particle is particles made from silica. There are



several reasons why this is the case. Non-chemically modified silica colloids are inherently
hydrophilic making them easy to disperse in water. Large volumes of silica colloids of varying
sizes can be synthesized and chemically modified using a combination of a modified Stober
method and silane surface functionalization [97-100]. All these factors combine to make silica
particles an ideal candidate for use in Pickering emulsion masking.

After choosing a base particle system, the particles are then dispersed in an aqueous
solvent mixture and emulsified with an immiscible oil phase. The aqueous phase typically
contains some amount of small-molecule surfactant that assembles at the interface prior to the
particle assembly. These surfactants form a monolayer at the interface to reduce the interfacial
tension between the oil and water phases. This has the added benefit of changing the charge of
the oil-water interface from a negative charge to a positive charge. This promotes the interfacial
assembly of the charged particles at the interface by having them interact with the oppositely
charged surfactants and anchoring the particles to the interface [106—109]. The concentration of
the surfactant in the system enables control of the contact angle of the particles adsorbed to the
interface. By tuning the particle contact angle at the interface, the extent to which the particle
penetrates the interface, i.e. the immersion depth, can be tuned. This gives precise control of the
location of the Janus boundary on the particle and the size of each domain of the Janus particle.
The sol is then rapidly mixed with a high melting point oil phase, typically paraffin wax, at a
temperature above its melting point [110]. The oil phase chosen should be a solid at room
temperature, but its melting point should be below the boiling point of your sol. High melting
point oils are used to help prevent the release of the particles from the interface. This ensures the
domain imbedded in the oil phase remains masked and is not chemically modified. The rapid and
vigorous mixing promotes the formation of the Pickering emulsion droplets and assembles the
particles at the oil/water interface (Figure 4b). The solution is then cooled to room temperature,
whereupon the oil phase solidifies imbedding the particles at the interface of the emulsion
droplet.

After imbedding the particles at the droplet interface, one can then functionalize the
exposed portion of the particle. If one is using silica particles, this functionalization step could be
as simple as performing a single silane coupling reaction. However, the functionalization of

these particles can be complex multistep processes. One can even attach catalytic enzymes or
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grow metallic layers on the exposed surface of the particles that are imbedded in the solidified oil
phase (Figure 4c¢) [105,111-113]. The final step in the process is to release the particles from
their mask. This usually involves washing the imbedded particles with an organic solvent that
will dissolve the wax phase and not affect the modification of the exposed portion of the particle.
Upon release from the mask the particles are then usually further washed to ensure the removal
of all undesired organics present in the newly formed sol.

Pickering emulsion masking remains a popular technique to produce Janus particles for
several reasons. The assortment of silane coupling agents that are commercially available enable
the functionalization of the exposed surface of the particles in a variety of ways. Like self-
assembly and physical vapor deposition, the size of Janus particles obtained from this technique
are only limited by the size of the base particle. This means that the final particle size can
similarly range from 10s of nanometers to 10s of microns. The position of the Janus boundary
and the percent of the surface functionalization can easily be tuned by tuning the initial
surfactant concentration in the aqueous phase. In addition, Pickering emulsion masking does not
require the use of specialized laboratory equipment. However, Pickering emulsion masking does
have its drawbacks. The number of Janus particles obtained from this technique is still relatively
low. This is because the total number of particles that can be converted to Janus particles is

limited by the total oil/water interfacial area formed.

Seeded Emulsion Polymerization

Seeded emulsion polymerization is a versatile heterogeneous polymerization technique
that can be used to synthesize Janus particles and other heterogeneous polymer particles (Figure
Sa) [114]. This is done by swelling a polymeric seed particle with a polymerizable monomer feed
in a surfactant stabilized seeded emulsion droplet. The monomer feed can contain either one
monomer or multiple monomers, cross-linkers, and an initiator for polymerization. The monomer
feed is then polymerized, triggering phase separation within the seeded emulsion droplet. If the
polymerized monomer feed is chemically dissimilar to the seed particle, a chemically and
morphologically heterogeneous polymer particle results. This technique remains popular since it
is an efficient route to produce particles having a wide range of morphologies, chemistries, and

sizes in large quantities. Additionally, there is a high degree of tunability in both the final particle
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morphology and chemistry. Both of which can be controlled by varying the reaction conditions,

monomer feed composition, and seed particle or monomer feed identity.
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Fig. 5 — (a) A schematic diagram illustrating the seeded emulsion polymerization technique. This
begins with the swelling of a chosen seed particle with a monomer feed in a surfactant stabilized
seeded emulsion droplet. The monomer feed is then polymerized to obtain a copolymer Janus
particle. One can then either (b) chemically functionalize one phase of the particle or (c)
morphologically tune the particle. This allows one to simultaneously control the particle

chemistry, but also its degree of heterogeneity.

Seeded emulsion polymerization begins with the synthesis of a polymer seed particle
using the same heterogeneous polymerization techniques described for the other methods.
Heterogeneous polymerization can be leveraged to produce seed particles of a wide range of
chemistries and sizes. The initial seed particle can also be cross-linked or uncross-linked.
Crosslinking of the seed particle will produce drastically different morphologies upon initiation
of the polymerization in the seeded emulsion droplet. Seed particles that are uncross-linked tend
to remain spherical and produce particles with phase separated morphologies, like Janus particles

[42,45-47]. Seed particles that are crosslinked will begin to expel the swollen monomer feed
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upon initiation of polymerization in the seeded emulsion droplet. This tends to produce particles
that are either bi-lobal or multi-lobal [57,115,116]. The seed particle can consist of a wide range
of different polymers, but a common choice is polystyrene. This is because polystyrene can
easily be swollen by many vinyl monomer feeds making it an ideal seed phase.

After the synthesis of the seed particle, the next step is the formation of the seeded
emulsion droplet. Typically, these droplets are an oil-in-water emulsion since the polymeric seed
particles commonly used are oil soluble polymers. However, water-in-oil emulsion systems with
water soluble seed particles and monomer feeds contained within an oil phase can be designed.
Contained within the seeded emulsion droplet is an initiator for polymerization, a mixture of
monomers, and the swollen polymeric seed particle. The initiators used in seeded emulsion
polymerizations are typically thermal radical initiators to perform free radical polymerization of
the monomer feed. However, one can also include RAFT or ATRP chain-transfer agents to help
control the rate of polymerization and dispersity of the polymerized chains [117-122]. When
selecting a monomer or monomers for the monomer feed, one can choose any monomer that is a
good solvent for the seed particle polymer. This ensures that the particle is fully swollen inside
of the seeded emulsion droplet and there is no initial phase separation occurring within the
droplet. One can also choose monomers that can be chemically transformed post synthesis to
further alter the chemistry of the particles. Two such examples are incorporating tert-butyl
acrylate and propargyl acrylate as part of the monomer feed [45—47]. One can also incorporate a
cross-linker into the monomer feed. This is especially desirable when one is attempting to
synthesize amphiphilic particles. The hydrophilic domain will become susceptible to dissolution
post synthesis, if a crosslinker is not incorporated as part of the monomer feed. The stabilizer
used for the seeded emulsion droplet can either be an aqueously soluble polymeric surfactant,
like poly(vinyl alcohol), or a small molecule surfactant, like SDS or CTAB. In all cases the
identity of the polymeric seed particle, monomer feed, dispersed phase, and emulsion stabilizer
will dictate the final morphology of the resulting Particle. Previous authors have shown that the
three-phase contact line that results from the immiscible interface of these three liquids is the
governing factor for the particle morphology [42,123]. To form biphasic Janus particles, the
contact angles of all three phases at the three-phase contact line must be less than 180° but then

add to be more than 180°. The two classes of biphasic Janus particles that can form in this way
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are concavo-convex and bi-convex Janus particles. In addition to the formation of Janus
particles, one can also form core-shell particles by similarly tuning the contact angles at the
three-phase contact lines. Therefore, by carefully tuning the system interfacial tensions, one can
have a large extent of control over the resulting particle morphology.

Post-formation of the seeded emulsion droplet, one can then initiate the polymerization of
the monomer feed. Initially, the seed particle is soluble in the monomer feed and will continue to
be soluble in the early stages of polymerization. As the monomer feed polymerizes and increases
in molecular weight, the seed and the growing polymer will phase separate. This idea of using
polymeric phase separation to produce Janus particles is not unique to seeded emulsion
polymerization. Several other authors have utilized phase separation of block-copolymers to
produce Janus particles and other heterogeneous particles [124-130]. In some cases, these
systems produce particles with unique morphologies that are only possible through the
microphase separation of block-copolymers [131-135]. In the case of seeded emulsion
polymerization, phase separation that causes the formation of a Janus-like particle has been
termed homopolymer or copolymer induced phase separation [47]. Polymerization and phase
separation will continue until the monomer feed is exhausted or the glass transition temperature
of either phase increases above room temperature arresting phase separation due to a reduction in
mobility. Consequently, a kinetically trapped morphology is produced with particles having
interpenetrating patches of one domain (Figure 6a). This can be avoided if one includes a small
amount of good solvent for both phases inside of the seeded emulsion droplet that keeps the
glass-transition temperature depressed. This allows the phase separation to continue to the point
of obtains a biphasic morphology (Figure 6b) [42]. Incorporating this solvent into the monomer
feed allows the phases to stay mobile towards the end of the polymerization and allows for

complete phase separation.
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Fig. 6 — Examples of SEP syntheses which yield (a) Patchy Janus particles and (b) lens shaped

particles by tuning the composition of the monomer feed. Reproduced with permission [42,46].

Copyright 2014 and 2017, The American Chemical Society.

Post-synthesis one can subsequently tune both the chemical composition and the

morphology of the synthesized particles. This can be done by performing a functionalization
reaction that chemically transforms either the polymerized monomer feed or the seed particle
domain. One such example is the previously discussed synthesis of heterogeneous polymer
particles by polymerizing a monomer feed composed of styrene and tert-butyl acrylate swollen
inside of a polystyrene seed. Post polymerization, the tert-butyl acrylate can be converted to

poly(acrylic acid) using an acid catalyzed hydrolysis (Figure 5b). If the monomer feed phase is
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crosslinked, this will result in a highly amphiphilic Janus particle that is pH responsive. If the
monomer feed phase is not crosslinked, this will enable the sacrificial dissolution of the
monomer feed phase to yield particles with unique morphologies, like porous bowls and golf
balls [47]. To tune the morphology of the particle one can perform a process known as solvent
assisted phase separation (Figure 5c). Here, the synthesized particle is swollen with a good
solvent inside of a surfactant stabilized droplet. The domains are then allowed to phase separate
and coarsen. After annealing, the solvent is evaporated, and one obtains particles with the
coarsened phase separated morphology [47]. The final morphology obtained from this process
will be a function of the three-phase contact line between the solvent, the swollen polymer, and
the surrounding solvent media [42,123]. Therefore, one could tune the morphology simply by
changing both the annealing solvent and the surfactant species. Using a combination of these
techniques one can morphologically and chemically tune their initially synthesized particles.
Seeded emulsion polymerization has the unique advantage over other methods for
producing heterogeneous colloids in that it can produce particles with more unique
morphologies. Self-assembly combined with PVD and Pickering emulsion masking are strategies
limited to producing particles with only Janus and patchy morphologies. The size of the resulting
particles is typically limited by the initial size of the seed particle, which can range from 10s of
nanometers to several microns. In addition, particles that result from SEP can easily be
chemically and morphologically tuned. Seeded emulsion polymerization is also scalable and can
be used to produce large quantities of heterogeneous particles. However, particles made with
seeded emulsion polymerization can only be made of polymeric materials. Additionally, this
method may also require significant synthetic optimization to obtain the desired morphology and

chemistry.

Applications of Heterogeneous Particles
Assembly at Fluid Interfaces

When two immiscible fluids are brought into contact there is a thermodynamic energy
penalty that must be paid by the system to allow for the formation of an interface [136—138]. The
amount of energy required to form an interface is known as the interfacial energy between the

two fluids. Immiscible systems will inherently attempt to minimize the thermodynamic energy
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penalty to form an interface. This minimization can be accomplished in a variety of ways. The
most common way is to reduce the total interfacial area by coarsening the phases. This tendency
for the interface to shrink to the minimum surface area possible is captured through the
interfacial tension. The interfacial tension is defined as the amount of thermodynamic work that
must be expended to form a new interface with a given interfacial area. Regardless of the number
of components or the number of phases, interfacial area and surface area will always be
minimized assuming no constraints. A planar interface between two fluids or a flat surface for a
liquid represent the equilibrium, lowest energy state.

Another means to reduce the interfacial energy is to adsorb particulates or other
molecules to the interface. If the interaction energy between the two fluids is greater than the
sum of the interaction energies of the fluids with the particles, adsorption of the particles will
occur. The materials that adsorb the interface and decrease the interfacial tension between two
liquids are known as surface active agents or surfactants. Surfactants can be small molecules,
nanoparticles, or colloidal particles. Small molecule surfactants are widely used in many
applications and have been extensively studied and treated in numerous review articles and
books [139-142]. It was first discovered in the pioneering work of Ramsden [143] and Pickering
[144] that particles and other macromolecules could be used as surfactant materials. Their work
showed that colloidal particles or other nanomaterials dispersed in either phase will readily
segregate to a fluid interface to reduce the interfacial tension. Emulsions that are formed with
colloidal particles or other nanomaterials rather than small molecule surfactants are now known
as Pickering emulsions [145-155]. Pickering emulsions are often utilized over traditional small
molecule surfactants due to their resistance to coalescence and enhanced emulsion stability.

The energy reduction that occurs from the adsorption of colloidal particles to interfaces
was first computed by Koretsky and Kruglyakov [106,156]. For spherical particles with a

homogenous surface chemistry the reduction in interfacial energy is found to be,

AE=nmry,,1-|cosd]|}

(1¢)

6

17



where r is the particle radius, V.. is the oil-water interfacial tension, and 6 is the contact angle at
the three-phase contact line between the two immiscible phases and the absorbed particle. From
this expression we can see that the reduction in interfacial energy is strongly a function of
particle size and the contact angle at the adsorbed particle’s three-phase contact line. However,
the contact angle itself does not just control the binding energy of the particle to the interface.
Figure 7 depicts a spherical particle bound to the immiscible interface [157]. As described
previously, the particle contact angle is dictated by the three-phase contact line and can be solved
for pictorially as,

Yop— Ve

cos (0= e

2]
where V., and Y, are the oil-particle and water-particle interfacial tensions. In general, whichever
phase contains the largest portion of the particle’s volume, this will be the continuous phase for
the resulting Pickering emulsion [106,158]. From this, two limits of the particle contact angle
arise. For 6<90°, the particle predominantly resides in the water phase which causes the
formation of O/W emulsions. For 6>90°, the particle predominantly resides in the oil phase

which causes the formation of W/O emulsions.
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Fig. 7 — A diagram depicting the adsorption of a spherical particle, with radius r, to an oil/water
interface as a function of the interfacial tensions and the contact angle, 6. For particles where
6<90 ° the resulting emulsion will be an O/W emulsion. For particles where 60>90 ° the resulting
emulsion will be a W/O emulsion.

Using these general heuristics, this has led to several developments in the tailored
engineering of solid surfactants for Pickering emulsions. One such example is the use of
nanoparticle surfactants to form jammed assemblies at oil/water interfaces that can be used for
3D printed all-liquid constructs [159-162]. This strategy was originally developed to strongly
bind small nanoparticles to oil/water interfaces because their binding energy is orders of
magnitude lower than that of larger particles. In this strategy an electrostatically complimentary
ligand is dispersed in the opposite phase of the particles. Electrostatic attractions between the
particles and the ligands at the immiscible interface promotes the formation a cooperative
assembly. These interactions significantly increase the binding energy of the particles and lowers
the systems interfacial tension. However, the dispersal of ligands in the opposite phase is not
always ideal. Another strategy is the previously mentioned idea of using amphiphilic Janus
particles as solid surfactants. Amphiphilic Janus particles strongly adsorb to oil/water interfaces
and can reduce a system’s interfacial tension three times more compared to their chemically
homogenous counterparts [163]. In addition, one has all the advantages of a solid surfactant
while incorporating the amphiphilicity of a small molecule amphiphile. Works that study
amphiphilic Janus particles generally focus on probing the equilibrium interfacial configuration
and the mechanism of particle assembly at various interfaces. This has resulted in the publication
of several articles that cover both these subjects [164—169]. In this section we will discuss using
a pendant drop tensiometer to probe the structure of interfacial assemblies and the mechanisms
by which they assemble. There are several other techniques one could also use to probe the
interfacial behavior of particles, many of which are covered in-depth in other review articles
[170-173]. The reader is directed to these to learn more techniques.

A pendant drop tensiometer works by producing a drop of a known size in an immiscible
fluid phase hanging from the end of a needle or capillary (Figure 8a) [174—177]. A video of the
droplet is then recorded to capture the droplet shape as a function of time. The change in

interfacial tension can then be quantified by calculating changes in the droplet radius of
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curvature. This can be done using a variety of models, but typically one uses the Young-Laplace
method [178]. While this technique appears simple, there are several experimental considerations
that must be considered when performing pendant drop experiments. The first is the relative
density of the droplet phase to that of the bulk fluid phase. In general, the denser of the two fluids
should be contained within the droplet phase while the less dense fluid is the surrounding
medium. This allows for the easy formation of a stable drop shape at the end of the capillary or
needle. If the densities are reversed, a “J-shaped” needle is used where the less dense droplet is
held like a balloon on the end of the needle tip (Figure 8b) [179-181]. Another important
experimental parameter is the droplet size. A common way to determine if the droplet size is
appropriate for pendant drop measurements is through the calculation of the Bond number. The
Bond number is a dimensionless number that describes the importance of gravitational forces
relative to interfacial forces and is defined as,

Apg R’
g _APER
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2]

where A p is the density difference between the two immiscible fluids, g is acceleration due to
gravity, R, is the radius of curvature of the droplet, and ¥ is the interfacial tension of the system.
Most pendant drop tensiometer computer algorithms calculate interfacial tension on the
assumption that the droplet shape is perturbed slightly from spherical. It is then important to
ensure that the system is in an appropriate regime of the Bond number such that the assumptions
utilized by the fitting algorithms are valid for calculating interfacial tension. [178,182]. However,
if the droplet shape becomes too large a stable droplet will not form on the end of the needle and
will simply fall off due to gravitational forces. For experiments that occur over extended periods
it is important that the droplet size does not change significantly due to evaporation. Evaporation
will cause a reduction in the interfacial tension due to a corresponding increase in the areal
density of the material adsorbed to the interface with decreasing droplet size. Lastly, systems
with ultra-low interfacial tension can be difficult to measure using this method. This is because
droplets formed by these systems often just fall off the needle. To get around this limitation one
can use very small droplets. However, it is often more appropriate in these situations to use an

alternate characterization method such as spinning drop tensiometry [183—185].
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Fig. 8 — (a) A schematic illustrating the pendant drop tensiometer technique and (b) an example
system where one can use a “J-shaped” needle in pendant drop experiments. Reproduced with
permission [179]. Copyright 2023, Wiley-VCH. Subsequent jamming in these experiments can
be observed (c) via the wrinkling of the interface upon the retraction of the droplet and the
reduction in interfacial area. Reproduced with permission [186]. Copyright 2017, The American
Chemical Society.

Once one has decided on a set of system parameters, there are three common experiments
that one can perform using a pendant drop tensiometer. The first experiment is to probe the
interfacial tension as a function of time until an equilibrium interfacial tension is attained [187—
191]. This allows the simultaneous determination of the equilibrium interfacial tension, but also
the kinetics and mechanism of the assembly of materials at the interface. The dynamic interfacial
tension curves can then be fit with a series of exponential decay functions (Figure 9a)
[179,192,193]. From these fits one can determine the relaxation times for particle adsorption to
the interface and any observable phenomena such as particle reconfiguration at the interface.
This approach has been used to study the complex adsorption and rearrangement of a wide class
of heterogeneous particles and other nanomaterials at fluid interfaces. The second experiment

one can perform is pulsating drop interfacial rheology [194-198]. In this experiment, the droplet
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volume is sinusoidally increased and decreased while the interfacial tension is recorded. The
interfacial tension can then be plotted as a function of frequency and converted to the complex
moduli of the interfacial assembly. These complex moduli can then be analyzed to obtain the
various relaxation modes of the interfacial assembly for a wide range of surfactant materials.
Lastly, one can also perform droplet wrinkling experiments using a pendant drop tensiometer to
observe if jamming or other self-wrinkling events occur at the fluid interface
[186,192,193,199,200]. This is done by purposefully retracting the droplet from the syringe at a
chosen time point in the experiment. If the droplet simply retracts back into the syringe with no
change in the droplet morphology, then the assembly is liquid-like and not jammed. If wrinkling
of the droplet occurs upon retraction of the droplet, then the assembly at the interface is a
jammed assembly. The wavelength of the observed wrinkles can then be used to back calculate
the bending modulus and other properties of these jammed assemblies at the droplet interface

(Figure 9b) [193,201,202].
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Fig. 9 — Example Pendant Drop analyses where one can perform (a) exponential fitting of
dynamic pendant drop tensiometry experiments and (b) wavelength wrinkle analysis to obtain
the mechanical properties of fluid interfaces. Reproduced with permission [192,201]. Copyright
2022, Wiley-VCH. Copyright 2021, The American Chemical Society. Example applications of
heterogeneous particles at interfaces for used in (a) pH switching Pickering emulsions and (d) all
liquid electronics. Reproduced with permission [164,203]. Copyright 2019, The American
Chemical Society. Copyright 2023, Wiley-VCH.

Since the development of amphiphilic Janus particles and other heterogeneous particles, a
large body of work has been devoted to evaluating their effectiveness as solid surfactants.
Several authors have highlighted how the incorporation of Janus characteristics and particle
heterogeneity significantly increases the reduction in interfacial energy with particle adsorption
to the interface [163,165,167-169]. The total reduction in interfacial energy as well as the
resulting properties of Pickering emulsions can easily be tailored by tuning the properties of the
particles themselves. One such example is the use of seeded emulsion polymerization to produce
amphiphilic Janus particles that are highly amphiphilic and pH responsive [46]. These particles
were then used to form highly stable Pickering emulsions which could then flip the emulsion
type via a change in the system’s pH. Building off this same work, the authors tuned the
conditions of seeded emulsion polymerization to cause shifts in the position of the Janus
boundary of the particles (Figure 9c) [164]. The change in the position of the Janus boundary
also caused changes in the resulting emulsion types one could obtain. In addition, tuning the
Janus boundary position also changed when the pH switching behavior occurred within these
systems. Another application where heterogeneous particles have been used is the fabrication of
3D printed structured liquids [157,160,204,205]. Through the 3D printing of jammed liquid
structures, one can achieve the structural stability of a solid component while retaining all the
advantageous transport properties of a liquid medium. These can be used for applications from
flow-through chemical reactors [206-212] to 3D printed liquid electronics. One such example is
the liquid-in-liquid 3D printing of a jammed MXene structure to form conductive liquid wires
(Figure 9d) [203]. These structures were shown to have enough conductivity and stability to

function in an electrical circuit and retain their structure over long periods of time. These are just
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a few of many examples of the assembly of the various classes of heterogeneous particles at fluid

interfaces.

Janus Micromotors

Janus micromotors and nanomotors are Janus particles that exhibit out-of-equilibrium
active motion outside of Brownian thermal diffusion. This active motion arises from the
interaction of the Janus micromotor with either a self-generated field or an externally imposed
field [213-216]. These interactions then lead to the generation anisotropic field gradients around
the Janus micromotor which in turn produces propelled motion. The interaction of a particle with
an asymmetric field to produce propelled motion can be broadly referred to as phoretic motion.
For Janus micromotors that exhibit phoretic motion through a self-generated field, this is often
achieved by the chemical decomposition of a fuel. This allows us to then classify Janus
micromotors broadly into two separate categories. These are fuel driven systems and field driven
systems [217]. By taking advantage of various phoretic mechanisms, a wide range of both fuel-
driven and field-driven systems have been produced [218-227].

One of the first reports of autonomous motion from a micromotor-like technology
occurred in the early 2000s [228]. In this work, the authors produced self-propelled plates from
PDMS slabs where one side was hydrophobic and the other is hydrophilic. A Pt coated porous
glass plate was then attached to the hydrophilic side using a steel pin. The plates were then
floated on top of an aqueous solution of hydrogen peroxide where the decomposition of the
peroxide occurred at the glass plate. This decomposition reaction then generated gaseous bubbles
whose release from the glass plate caused the generation of autonomous motion. While this is
one of the earliest examples of synthetic autonomous motion, the fabricated plates were
comparatively large compared to modern micromotor systems. In addition, these swimmers were
not in the form of a Janus particle making it inappropriate to classify it as a Janus micromotor.
Several years later, other groups produced the first Janus micromotors in the form of bimetallic
Janus rods [229-231]. These rods were shown to self-propel with a persistent ballistic velocity
via catalytic electrophoresis. Electrophoresis is phoretic motion that is induced by asymmetric

electric field gradients or gradients in charged species around the Janus micromotor.
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Several years later authors reported the first example of spherical Janus particles who
self-propelled by a combination of catalytic electrophoresis and diffusiophoresis [232].
Diffusiophoresis is phoretic motion that is induced by asymmetric concentration gradients
around the surface of the Janus micromotor. The authors also developed one of the first
quantitative descriptions of the enhanced random walk behavior commonly observed in single
particle tracking of Janus micromotors. Fit functions for calculated mean-squared displacements
were developed in which two notable limits could be observed. At times shorter than the
characteristic time for Brownian reorientation, the motion of the micromotor was found to
exhibit ballistic motion. This implies that the motors were moving with a constant ballistic
velocity in a persistent direction up to this characteristic time. At times longer than the
characteristic time for Brownian reorientation, the motion of the micromotor was found to be
diffusive. This implies that at this characteristic time the motors would change their direction
randomly due to the influence of Brownian rotation. This popularized the idea that micromotor
motion could be described as an enhanced random walk where each random walk is an
individual ballistic propulsion [233-236]. This work established single particle tracking as the
gold standard for the characterization of Janus micromotor active motion. However, this
technique is limited to the characterization of two-dimensional active motion and limits the size-
scale of the particles that can be characterized.

Recently, methods have been developed where dynamic light scattering can be used to
characterize the three-dimensional time-dependent active motion of Janus micromotors [67]. It
was found that micromotors exhibited enhanced random walk diffusion behavior like that found
in single-particle tracking. It was shown that the active motion in these systems was non-steady
state and could deplete at a rate that was dependent on the Janus micromotor concentration in the
system. Upon complete depletion of fuel, these systems could be refueled to show that fuel
driven active motion is also reversible. In both cases, the Janus micromotors in these experiments
would exhibit this enhanced random walk diffusion behavior. However, if one desires to
suppress this diffusive behavior and achieve directed propulsion, several strategies have been
developed to suppress Brownian reorientation [237-243]

Since these early developments, numerous groups have also been actively developing and

studying phenomena exhibited by Janus micromotors and other active systems. This has
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culminated in the publication of several review articles that cover both developments in the
synthesis and characterization of the phenomena associated with non-equilibrium active motion
[217,221,223,224,244-251]. In this section we will discuss the common classes of fuel driven
and field driven Janus micromotor systems. We will then highlight a unique phenomenon that
arises due to this non-equilibrium active motion. Finally, we will discuss some of the
applications for which Janus micromotors have been used to showcase their utility and
functionality.

A diagram depicting various common classes of fuel- and field-driven micromotor
systems can be seen in Figure 10. For fuel-driven micromotor systems, there are several choices
of motor and fuel combinations from which one can choose. To achieve fuel driven active
motion there are two general requirements one must achieve. First, micromotors are produced
containing a Janus or mostly Janus morphology in which one domain is a catalyst for the chosen
chemical reaction. Second, the reaction chosen is either a chemical decomposition reaction that
produces more products than reactants, or a reaction that produces gaseous products that can
form bubbles. The chemical decomposition reaction will produce active motion using either one
or a combination of phoretic mechanisms. A reaction that produces large amounts of gaseous
bubbles will power the micromotor system using a mechanism known as bubble propulsion
[252-257]. In bubble propulsion the release of the bubbles from the surface of the particles
produces a strong propulsive force that propels the particles with ballistic motion. As mentioned
previously, one of the more popular systems for fuel driven micromotors utilizes a Pt catalyst
that chemically decomposes hydrogen peroxide to produce active motion. Since this
development other catalyst and fuel combinations have been proposed and utilized such as
Ir/hydrazine systems or enzyme powered micromotor systems [112,113,258-265]. These motors
typically operate on a phoretic mechanism, but if the motor is large and the reaction product is a
gaseous product, these motors can also be powered via bubble propulsion. However, there are
micromotor systems that purely operate on a bubble propulsive mechanism. One example is the
use of motors where an Mg cube is imbedded in the micromotor as the propulsive component
[266-270]. In an aqueous solution, the Mg reacts with the water and produces hydrogen gas that

powers the motor via a bubble propulsive mechanism. However, this ultimately causes the
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disintegration of the Mg cube imbedded in the motor, limiting the lifetime of operation for these

systems.

0 - Reactant Molecules
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Fig. 10 — A schematic diagram depicting some of the common classes of fuel and field driven

micromotor systems.

There are several distinct advantages in using fuel-powered systems. The main advantage
is that Janus micromotor motion can be achieved without the use of strong electric, magnetic,
light, or ultrasound fields to achieve motion. The requirement of the use of fields has often
limited the use of field-driven systems in industrial applications. Fuel driven systems can also be
engineered to exhibit diffusive or ballistic motion by choosing the right catalyst/fuel system or by
manipulating the geometry of the motor itself. Finally, these motors can often be refueled to
produce active motion repeatedly upon the addition of more fuel to the system with little change
in the degree of activity. However, there are also several disadvantages to these systems. The
requirement of fuel, while an advantage, can also be a disadvantage. The fuels often used for
active motion (e.g., hydrogen peroxide or hydrazine) are highly toxic. This limits their use for
drug delivery or biological applications. This can be circumvented by using enzyme powered

systems where the enzyme’s substrate is a non-toxic fuel. However, the stability of the enzymes
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over long periods is quite poor and makes enzymatic motors difficult to store for long periods. In
addition, micromotors typically designed for various applications usually need to be small. The
small size makes Brownian forces large, and the subsequent motion of the micromotors
diffusive. The achievement of directed and targeted delivery for small sized motors can be rather
difficult without a strong propulsive force, like in the case of bubble propulsion mechanisms. A
disadvantage which is specific to motors that operate on this bubble propulsive mechanism is that
they are often powered by disintegrating motors that have limited operation lifetimes.

When fabricating field-driven micromotor systems there are several strategies to induce
active motion. The most common fields utilized are electric, magnetic, light, or ultrasound fields.
There have been a few examples where authors have used thermal fields and thermophoresis to
achieve active motion [271-273]. This mechanism is not commonly used due to the requirement
of high-powered and high temperature lasers that limit their use and make experimentation
difficult. The first example of electrophoretic motors that were powered by an AC electric field
were polystyrene/Au Janus micromotors [218,274]. These motors propel themselves
perpendicular to the direction of the electric field with a persistent ballistic velocity. These
motors are not susceptible to Brownian reorientation due to the large propulsion force generated
by the electric field. In a similar manner, magnetic field driven micromotors are ones in which
the particle is incorporated with a component that is susceptible to a magnetic field
[237,263,275-279]. This is commonly done by incorporating iron-oxide nanoparticles in the
particle, or by replacing the catalytic cap in the fuel driven Janus micromotor design with a
magnetic one. The motor is then pulled towards the source of the magnetic field with a velocity
that increases as the motor swims closer to the magnetic field source. This behavior where the
micromotor swims towards the source of the field is known as magnetotaxis [280,281].
Magnetotaxis is often utilized to direct the motion of fuel powered systems by biasing the
direction towards the direction of the field. There are other forms of taxis exhibited by
micromotor systems, such as chemotaxis [282,283]. These and other forms of taxis exhibited by
micromotor systems are discussed extensively in other review articles [224,250,284-287]. Light
driven micromotors are ones in which active motion is triggered by the illumination of the
micromotor [288-291]. This is often achieved using a light activated catalyst with the motor

dispersed in a fuel solution where the reaction only occurs in the presence of the required
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wavelength of light. A common example is a TiO,/hydrogen peroxide motor system in which
Ti0O, decomposes hydrogen peroxide under UV illumination at a specific wavelength [292-294].
This allows one to control the motion and activity of the system by shining UV light to trigger or
stop the active motion of these species. In recent literature it has been shown that ultrasound can
also be used to induce active motion [295-300]. The pressure produced by the sound waves at
one end of an anisotropically shaped micromotor can induce fast propulsion. These micromotors
can also easily be guided by manipulating the ultrasound source.

Like fuel-driven systems, field-driven systems also offer their own distinct sets of
advantages and disadvantages. The first major advantage of field driven systems is that because it
is powered by a field, the system can never run out of fuel. As long as the field generation system
remains operational, the micromotors will continue to swim under the influence of the field.
Along these same lines, this also allows one to circumvent the use of fuels that are potentially
toxic to humans and other animals. This has made field-driven systems popular candidates for
potential biomedical applications. Many field-driven systems also exhibit directed ballistic
propulsion rather than enhanced diffusion behavior. This allows for the direct targeting of
specific sites and targets rather than relying on an enhanced diffusion behavior. However, field-
driven systems also require the use of large and potentially expensive equipment to generate
these fields. This makes these approaches difficult to scale up for applications unless a field
source is already in use. In addition, in some applications the use of specific fields is not always
the best choice. For example, in a biomedical application it would not be useful to use light
powered systems since the light will not easily penetrate human tissue.

Taking both the advantages and disadvantages of fuel- and field-driven systems there
have been several micromotor specific phenomena and applications that have been identified.
One of the most unique phenomena that has been observed specifically in fuel-driven systems is
activity induced phase separation [214,246,301]. This phenomenon occurs when micromotors
exhibiting active motion are present in high concentrations either in bulk solution or at a 2D
substrate. These micromotors will initially swim as though they are individual motors where the
motion of one motor does not influence the other. This is often referred to as a gas-like phase
because the Janus micromotors behave like molecules in a gas. However, as time passes the

Janus micromotors will begin to swim towards each other and form assemblies whose size,
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shape, and symmetry changes over time (Figure 11a) [302,303]. These assemblies are known as
reversible active crystals. This is often referred to as a condensed or liquid-like phase because the
Janus micromotors are weakly held together like molecules in a liquid phase. This phenomenon
arises due to the fuel concentration gradients that are formed in solution upon the triggering of
active motion. These concentration gradients cause a flux of fuel to the catalytic surface of the
Janus micromotor which produces a molecular fluid flow. These hydrodynamic flows affect the
motion of other surrounding Janus micromotors producing a hydrodynamic pumping effect that
draws the Janus micromotors to each other. This hydrodynamic pumping effect is responsible for
activity induced phase separation in these reversible active crystals. This was confirmed in the
original work that reported reversible active crystallization. This was further built upon by others
where it was shown that reversible assemblies could be formed with mixtures of active and
passive particles (Figure 11b) [294]. The passive colloids would be pulled towards Janus
micromotors due to this hydrodynamic pumping effect and form reversible active crystals with
Janus micromotors at their core. The symmetry of the crystals could then be tuned by tuning the
size ratio of the Janus micromotors to the passive particles. This work shows that the symmetry
and type of assemblies can be controlled simply by tuning the properties of the particles in your
system. A further degree of control was shown when it was found that these reversible active
crystals could be shown to self-assemble into self-spinning microgears [304]. These gears would
spin freely and would stay assembled as long as the system remained active. These rotors would
then dissipate when the system becomes non-active. The microgears could also be hierarchically
assembled to form self-spinning hierarchical rotors made of multiple microgears highlighting the

tunability and novelty of these systems.
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Fig. 11 — Examples of activity induced phase separation where one can see the formation of (a)
reversible living crystals containing all Janus micromotors and (b) mixtures of passive and active
Janus micromotors. Adapted and reproduced with permission [294,302]. Copyright 2013, The
American Association for the Advancement of Science. Copyright 2017, Wiley-VCH. Example
applications of Janus micromotors as used in (c) drug delivery applications and as (d)
microremediators. Adapted and reproduced with permission [305,306]. Copyright 2017, Wiley-
VCH. Copyright 2014, Wiley-VCH.

The main applications for which micromotors have been envisioned are autonomous
delivery and clean-up related to drug delivery and environmental remediation applications [307—
321]. Several authors have shown the viability for micromotor systems to be used as drug
delivery vehicles or as active micro-remediators. One example where micromotors are used as
drug delivery vehicles is in Horteldo et al [305]. In this work, mesoporous silica microbots were
loaded with doxorubicin and evaluated as drug delivery vehicles (Figure 11c). These microbots
are spherical in shape with a size of approximately 344nm. Active motion is achieved through a
diffusiophoretic mechanism via the decomposition of urea using urease enzymes attached to the

microbot surface. It was found that the urease powered microbots delivered doxorubicin to
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HeL A cells more efficiently than their passive counterparts. However, it was still less effective
than the use of free doxorubicin. A specific example where Janus micromotors are used as micro-
remediators is using activated carbon particles as the non-catalytic portion of a fuel driven Janus
micromotor (Figure 11d) [306]. The activated carbon particles were 60 um spherical particles
sputtered with 60 nm of Pt metal. Active motion is achieved through a bubble propulsive
mechanism via the generation of oxygen gas bubbles from the decomposition of hydrogen
peroxide at the Pt surface. This active motion allowed for the efficient and fast adsorption of a
wide range of organic and heavy metal contaminants to the activated carbon Janus micromotors.
These are just two specific examples in which Janus micromotors have been used for drug

delivery and environmental remediation.

Concluding Remarks and Future Perspective

Within the past few decades there have been several developments towards the synthesis
and applications of heterogeneous particles. In this review we have discussed several techniques
to fabricate heterogeneous particles and their various applications. Self-assembly and physical
vapor deposition is a technique which is amenable to produce Janus or patchy particles in a
controllable and consistent manner. However, the technique is limited by its non-scalability and
its inability to produce particles of more unique morphologies. Pickering emulsion masking is a
method to get around this issue of scalability, but it similarly only produces Janus particles and is
often limited to using particles made of silica [105]. Seeded Emulsion polymerization allows one
to produce particles of a wide range of morphologies and chemistries while being scalable.
However, it requires a large amount of optimization and is limited to producing only polymer
particles. Heterogeneous particles that are made using these methods then find extensive use as
solid surfactants and as Janus micromotors. We have briefly reviewed how different authors have
utilized these systems for responsive emulsions, all liquid electronics, drug delivery vehicles, and
environmental remediators.

While there has been extensive research devoted to heterogeneous particle synthesis and
their applications, there are several challenges that remain to be addressed. Significant control
has been exercised by various groups on producing particles of tailored and controlled

morphologies. However, one challenge is producing complex shapes and chemically
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heterogeneous particles composed of purely metallic or inorganic components. Most highly
shaped heterogeneous particles are usually composed of polymeric or silicate materials. New
synthetic techniques need to be continually developed to allow the incorporation of new
materials into these particles to potentially expand their application scope [322]. Significant
advances have been made in the use of Janus particles and heterogeneous particles as effective
solid surfactants. However, these materials are still outperformed by many small molecule
surfactants. One notable example is fluorinated surfactants which are extensively used across a
broad spectrum of applications ranging from foaming agents to interfacial tension modifiers
[323,324]. However, all fluorinated surfactants are or will be completely banned for sale or use
in most countries around the world due to their detrimental effects on public health and the
environment [325,326]. Continual improvement needs to be made in improving the surfactancy
of heterogeneous particles as we continue to look for replacements for these fluorinated
materials. The field of Janus micromotors also continues to evolve to yield micromotors with
new motors and potential active sources. The major bottleneck preventing Janus micromotors
from being used in applications is the lack of techniques to produce them in a scalable manner.
This would allow more studies on active motion and collective phenomena that arise due to their

active motion.
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