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Abstract: The active motion of phoretic colloids leads them
to accumulate at boundaries and interfaces. Such an excess
accumulation, with respect to their passive counterparts,
makes the dynamics of phoretic colloids particularly sensitive
to the presence of boundaries and pave new routes to

externally control their single particle as well as collective
behavior. Here we review some recent theoretical results
about the dynamics of phoretic colloids close to and
adsorbed at fluid interfaces in particular highlighting similar-
ities and differences with respect to solid-fluid interfaces.

1. Introduction

The dynamics of active micro- and nano-sized swimmers has
gained significant interest (see recent reviews such as Refs. [1–
4]) due to the large set of possible applications that spans from
drug-delivery systems[5–8] up to mimicking motile biological cells
such as bacteria.[9] In particular, an intriguing synthetic realiza-
tion of micro-swimmers is the case of phoretic colloids.[10–13]

Indeed, these particles attain motion in a completely different
way as compared to biological swimmers. In fact, the latter
typically attain motion by moving flagella thanks to nanometric
machines, called molecular motors. In contrast, phoretic colloids
move without the need of synthesizing any nanometric gear.
Actually, phoretic colloids attain net displacement by inducing
a net imbalance in the chemical potential of the fluid they are
suspended in. This mechanism, firstly experimentally proposed
in Ref. [10] and then theoretically addressed in Ref. [11], relies
on the fact that phoretic colloids catalyze a chemical reaction
on their surface. In particular, motion is attained when the rate
of the chemical reaction on the surface of such particles is
inhomogeneous. The performance of phoretic colloids has been
addressed both theoretically[11,13–21] as well as experimen-
tally.[2,10,12,22–25]

Recent studies have shown that the dynamics of phoretic
colloids is particularly sensitive to the presence of boundaries
and interfaces since they can affect the local imbalance in the
chemical potential that eventually, for isothermal systems, is
controlled by the density profile of the product of the catalytic
reaction. Moreover, since no external force is acting on such
particles, their motion is always associated (and controlled) by
the motion of the fluid they move in. Accordingly, boundaries
and interfaces not only affect the profile of the chemical
potential but also the velocity profile of the solution and hence

the motion of phoretic colloids. Such a feature is similar to what
has been observed for micro-organisms and mechanical
swimmers[26–30]).

Here we review some recent results about the dynamics of
phoretic colloids in the presence of fluid-fluid interfaces (see
Figure 1). While both fluid-fluid and solid-fluid interfaces affect
the performance of phoretic particles by deforming the
chemical potential profile, fluid-fluid interfaces are characterized
by some peculiar features, absent in the case of solid-fluid
interfaces:

Crossing. A fluid-fluid interface can be crossed by the reaction
products of the catalysis.[31] This is crucial because it implies that
the density profile of reaction products in one fluid phase can
be controlled upon tuning its dynamics in the other one.

Adsorbing. Phoretic particles can be adsorbed at a fluid-fluid
interface.[32] In such a case, their collective behavior is affected
by capillary interactions that are absent in the case of fluid-solid
interfaces

Responsive. Fluid-fluid interfaces can be responsive to the
imbalance in the chemical potential[31] and this can lead to the
onset of Marangoni flows that, again, is absent in the case of
solid-fluid interfaces.

The structure of the text is as follows: in Sec.2 we set the
problem of phoretic colloids in the context of linear response
theory. This will allow us to highlight some common features of
active systems, in general, and of phoretic colloids, in particular.
Then in Sec. 3 we briefly review the physics of phoresis.
Sections. 4, 5 and Sec. 6 are dedicated to the review of the main
theoretical results about the dynamics of phoretic colloids
trapped at and close to fluid interfaces. Finally, in Sec. 7 we
derive some conclusions.
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Figure 1. Cartoon of an active colloid trapped at (left) or close to (right) a
fluid interface (black solid line). The red spot represents the area in which
the catalytic reaction takes place.
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2. Active systems from a thermodynamics
perspective

Active systems, also called active matter, are physical systems
that are in the “active” state. In order to specify the nature of
this state and to identify its peculiarities it is insightful to review
the diverse “states” that a system can attain. According to
thermodynamics, physical systems can be either at equilibrium
or (by virtue of “tertium non datur”) in a non-equilibrium state.
Equilibrium states are characterized by two main features:[33]

1. the relevant thermodynamic variables do not change in time
2. entropy production is identically zero

The first requirement ensures that equilibrium state are
steady states, whereas the second ensures that equilibrium
steady-states do not consume energy: the system can remain in
the equilibrium state forever without the need of any kind of
energy or mass supply. In contrast, many non-equilibrium states
are explored by the system while relaxing towards the
(possible) equilibrium state. Accordingly, these transient non-
equilibrium states do not fulfill any of the two postulates.
Interestingly, there is a particular set of non-equilibrium states,
namely non-equilibrium-steady-states (NESS), which fulfill the
first postulate, however, they fail to fulfill the vanishing entropy
production postulate. This implies that energy or mass has to
be continuously supplied to keep the system in a non-
equilibrium steady-state. Moreover, non-vanishing entropy
production implies that the thermodynamic intensive quantities
(that are pressure, temperature and chemical potentials for
simple thermodynamic systems) are not homogeneous any-
more and hence local fluxes will set up.[34]

A first attempt to tackle non-equilibrium scenarios is the
linear-response/local-equilibrium approach. Interestingly, when
the thermodynamic intensive variables vary very slowly in space
one can approximate them as constant over a small region and
hence, at this mesoscopic scale, the system looks like if it were
in an equilibrium state characterized by the local values of the
thermodynamic intensive variables. This is the so-called local
equilibrium approximation. Moreover, for mild variations of the
intensive thermodynamic variables, the fluxes can be Taylor
expanded and, at first order in the expansion, the fluxes are
proportional to the gradients of the intensive thermodynamic
variables. Interestingly, in such a regime (linear response
regime) the transport coefficients (i. e. the prefactors relating
the gradients of the intensive variables to the associated fluxes)
do not depend on the forces themselves and hence can be
calculated from equilibrium autocorrelation functions.[34] Within
this “linear” regime it is possible to study the dynamics of
systems and therefore to characterize the non-equilibrium
steady states. Up to now, typically systems have been driven
out of equilibrium by either applying external body forces, like
gravity, or by putting their boundaries in contact with reservoirs
characterized by different magnitude of their temperature,
pressure or chemical potential. Accordingly, in these cases
entropy production is controlled by body forces and/or by the
“boundary conditions”.

Recently, a set of systems showing a novel class of non-
equilibrium states - active systems - has been identified. The
non-equilibrium state of these systems is characterized by a
different origin of entropy production: entropy production is
not due to external body forces or to boundary conditions,
rather these systems break equilibrium locally. For example, a
molecular motor hydrolyzes ATP and the energy gained from
this chemical reaction is directly transduced into mechanical
work1. It is clear that for molecular motors motion is attained
nor by an external body force neither by some boundary term,
rather motion is attained due to the local energy transduction
extracted from the imbalance of the chemical potential of ATP.

Accordingly, a physical system that is at steady state can be
in one of three different states:

� Equilibrium steady state

� Non � Equilibrium steady state
driven

active

(

where with “driven” holds when the mechanism breaking the
equilibrium is an external body force or is controlled by the
boundaries whereas “active” holds when the mechanism break-
ing the equilibrium is local.

Clearly, due the previous definition, all living systems
belong to the active class since their non-equilibrium state is
driven by local imbalances in the chemical potential2. However,
recently also some synthetic systems capable of locally breaking
equilibrium have been designed.[35–39] An intriguing subset of
active matter is the one of micro swimmers3: agents that can
actively displace (on the top of passive diffusion). Typical
examples spans from micrometric bacteria up to ants, fishes
and mammals. A part of biological systems, a paradigmatic
realization of synthetic microswimmers are phoretic colloids.[11]

Typically, the surface of these colloids is partially covered by a
catalyst which promotes a chemical conversion of reactants
(fuel) into product molecules (See section 3). The partial cover-
age triggers the onset of density gradients along the surface
which induce local fluid flows that eventually set the particle in
motion.

2.1. Accumulation of micro swimmers at boundaries

Due to their active nature, self-phoretic colloids tend to
accumulate at walls and interfaces. This feature can be easily
explained by the simplest theoretical model of microswimmer:
the Active Brownian Particle (ABP). An ABP is a colloidal particle
that undergoes both translational and rotational thermal
fluctuations. On the top of the passive translational and

1This occurs only if the chemical potentials of ATP and ADP are not equal
i. e., if the system is not at thermal equilibrium.
2We recall that temperature gradients within living beings are, at most, rare
and due to the Gibbs-Duhem relation chemical potential gradients can be
mapped into pressure gradients.
3 For an overview of other active matter systems see the recent reviews.[40,41]

Minireview

1075ChemNanoMat 2021, 7, 1073–1081 www.chemnanomat.org © 2021 The Authors. ChemNanoMat published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 30.09.2021

2110 / 211206 [S. 1075/1081] 1

https://doi.org/10.1002/cnma.202100196


rotational diffusion an ABP undergoes also an active displace-
ment characterized by a velocity of magnitude v0. The direction
of the active velocity is determined by a unit vector whose
dynamics is controlled by the rotational diffusion of the particle.
Accordingly, when an ABP moves towards a wall and collides
with it the ratio of the (active) force pulling towards the wall
and the (thermal) force pushing away is captured by the Péclet
number

Pe ¼
v0R
D ; (1)

where R is the particle radius and D its translational diffusion
coefficient. Therefore, when particles are weakly active Pe� 1
the excess of ABPs at walls is mild since the active force is
overwhelmed by the thermal fluctuations. In contrast, for
Pe� 1 a significant enhancement of ABPs density at walls is
expected. This feature holds also when the collisions are among
ABPs (see Figure 2). In this case these collisions give rise to a
phenomenon called Motility Induced Phase Separation (MIPS)
in which ABPs separate into a gas-like phase and a solid-like
phase.[42] These features are not peculiarities of ABPs rather they
are common to all real micro swimmers. Indeed, as ABPs, real
micro-swimmers are very sensitive to confining media[43] like
boundaries,[44,45] obstacles[46,47] or fluid interfaces.[48] In the
following, we focus on the dynamics of a single confined
phoretic colloid or on a dilute suspension of them.

3. Phoresis: a brief introduction

Phoresis (from the Greek “to carry”) is defined as the transport
of (colloidal) particles due to the interactions with the fluid they
are suspended in.[49] Typically, these interactions have an
electrostatic and/or Van der Waals origin and therefore their
magnitude usually decays on a length scale, λ, of at most a few
nanometers. Therefore, phoretic transport can be regarded as a
surface phenomenon that involves only the fluid molecules in
the vicinity of the surface of the solid particle. According to its
definition, phoretic transport involves an interplay between
fluid dynamics, surface science and different kinds of transport
phenomena including mass, charge and even heat flows. In
order to clarify the onset of phoretic transport of a (spherical)
colloidal particle it is insightful to zoom in on the surface of the
colloidal particle such that variations of density or velocity field
on the length scale comparable to λ can be appreciated. Due to

the wide length scale separation between the typical size of a
colloidal particle � mm and the decay length of the surface
potentials � nm the surface of the colloidal particle can be
regarded as flat. Depending on the type of surface field
inducing motion diverse phoretic means can be identified:
electrophoresis (controlled by electrostatic interactions with
charged solutes), diffusiophoresis (controlled by interactions
with uncharged solutes), and thermophoresis (controlled by
temperature gradients). In the following we derive the phoretic
velocity of a colloid in the case of diffusiophoresis. Moreover,
we assume that the colloid is suspended in solution charac-
terized by an inhomogeneous density profile of solute 1 x; y; zð Þ.

In order to keep the notation simpler, we assume transla-
tional invariance along the direction y perpendicular to the
plane shown in Figure 3. Further, we assume that the solvent is
a Newtonian fluid characterized by its viscosity η. The solvent
(and the solution) is assumed to be incompressible. Finally, we
assume that the solute concentration varies smoothly along the
longitudinal x direction and that equilibrium is retained along
the transverse direction z (see Figure 3). When the solute is very
diluted solute-solute interactions can be disregarded and its
density profile, 1, reads

1 x; zð Þ ’ 11 xð Þe� bU zð Þ (2)

where U(z) is the solute-wall interaction potential (see Figure 3),
and b ¼ 1=kBT is the inverse thermal energy, being kB the
Boltzmann constant and T the absolute temperature. The solute
experiences a net force due to its interaction with the walls.
Accordingly, the force balance requires

�
@

@z 1ðx; zÞ ¼ 11ðxÞ
@

@z bUðzÞ (3)

and the pressure reads

bp x; zð Þ ’ 11 xð Þ e� bU zð Þ � 1
� �

: (4)

Figure 2. Schematic view of an active colloid colliding against a wall (left) or
another colloid (right).

Figure 3. Schematic view of phoresis: the qualitative profiles of the
attractive (repulsive) interaction potentials between the solute molecules
and the surface of the colloid (dashed area) are drawn in blue (orange) lines.
We recall that, even in the case of an attractive potential, eventually the
molecules experience an excluded volume interaction (i. e. repulsion) when
they attempt to penetrate the surface of the colloid. The typical velocity
profile is represented by arrows; we recall that the direction of the arrows
depends, inter alia, on the repulsive/attractive nature of the interaction. The
typical decay length of the potential λ is also shown.
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Due to the small length scales ð� mmÞ and velocities
ð� mm=secÞ involved, the Reynolds number, Re ¼ 1vR

h
, being R

the radius of the colloidal particle, is small and the dynamics of
the solution is captured by the Stokes equation

h
@2

@z2 vxðx; zÞ ¼
@

@x pðx; zÞ;
(5)

with the boundary conditions

vxðx, z ¼ 0Þ ¼ 0 no slip on the solid surface (6a)

@

@z ux x; zð Þ ¼
z!1

0
�
�
� no bulk velocity gradient (6b)

The velocity profile (sketched in Figure 3) can be obtained
by integrating Eq. (5) twice

vx x; zð Þ ¼ �
kBT
h

@

@x
11 xð Þ

Zz

0

dz0
Z1

z0

e� bU z00ð Þ � 1
� �

dz00; (7)

where the integration limits are chosen in order to fulfill
Eqs. (6). Since the potential U(z) is short-ranged with range λ
the last expression can be approximated leading to the phoretic
slip velocity

vxðxÞ ¼ �
kBT
h
L
@

@x
11ðxÞ; (8)

where we have identified the so-called phoretic mobility

L ¼

Zz

0

dz0
Z1

z0

e� bU z00ð Þ � 1
� �

dz00: (9)

3.1. Self-phoretic (active) colloids

In the above derivation the colloidal particle moves due to the
density profile 1 x; zð Þ that is induced by some mechanism
external to the colloidal particle. However, it is possible to
functionalize the surface of a colloidal particle such that it can
catalyze some chemical reaction that exploits the suspended
reactants. For partial covering of the colloidal surface, the
reaction rate of the chemical reaction is inhomogeneous and
hence it induce an inhomogeneous density profile of both
reactants and reaction products. Accordingly, these colloids are
called self-phoretic (or active) colloids since they induce the
density gradient that induces their own motion.[11]

Several theoretical[11,13–21] and experimental[2,10,12,22–25,51] stud-
ies have characterized the performance of self-phoretic colloidal
particles. In particular, the active displacement of self-phoretic
colloidal particles is controlled by the local gradients around
the particle and therefore is quite sensitive to the presence of
boundaries, obstacles or fluid interfaces in the vicinity of the

self-phoretic colloidal particle. For example, it has been shown
that the presence of boundaries can modulate the net
velocity[15,52,53] and wall-bounded steady states can be
induced.[52,54–56] These features have been exploited to guide the
motion of self-phoretic colloidal particles.[44,45,57] Similar effective
interactions have appeared for interactions among self-phoretic
colloidal particles.[16,58–60] Recently, experimental[25,61,62] and
theoretical[50,63–68] studies have started to tackle the issue of
motion of self-phoretic colloidal particles near or trapped at a
liquid-fluid interface.

4. Phoretic colloids trapped at fluid interfaces

In thermal equilibrium (i. e., in the absence of diffusiophoresis),
a Janus particle trapped at a fluid interface typically exhibits a
configuration in which the particle axis is not aligned with the
normal of the interface (see Figure 1 and Ref. [32] for
experimental results). Therefore, upon turning on the chemical
reaction, motion along the interface may be achieved. However,
the motion at a fluid interface generally involves a coupling
between translation and rotation.[70–72] Thus, the possibility
arises that the translation along the interface may lead to a
rotation of the axis of the particle towards alignment with the
interface normal. In Ref. [50], authors put forward an approxi-
mated analytical model in which the “activity” of the colloidal
particle is accounted for by the phoretic slip velocity (see
Sec. 3). This model provides insight into the conditions under
which translation occurs along the interface.

Interestingly, Figure 4 shows that a motile state, i. e. sliding
along the interface, can be promoted by controlling the
viscosity contrast between the two fluid phases.[50] This is crucial
for experimental set ups where it is hard to modify the
properties of the fluid in which the “fuel” molecules are
catalyzed without changing the catalytic rate. From this
perspective, these results show that the motile state of the
particle can be controlled by tuning the other fluid phase in
which no catalysis takes place.

Once steady motion is attained, the next question is about
its magnitude. Are catalytic colloids trapped at fluid interfaces
moving faster or slower than in the bulk? In this regard an
interesting observable is the persistence length

lP ¼ vt (10)

where v is the velocity of the colloid at the interface and τ is
the rotational diffusion time. The persistence length captures, in
the long time limit, the departure from equilibrium diffusion
due to activity, since passive colloidal particles are characterized
by l ¼ 0.[73] Interestingly, Figure 4c shows that the persistence
length of active colloids trapped at fluid interfaces can be
enhanced as compared to the persistence length of the same
particle in homogeneous unbound fluids.

Typically, the description of the dynamics of active colloids
is performed via a standard coarse-grained approach, within
which the relative velocity between the particle and the fluid is
accounted for by the so-called phoretic slip velocity (see Sec. 3)
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on the surface of the particle.[11,15,49,74,75] However, when an
active colloid is adsorbed at a fluid interface such an approach
becomes more complicated because of the presence of a three-
phase contact line. In Ref. [69], authors present a novel
numerical approach within which the motion of the self-
diffusiophoretic colloid is obtained by using the lattice
Boltzmann method,[76–78] in order to construct approximate
solutions of the Navier-Stokes equation directly. Within the
scheme of Ref. [69], this hydrodynamics solver is combined with
an advection and diffusion equation for the reactants. Such an
approach allows one to discuss the reliability of the slip-velocity
approach by comparison with the approximate analytical results
of Ref. [50]. Indeed, the results of Ref. [69] show that, self-
phoretic colloids trapped at fluid interfaces reorient their
symmetry axis even in the case of equal viscosity fluids, see
Figure 5. This reorientation occurs whenever the axis of
symmetry of the particle is not perpendicular or parallel to the
interface. Indeed, for these cases the presence of the interface

affects the velocity profile and leads to net torques on the
particle.

5. Phoretic colloids close to fluid interfaces

In many circumstances active colloids are not (yet) absorbed at
fluid interfaces. However, their dynamics can be affected by the
fluid interface when active colloids are nearby. In order to
highlight the effect of the fluid interface on the dynamics of
nearby active colloids it is insightful to study the case of a
colloidal particle which is homogeneously covered by catalyst
in the vicinity of a fluid interface.[68] Due to its spherical
symmetry, the particle releases the products of the catalytic
reaction isotropically and hence no net velocity is expected in a
homogeneous and unbound fluid (see left panel of Figure 6).
Therefore any motion is caused by the effective interaction with
the interface. Indeed, the presence of an interface breaks the
homogeneity of the diffusivities of the reaction products in the
two fluid phases which leads to an inhomogeneous distribution
of the concentration of the reaction products along the
interface normal. Accordingly, such an inhomogeneous density
profile leads to an interface-induced phoresis, the direction of
which is normal to the interface, similarly to what has already
been reported for the case of a hard wall.[52,54] Interestingly, in
the present case the sign of the resulting velocity depends not
only on the surface properties of the particle, as it is the case
near a hard wall, rather it depends on both the contrast
between the diffusivities and the distinct solubility of the
catalysis products in the two fluid phases. Such predictions can,
possibly, be verified using setups similar to that discussed in
Refs. [80,81].

As highlighted in Sec. 3, the motion of active Janus particle
leads them to accumulate at boundaries (a situation similar to
the case depicted in the right panel of Figure 1). This feature
can be exploited to detect and characterize such edges. For
example, when active Janus particles are suspended within a
droplet sitting on a solid substrate (see central and right panel

Figure 4. (a) Definition of the orientation, θ, of the Janus particle with respect to the interface. (b) cartoon of the configurations of sustained motility as
function of the viscosity difference ~η=η1–η2 between the two fluid phases and the orientation of the Janus colloid with respect to the interface, encoded in
the angle θ. The orange and blue colors of the arrows refer to repulsive and attractive interactions between the chemically generated solute and the particle,
respectively. (c) ratio Λ=λi/λb of the persistence length of a Janus particle at the interface (λi) and in the bulk (λb) as a function of the coverage θo for various
values of Π=

p
3πβV0R

2Δη. θo is the opening angle of the catalytic region: for θo=0 the colloidal particle is fully passive, for θo=π/2 the colloid is half
covered (colloidal Janus particle). Figures adapted with permission from Ref. [50]. Copyright 2016 RCS.

Figure 5. Left: time evolution of the orientation, θ, of a catalytic colloid
trapped at a fluid interface in the case in which both fluid phases have the
same viscosity. Right: steady state orientation, θ1, as function of the
covering angle θo and for diverse contact angles, θa=0.5π, 0.55π, 0.6π for
blue circles, red upward triangles, and green downward triangles,
respectively. Figures adapted with permission from Ref. [69]. Copyright 2020
RCS.
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of Figure 6) they accumulate in the vicinity of the three phase
contact line. Since getting absorbed or even crossing the fluid
interface requires to overcome a free energy barrier, active
colloids typically remain in the liquid phase and move along
the edges of the droplet. Interestingly, such a feature has been
exploited to measure the contact angle of sessile droplets.
Indeed, in Ref. [79], authors determine the local contact angle
of the droplet by measuring their distance from the edge of the
droplet.

6. Phoretic colloids and reactive interfaces

An intriguing and peculiar feature of liquid-liquid interfaces is
that they can be much more responsive to stimuli than liquid-
solid interfaces. In fact, fluid interfaces are constituted by
molecules in the liquid state and hence they are highly mobile.
However, the Hamiltonian interactions that keep the two
phases separate are typically quite strong as compared to
thermal energy and hence fluid interfaces typically look very
still. The strength of the effective interactions that keep the
phases separated is encoded in the surface tension. However,
when the strength of these interactions is (locally) modified also
the physical properties of the interface change. One of the most
known (and appreciated by sommeliers) response of fluid
interfaces to inhomogeneous stimuli is the so-called Marangoni
flow. Indeed, inhomogeneities of the local densities of the two
fluid phases induce an inhomogeneous surface tension that
eventually, by inducing local stresses on the fluid phases, leads
to the onset Marangoni flow.[82] Such modulations of the density
may be caused by the inhomogeneous density profile of
reaction products induced by a phoretic colloid (see Sec. 3).
Interestingly, as far as the Marangoni flow is operational (i. e.
when the solute density significantly affects the surface
tension), the interface-induced phoresis (see Sec. 5) is subdo-
minant whereas for those interfaces that are not sensitive to
the solute density the interface-induced phoresis is the
dominant effect. We remark that even though for both, inter-
face induced phoresis and Marangoni flow the net motion of
the phoretic colloids is along the normal at the interface, the

physical mechanism underlying these two phenomena is
completely different. In fact, in the case of Marangoni flow the
net motion is due to the imbalance of the stress at the fluid
interface (induced by the inhomogeneous surface tension),
whereas for the interface induced phoresis the motion is due to
a phoretic process triggered at the surface of the colloid and
induced by the asymmetry of the solute density about the
interface. In particular, both far-field approximation and exact
solutions show that such an effect is prominent for liquid-liquid
interfaces (such as water-oil) whereas it is negligible for liquid-
gas interfaces (such as water-air).[66] Remarkably, such a feature
has been recently proven experimentally for both macroscopic
surfers[83] as well as for micrometric droplets[84] and flat
interfaces.[85]

This interplay between active colloids and fluid interfaces
naturally raises the issue concerning the collective, i. e., large-
scale behavior of a grand collection of chemically active
particles forming a monolayer at a fluid-fluid interface. The
effective interaction between two particles, a distance d apart,
due to the advection by the induced Marangoni flow is
equivalent to a long-ranged interparticle force decaying
asymptotically as � 1=r. Such a long-range interaction can
indeed compete with the other typical interaction between
colloid trapped at a fluid interface: capillary interactions4.
Interestingly, via far-field approximations, it is possible to
show[67] that when the effective force induced by the Marangoni
flow, FMar is much larger than the capillary force, Fcap, the
colloidal suspension at the interface is stabilized and the
clustering instability driven by the capillary attraction is
prevented (see Figure 7). Accordingly, such a competition
between FMar and Fcap can be exploited to tune self-assembly at
fluid interfaces.

Figure 6. (a) cartoon of the density profile induced by an active colloid fully covered by catalyst close to the interface between two fluid phases characterized
by different diffusion coefficients of the reaction product D(z>0)<D(z<0). Figure adapted with permission from Ref. [68]. Copyright APS 2016. (b): top view
micrograph indicating the motion of active particles on a non-treated glass surface within the drop (a) and at the edge of the drop (b), the inset represents a
schematic explaining the particle position within the drop. (c): contact angle extracted from the position of the particle (points) and the prediction of the
analytical model (line). Figures adapted with permission from Ref. [79]. Copyright 2020 Wiley.

4 In principle, also the effective interactions that the inhomogeneous solute
profile induces on the colloids (phoretic interactions[86,87]) should be
accounted for. However, in the presence of Marangoni flows such
interactions are expected to be subdominant. This argument follows from
the comparison of the Marangoni-induced interaction between a phoretic
colloid and a fluid interface (Ref. [66]) as compared to the case of interface-
induced phoresis (Ref. [68]).
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7. Conclusions

In this contribution we have reviewed the dynamics of phoretic
colloids in the presence of fluid interfaces. In particular, we
have analyzed the two possible scenarios: the case in which
phoretic colloids get adsorbed at the interface and the case in
which they move in the proximity of the interface. Moreover,
we have also accounted for the case in which the fluid interface
is responsive to the inhomogeneous density profile induced by
the phoretic colloidal particles.

In the case of phoretic colloids adsorbed at fluid interfaces
we have discussed the dependence of their orientation with
respect to the interface upon varying the viscosity contrast, Dh

between the fluid phases. For Dh6¼0, linear displacement gets
coupled to angular reorientation. Interestingly, this paves the
route for a possible control of the motion of active colloids
upon tuning the viscosity of the phase in which no catalysis
occurs i. e., without affecting the catalytic process. At variance,

for Dh ¼ 0 the simplified analytical model predict no roto-
translational coupling. Such results have been checked against
numerical simulations. Interestingly, numerical results show that
also for Dh ¼ 0 rotation and translation are coupled via to the
boundary condition that the interface imposes on the solution
of the Stokes equation.

In the case of phoretic colloids close to fluid interfaces we
have reviewed diverse scenarios. Firstly, we have remarked that
the presence of the interface breaks the fore-aft symmetry
along the normal to the interface that induces an inhomoge-
neity in the diffusion coefficient of the reaction products of the
catalysis. This leads to an asymmetric density profile that can
affect the dynamics of Janus colloids and it may even set
isotropic phoretic colloids on motion. This accumulation of
phoretic colloids at fluid interfaces has been already exploited
to characterize the local properties, such as the local contact
angle of fluid interfaces.

Finally, we have addressed the case in which the fluid
interface is sensitive to the local density profile of reaction
products of the catalysis. In such a case, strong Marangoni flow
will set up hence leading to an effective attraction (repulsion) of
the phoretic colloid to (from) the interface. On the top of this,
when several colloids are close to a fluid interface, the
Marangoni flows give raise to effective interactions among the
phoretic colloids. Interestingly, these effective interactions are
long-ranged, / 1=r, and hence compete with capillary inter-
actions. In the case of colloids adsorbed at fluid interfaces, such
Marangoni-induced interactions among colloids can prevent
the capillary collapse of colloidal suspensions.
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