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‘Fuelled’ motion: phoretic motility and collective
behaviour of active colloids

Pierre Illien, *ab Ramin Golestanian *a and Ayusman Sen *b

Designing microscopic and nanoscopic self-propelled particles and characterising their motion have

become a major scientific challenge over the past few decades. To this purpose, phoretic effects,

namely propulsion mechanisms relying on local field gradients, have been the focus of many theoretical

and experimental studies. In this review, we adopt a tutorial approach to present the basic physical

mechanisms at stake in phoretic motion, and describe the different experimental works that led to the

fabrication of active particles based on this principle. We also present the collective effects observed

in assemblies of interacting active colloids, and the theoretical tools that have been used to describe

phoretic and hydrodynamic interactions.

Key learning points
� Phoretic motion is a force-free and torque-free propulsion mechanism that relies on the interactions between a particle and local field gradients.
� The local inhomogeneities can have different physical origins, and the velocity of the particle can be estimated in terms of microscopic parameters.
� Different types of phoretic swimmers have been designed and characterised experimentally over the past decade.
� In addition to self-propulsion, these active particles exhibit intriguing collective behaviours.
� Analytical and numerical tools from nonequilibrium statistical physics can be employed to describe assemblies of interacting active colloids.

1 Introduction

The design of self-propelled particles at the microscopic and
nanoscopic length scales is one of the most challenging problems
studied in the contemporary physical and chemical sciences.
From a fundamental perspective, self-propelled particles constitute
examples of nonequilibrium machines that are able to obtain
energy from their environment and to convert it into a mechanical
work sufficiently large to overcome the thermal fluctuations and
the viscous effects that usually prevail at small length scales.
An accurate description of the individual and collective behaviours
of synthetic active particles could give a new insight into the
understanding of living matter and its self-organisation, which
involves out-of-equilibrium objects evolving in complex and fluc-
tuating environments.1 From a practical point of view, a better
experimental control of the properties of self-propelled particles
could lead to the design of smart materials, able to reproduce
some functions inspired from cellular biology, such as cargo
transport or chemical sensing.2

To this purpose, phoretic motion, which has been predicted
theoretically in different contexts a long time ago, has received
growing attention. This type of propulsion relies on the inter-
action between the active particle and a field, like a chemical
concentration, an electrostatic potential or a temperature.
Local inhomogeneities of this field induce interfacial effects
at the surface of the particle, which is driven out-of-equilibrium
and set in motion. Using externally imposed field gradients
in order to manipulate colloidal particles has been a long-
standing problem in transport theory.3 The case where built-in
asymmetries of the particle allow it to generate field gradients,
usually named self-phoresis, was investigated more recently,
and it appeared to be a powerful tool to create self-propelled
swimmers. Over the past few years, significant technical advances
in the fabrication of microscopic particles with complex surface
patterns have allowed the emergence of a new field of research,
aimed at designing and characterising active particles.

These experiments also allowed the study of collective
behaviours that appear in assemblies of interacting active
colloids. They originate from the interplay between the none-
quilibrium nature of the individual dynamics of the colloids
and the long-range interactions that exist between them that are
mediated by an inhomogeneous field responsible for phoretic
motion or by hydrodynamics effects. Among the different
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macroscopic effects that were observed, the emergence of
cluster-like phases in systems that do not include any built-in
attractive interactions is the most striking. Because of the
continuous energy conversion at the particle level and of
the complexity of phoretic and hydrodynamic interactions,
the usual tools from statistical physics cannot be used. Deriving
a comprehensive theoretical framework that would describe
these intrinsically out-of-equilibrium phenomena is a major
focus of modern statistical physics.

In this review, following an approach meant to be as tutorial
and non-technical as possible, we present recent progress in
the understanding of phoretic motion and in the collective
effects that arise in assemblies of interacting active colloids,
both from theoretical and experimental perspectives. We start
from the basic physical considerations that identify the different
features leading to self-propulsion of microscopic particles in
fluid environments. We list the main phoretic effects that have
been studied, and we show how the velocity of an active colloidal
particle can be estimated mathematically in the particular case

of self-diffusiophoresis. We then show how these theoretical
predictions have been used as guidelines to design and make
phoretic particles and how their motion was characterised
experimentally, both for particles self-generating the field gradients
around them or driven by some external manipulation. The
experimental section ends with a review of the collective effects
that are usually observed in assemblies of active particles. We
then highlight the theoretical difficulties that arise in the study
of interacting phoretic particles, and present the recent break-
throughs that permitted to study analytically and numerically
the effects of phoretic and hydrodynamic interactions in the
emergence of large-scale collective effects.

2 The basics of phoretic motion
2.1 Ingredients for propulsion and basic examples

Relying on a few basic physical considerations, one can identify
the ingredients that are necessary to achieve the propulsion of
a microswimmer in a fluid. First, the particle needs to convert
energy into propulsion, which is the signature of the none-
quilibrium nature of the process. This energy can be provided
to the motile particle by an external manipulation of the
system, or it can be directly pumped into the surroundings of
the particle. In other words, the particle needs to interact with a
field, which we will generally denote by f, and whose nature
will be specified later on. Secondly, in order to make the
displacement directed (at least partially) the symmetry of the
system needs to be broken in some way. The field with which
the particle interacts needs to be inhomogeneous, which can be
achieved either by imposing a gradient over the system or by
making the motile object asymmetric.

In order to be more specific, let us give two different examples
of phoretic motion. First consider a spherical droplet of liquid
placed in another liquid (Fig. 1). If the system is subject to a
temperature gradient, the surface tension, which is usually a
strongly temperature-dependent quantity, will be inhomogeneous
at the interface. This will result in stresses and flows near the
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surface of the droplet, and to a net displacement of the droplet
along the direction of the gradient.3 In this case, the temperature
plays the role of the field f, and the symmetry breaking is externally
imposed by the experimental conditions.

Let us then consider a spherical solid particle, placed in a
reactant solution, and which is half-coated with a solid catalyst
that transforms the reactant into a product (Fig. 1). Because of
the catalytic reaction that takes place at the surface of the
sphere, there will be more product molecules on the coated side
of the molecule. The interactions between the swimmer and the
solute particles become asymmetric and cause net propulsion
of the motile particle.4 Here, the field with which the swimmer
interacts is the concentration of solute molecules. As opposed
to the first example, the symmetry breaking of this field is caused
by the particle itself, and not by a macroscopic constraint. This
example falls in the class of self-phoresis, which we will describe
in detail in this review.

Based on these general concepts, propulsion induced by
phoretic effects has been predicted theoretically and demon-
strated experimentally using different field gradients and different
kinds of particles:

(i) electrophoresis: the particle responds to an electric field
gradient.

(ii) thermophoresis: the particle responds to an inhomoge-
neous temperature field.

(iii) osmophoresis: a porous object (such as a lipid vesicle5)
is placed in a solute concentration gradient and driven by
asymmetric osmotic pumping.

(iv) diffusiophoresis: the colloid interacts with smaller solute
molecules placed in the bulk, which are inhomogeneously
distributed.

(v) acoustophoresis: the particle is placed in an ultrasound
wave and is driven by a gradient in the acoustic pressure.

For all these mechanisms, the field gradients can in principle
be externally imposed or self-generated by the motile particle.

2.2 Estimating the colloid velocity

Going further into the details of the modelling, we now quantify
the displacement of the colloidal particle, and, more precisely,
relate its velocity to the spatial modulations of the field f.
Generically, the motion of the colloid is due to the imbalance of
osmotic effects within the solid/liquid interfacial structure at the
surface of the object. In order to make this idea more concrete, we
will focus on the generic example of diffusiophoresis, for a neutral
solute with an inhomogeneous concentration, independently of
the origin of this inhomogeneity.

If there is a gradient of solute concentration along the
surface of the colloid (parametrized by a unit vector u) and in
the dilute limit, the concentration field has the Boltzmann-
weight form c(r) = c0(u)exp(�c(r)/kBT) at any point r outside of
the colloidal particle, where c is the interaction potential
between the solute molecules and the surface of the colloid.
In the stationary state, the Navier–Stokes equation (NS) reduces
to �Zr2v = �rp � crc, where Z is the viscosity of the solvent,
v the velocity field, p the pressure field and�crc is the osmotic
force originating from the solute concentration inhomogeneities,
and corresponds to the gradient of c in the radial direction.
The projection of the NS equation along the radial direction
shows that the quantity p � kBT c is a constant, which physically
represents the balance between the hydrostatic and osmotic
pressures. Using this relation in the tangential projection of the
equation and solving for the velocity field far from the surface of
the colloid yields the following expression for the slip velocity at a
given point of the surface of the colloid rs,

3

vs rsð Þ ¼ �
kBT

Z

ð1
0

z e�cðzÞ=kBT � 1
� �

dz

� �
rkc rsð Þ; (1)

where the gradient rJ corresponds to the tangential direction at
the surface of the colloid. This result was recently extended in
different directions. First, we should note that this derivation does
not take into account the advection of the solute molecules, which
is acceptable as long as the interaction layer is much smaller than
the diameter of the particle. In recent analytical studies, Michelin
and Lauga considered the effect of advection for different values
of the Péclet number, which compares the diffusive and advective
timescales.6 In the particular case where the surface of the colloid
is engineered to let the solvent have a finite slip length at
its surface, it was shown that a very large amplification of vs can
occur.7

Similar derivations can be carried out for the other phoretic
mechanisms, and the slip velocity takes the generic form
vs(rs) = m(rs)rJf(rs) where m(rs), is the local phoretic mobility.
This quantity depends on the surface properties of the colloid
that are usually fine-tuned in the experimental designs. Finally,
the velocity of the centre of mass of the colloid, denoted by V,
can be deduced from the slip velocity using the reciprocal
theorem for low-Reynolds number hydrodynamics.8 We emphasise
that phoretic motion is only due to a non-vanishing slip velocity
along the surface of the colloid, and does not originate from a net
external force or torque. This propulsion mode is then often called
force-free or torque-free.

Fig. 1 Top: A symmetric colloid is placed in an externally imposed
temperature gradient, and thermophoresis drives the colloid along the
gradient. Bottom: A self-diffusiophoretic colloid with a built-in asymmetry:
half of its surface is coated with a catalyst that transforms the surrounding
reactant molecules (R) into a product (P).
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2.3 The case of self-diffusiophoresis

The expressions derived in the previous section show that the
velocity of the colloid is non-zero when there exist field gradients
around it, independently of what actually creates them. As it was
exemplified above, the colloidal particles can self-generate
the field inhomogeneities in their environment, by having an
inhomogeneous surface activity. In the simple case where the
catalytic part of the surface acts a source (or a sink) of smaller
particles, the concentration field around the colloid obeys the
stationary diffusion equation Dr2c = 0, where D is the diffusion
coefficient of solute molecules that needs to be solved with the
boundary condition �Du�rc(rs) = a(rs). The coefficient a(rs) is
the local activity of the surface of the colloid, whose sign and
magnitude describe the production or destruction rate of the
solute molecules, and which is determined by the built-in surface
properties of the object.

The order of magnitude of the overall velocity of the colloid
can then be estimated as8

V B am/D, (2)

and grows linearly with the activity and mobility coefficients.
With a more detailed resolution of the set of equations given
above, the velocity of the colloid can be computed for different
object shapes (spheres, rods. . .) with different surface patterns
for the mobility and the activity. This theoretical approach then
gives a guideline to design and optimise these active particles.

2.4 The role of thermal fluctuations

The theory presented above is purely deterministic and does
not take into account the thermal fluctuations that are expected
to play a significant role at the microscopic and nanoscopic
length scales. Because of the stochastic nature of the dynamics,
it is difficult to control the directionality of the colloid, and the
evolution of its position needs to be described using statistical
averages. Let us consider an isolated active colloid whose
velocity has a fixed magnitude V but an orientation n which
is randomised over a time scale tr B 8pZR3/kBT (for a solid
sphere of radius R), such that the orientation auto-correlation
function satisfies hn(t)�n(0)i B e�t/tr. It is straightforward to
show that the mean-square displacement (MSD) of the colloid
obeys9

r2
� �

¼ 6D0tþ V2tr2
t

tr
þ 1

2
e�2t=tr � 1
� 	
 �

; (3)

where D0 = kBT/(6pZR) is the diffusion coefficient given by the
Stokes–Einstein relation. This equation reveals the rich behaviour
of the stochastic dynamics of the active colloid: at short times
(t { tr), the ‘active’ contribution gives a ballistic contribution to
the MSD; at long times (t c tr), it gives a diffusive contribution,
which results in an effective diffusion coefficient that depends
explicitly on the propulsion velocity, and that reads Deff = D0 + 1

6V2tR.
In the particular case of a self-diffusiophoretic propulsion

mechanism, a more thorough analysis can be carried out to
compare the rotational diffusion timescale tr with the time-
scale related to the diffusion of the solute, given by td = R2/D0

(where D0 is the diffusion coefficient of individual solute
molecules), and the timescale related to the hydrodynamic
effects th = R2/n, where n = Z/r is the kinematic viscosity of
the solvent. The interplay between the mechanisms controlled
by these different timescales gives rise to many different regimes
(inertia, propulsion, anomalous diffusion).10 In the long-time
limit, the effective diffusion coefficient includes different contri-
butions and was shown to be a non-monotonic function of the
particle radius, which gives a prescription to optimise the design of
active colloids in experimental realisations.

3 Designing and making phoretic
swimmers

Because of a number of technological limitations, the study of
phoresis and self-phoresis has remained essentially theoretical
for many decades. The experimental realisations of self-propelled
swimmers were made possible by the recent progress in micro-
and nano-fabrication techniques, and in the possibility of building
easily and at relatively low costs colloidal particles with complex
and asymmetric functionalisations. In this section, we present the
typical design of the phoretic swimmers that were built and
characterised over the past decade, as well as the collective effects
that were observed in large assemblies of such objects.

3.1 Self-generated field gradients

The first example of a synthetic micromotor with a built-in
asymmetry and able to move in a self-generated gradient was
given by Sen, Mallouk and co-workers in 2004,11,12 who built
bimetallic Au–Pt rods (470 nm in diameter and made of two
1 mm-long metallic cylinders). These motors were propelled by
a self-electrophoretic effect: the oxidation of hydrogen peroxide
is catalysed by the Pt end of the rod, and the protons and
electrons produced by this reaction are consumed by the
reduction of hydrogen peroxide at the Au end of the rod (see
Fig. 2). This results in an electron current through the rod, and
a flow of protons through the solution along the surface of
the rod. The latter creates a fluid flow that results in very fast
propulsion, with a velocity that can be greater than 10 body
lengths per second. These cylindrical motors were made using
electrochemical deposition in pore templates. The process allows
the creation of uniform rods, whose dimensions can be finely
controlled.

Relying on their robust transport properties, it was shown
that these bimetallic rods were able to collect and carry small
passive particles at one of their ends,13 which opens the way to
building autonomous self-propelled rafts for cargos. They were
also shown to exhibit directed motion in a gradient of fuel,14

thus providing a first example for chemotaxis in a nonbiological
system. This propulsion mechanism was also applied to drive the
rotational motion of bimetallic gears.15

Following on theoretical predictions for propulsion due to
self-diffusiophoresis,4 the first spherical active colloids were
synthesised in 2007 by Golestanian and co-workers.9 Micrometer-
sized polystyrene spheres were half-coated with platinum and
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placed in a solution of hydrogen peroxide. The colloid is able to
catalyse the decomposition of H2O2 at the platinum side only,
which creates a fuel gradient around the particle and results
in self-propulsion (Fig. 2). A recent investigation, combining
experimental and theoretical results, revealed that the details of
the propulsion mechanism are quite complex, and that self-
electrophoretic effects would also need to be taken into account
to give a full and consistent picture.16 The typical velocity of the
particle is of the order of a few diameters per second. It was
recently shown that the presence of boundaries (plane walls,
channel-like geometries) could enhance the persistence of the
displacement of the particle and therefore allows to steer them
along given trajectories.17,18

This design inspired other realisations, and led to the
creation of different types of Janus particles with different types
of reactants and coatings, among which we can cite the use of
hematite, which acts as a catalyst for the decomposition of
hydrogen peroxide only when illuminated with blue light, and
therefore provides a versatile system where self-propulsion can
be switched on and off.19

In the situation where the products generated by the catalytic
reactions taking place at the surface of the colloid are charged,
an additional electrophoretic effect can propel the particle. This
was evidenced by making micrometer-sized AgCl particles.20,21

Under UV illumination, silver chloride is reduced to Ag, while
H+ and Cl� ions are released in the solution. Given the difference
in their sizes, the H+ ions will diffuse much faster than the Cl�

ions, thus creating an inward radial electric field around the
AgCl particle. Because of the surface inhomogeneities, the
particle bears a built-in asymmetry. The resulting imbalance
in the distribution of the ions creates a net electric field, in
response to which the particle moves (Fig. 3). The slip velocity

of the particle, which results from a gradient of electrolyte
concentration, therefore has both diffusiophoretic and electro-
phoretic contributions. Moreover, the addition of hydrogen
peroxide in the solution allows the reverse oxidation, which
can lead to oscillatory motions of the AgCl particles. It was
also shown that titanium dioxide (TiO2) particles22 and Ag3PO4

particles23 can move thanks to analogous photoactive mechanisms.
In addition to electrophoresis and diffusiophoresis effects,

thermophoretic effects have also been employed to build self-
propelled colloids. It was shown that micrometer-sized silica
beads half-coated with a gold cap and irradiated with a laser
beam could move at relatively high speeds, up to 10 particle
diameters per second.24 The gold-coated side of the particle
absorbs more light than the silica side, and the colloid plays the
role of an asymmetric heat source. The local temperature
gradient and the subsequent viscosity inhomogeneities drive
the motion of the particle. Despite the efficiency of this
propulsion mechanism, the relatively high laser intensities that
are required could be limiting in practical applications. The
situation where the colloid evolves in a binary liquid close to a
critical point then raised some interest: with smaller light
intensities, the heating at the metallic side of the colloid can
cause a local phase separation. The resulting concentration
gradient drives the particle, and this diffusiophoretic mecha-
nism actually dominates over the thermophoretic contribution.
This phenomenon has been evidenced both experimentally25,26

and theoretically.27

Another class of self-propulsion mechanisms relies on the
existence of Marangoni stresses (generated by surface tension
gradients) at the surface of the particle. Thutupalli et al. studied
a droplet of water in oil, with mono-olein, an organic molecule,
as a surfactant.28 Bromine molecules contained inside the droplet
play the role of the fuel: when a fraction of the surfactant is
brominated, the surface tension at the water–oil interface is
locally modified, and Marangoni flows are generated. Under
these conditions, the droplets do not bear a built-in asymmetry,
and self-propulsion relies on spontaneous symmetry breaking.
Another experimental realisation, supported by theoretical

Fig. 2 Top: Bimetallic rod in a solution of hydrogen peroxide and driven
by a self-electrophoretic mechanism.11,12 Bottom: Polystyrene–platinum
Janus particle driven by a self-diffusiophoretic mechanism: the hydrogen
peroxide molecules (represented by the orange dimers) are decomposed
into oxygen and water at the platinum side of the colloid.9

Fig. 3 Mechanism for electrolyte self-diffusiophoresis. In the presence of
UV light, the following reaction takes place at the surface of the particle:
4AgCl + 2H2O + hn - 4Ag + 4H+ + 4Cl� + O2. The difference in the
diffusivities of the H+ and Cl� ions yields an inhomogeneous charge
distribution around the particle, and a net electric field.20,21 In the presence
of hydrogen peroxide, and the solid layer Ag can be transformed back into
silver chloride.
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arguments, suggested that the motion of the droplet can be
driven by a different mechanism: under large Péclet number
conditions, the solubilisation of water from the droplet can
create gradients of micelles, and the droplet can be driven by a
combination of phoretic and Marangoni effects.29 This system
is fully biocompatible, and allows the transport of biological
cells, opening the way to many practical applications.

3.2 Externally driven particles

In contrast to particles that generate themselves the field
gradients around them, microswimmers can also be driven by
external fields imposed by the experimental conditions. This
strategy has been applied to design another class of metallic
nanorods that move thanks to an acoustophoretic mechanism.30

It was shown that these nanorods can levitate in the nodal plane
of externally-generated ultrasonic standing waves, and reach
propulsion velocities up to 200 mm s�1, which correspond to
approximately 100 body lengths per second. The shape asymmetry
of the rods, which originates from the fabrication technique
employed, creates an asymmetric distribution of the acoustic
pressure, responsible for self-propulsion. This mechanism is
independent of the chemical environment of the rod, and
propulsion can therefore be observed in solutions with very
high ionic strengths. This property, as well as the fact that
acoustic waves could be less destructive than optical or magnetic
manipulation, suggested that these nanorods could be used in
biological environments. Their bio-compatibility was successfully
demonstrated by making them propel inside living cells.31

Another propulsion mechanism relying on the interaction
with an external field and on spontaneous symmetry breaking
was considered by Bricard et al., who studied dielectric colloids
placed in a conducting fluid in the presence of an external
electric field. When the magnitude of this field exceeds a
threshold, the charge distribution at the surface of the colloid
is unstable, which causes symmetry breaking.32 Under the
effect of the electric field, the colloid can then move at a very
high speed (up to 200 particle diameters per second).

We should also mention another swimming strategy that
does not rely on phoretic effects, and that has been widely used
to design microswimmers with internal degrees of freedom.
In the limit of low Reynolds number, the inertial effects are
negligible, and the equations for momentum conservation have
symmetries that imply that the fluid obeys kinematic reversi-
bility. Consequently, any reciprocal sequence of deformation
of the swimmer cannot result in a net displacement. This
property, usually referred to as the ‘scallop theorem’,33 represents
a difficulty in the design of periodically actuated swimmers. It can
be overcome by designing swimming strategies that include non-
reciprocity, coming from the actuation of the internal degrees of
freedom or from a sufficiently complex geometry. An object made
of three spheres with links whose lengths are actuated in a non-
reciprocal fashion then constitutes a minimal model for a low-
Reynolds-number swimmer that can be studied analytically.34 In a
first attempt to build and characterise experimentally a swimmer
of this kind, Dreyfus et al. built chains of micrometer-size colloids,
linked by DNA strands.35 The non-reciprocal actuation of the

‘flagellum’ using a time-dependent magnetic field allows its
propulsion, and it was successfully used to carry a red blood
cell to which it is attached. Relying on a similar external
magnetic actuation, Tierno et al. designed a simpler particle
made of two colloids of different sizes.36 In this system, the
swimmer does not have enough internal degrees of freedom to
achieve self-propulsion, and the time reversibility breaking is
achieved by the presence of a solid wall, which causes an
asymmetry in dissipation. Later on, Ghosh and Fisher designed
and characterised glass nanostructured propellers which have
the shape of a spherical head attached to a corkscrew-like tail,
and which could achieve propulsion by responding to a magnetic
field.37

3.3 Self-assembly and collective effects

In addition to their remarkable individual self-propulsion
properties, phoretic particles can also display many surprising
collective effects. They result from the complex dynamics of the
particles at the individual level, combined with the interactions
that exist between them, and that can have many different
origins: excluded-volume interactions, hydrodynamic interactions
mediated by the solvent, or long-ranged interactions mediated
by the field responsible for phoretic motion (temperature, concen-
tration, electric field. . .). In this section, we present the different
classes of collective effects that have been observed experimen-
tally, and we will review the different theoretical approaches that
could account for them in the last section of this review.

One of the most striking features of assemblies of active
colloids is the formation of dynamic clusters of macroscopic
size, separated by gas-like dilute regions. This clustering pheno-
menon is surprising as it appears in the absence of any built-in
attractive interactions, and is a consequence of the out-of-
equilibrium self-propulsion dynamics. It can be understood
intuitively as follows: because of the persistence of the colloid
trajectories and of their exclusion interactions, several particles
can be stopped when their propulsion directions face one
another. Large-scale structures may then appear when other
particles join elementary clusters, which is possible when the
typical rotational diffusion time (namely the time after which
each colloid loses memory of its orientation) is very large
compared to the time between inter-particle collisions, con-
trolled by the typical propulsion velocity and the density.

This clustering was observed with self-diffusiophoretic
platinum–gold particles in H2O2,38 with SiO2–carbon particles
in a near-critical binary mixture,26 and with colloids carrying
small hematite cubes.19 It was observed that the clusters are
dynamical: they can expel particles or recruit new ones, rotate or
merge to form larger clusters. The dominant physical mechanisms
at stake in the cluster formation depend on the details of the
experimental systems: for Janus particles in a binary mixture,
clustering is controlled by short-range excluded-volume inter-
actions,26 whereas in the experiments performed by Palacci
et al.,19 the finite clusters were accounted for by the dominance
of long-range phoretic interactions in that particular system.
A similar clustering phenomenon was observed for AgCl particles
in the presence of UV light. In this situation, each particle
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responds to the ion gradients created by the other ones,
combining diffusiophoretic and electrophoretic effects. Large
particle schools spontaneously form, and can be reversibly
destroyed by switching on and off the UV source.20 The study
of Ag3PO4 particles revealed the existence of two different
regimes where the particles either exclude each other or form
clusters. The reversible transition between these two states can
be controlled by the intensity of UV light and by the addition of
NH3 in the solution (Fig. 4).23

Finally, acoustophoretic nanorods can form another class of
complex patterns, which are quite specific, and cannot be easily
related to the effects observed in assemblies of diffusiophoretic
or electrophoretic spherical particles. It was shown that they
can assemble in long chains displaying axial rotation, or in very
large circular patterns (up to 100 particle sizes).30

4 Statistical physics of interacting
active colloids
4.1 Phenomenological and effective theories

The experimental studies of active colloidal particles reveal the
rich variety of their collective behaviours, which result from
an interplay between the interactions that exist between them
and the complexity of their individual dynamics. Because of the
nonequilibrium nature of their behaviour, the usual rules and
theorems from equilibrium statistical physics do not apply, and
there are no general principles governing their evolution.

For these reasons, the study of assemblies of active particles
from a statistical physics point of view is particularly challenging,
and has motivated different approaches. Some of them rely
on phenomenological descriptions: coarse-grained evolution
equations for the density, polarisation and nematic fields can
be obtained based on the symmetry properties of the physical
system.39 Detailed studies of these equations gave an overview
of the different behaviours emerging from active assemblies.
In another class of theoretical approaches, the interactions
between the active particles are taken into account in an effective
way, for instance by assuming that the propulsion velocity is a
function of the local density.40 This efficient approach predicts
the existence of a motility-induced phase separation, where the
system breaks between dense clusters and dilute regions.

Although these phenomenological or effective theories could
be compared to some experimental situations, there are fewer
theories that take into account explicitly the details of the
interactions that are present in the systems. As it was empha-
sised in the previous section of this review, the evolution of the

position of an individual phoretic particle is controlled by the
local inhomogeneities of the ‘phoretic field’ (concentration,
temperature. . .). In turn, the displacement of the active particle
will modify the local structure of the field. This interplay
between the phoretic particle and its environment becomes
particularly complex when other active particles are present in
the system. Each colloid then feels the presence of the others,
and is affected by the other local field inhomogeneities. These
interactions, that are typically long-ranged, could play a signi-
ficant role in the emerging macroscopic behaviours observed in
assemblies of active particles. Moreover, most of the experiments
presented above, as well as the realistic situation of interest, take
place in a fluid solvent. At the considered length scales, viscous
effects prevail, and the appropriate level of description is given
by low Reynolds number hydrodynamics, in which the solvent
mediates long-range interactions between the particles.

In what follows, we review the different models (treated
analytically or computationally) that take into account explicitly
the interactions between active colloids. We aim to highlight
the technical difficulties that arise in such approaches, and
to discuss the emergence of the collective effects observed in
experimental realisations. Due to size limitation of tutorial
reviews, we will focus on our own contributions to this growing
field of research. References to other significant advances can
be found within the papers cited in this section.

4.2 Interacting thermophoretic colloids

As a first example of the effect of long-range interactions on the
collective dynamics of active colloids, we consider the case
of thermophoretic particles. It was shown experimentally that
silica colloidal particles half-coated with gold could self-propel
when they are placed in a defocused laser beam.41 This self-
generated temperature gradient is responsible for the indivi-
dual propulsion of the colloids, with a velocity V that can be
related to the intensity of the laser beam, the thermodiffusion
coefficient DT and the thermal conductivity of the medium.
In addition to this self-propulsion effect, each colloid will act as
a local heat source, and will therefore create an inhomogeneous
temperature field T(r), whose magnitude decreases as 1/r. The
drift velocity resulting from these temperature gradients is
typically given by the relation v = �DTrT. The superposition
of the long-range profiles created by the colloids will create a
complex and dynamical temperature field that will be respon-
sible for interactions between them, and that could ultimately
lead to collective effects.

In order to illustrate the technical difficulties that arise in
the analytical description of this collective stochastic dynamics,
we write the Langevin equations satisfied by position ri and
orientation ni:

42

:ri = Vni � DTrT(ri,t) + ni, (4)

:ni = gi � ni, (5)

where ni and gi are Gaussian white noises, and where the
hydrodynamic interactions are ignored for simplicity. The
influence of the other colloids is taken into account in

Fig. 4 Transition between exclusion and schooling behaviours based on
self-diffusiophoresis in a suspension of Ag3PO4 microparticles.23
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the temperature field T. At lower order in the multipole

expansion, this field is written as Tðr; tÞ ¼ T0 þ T1

P
j

1

r� rjðtÞ
�� ��.

Defining a coarse-grained probability distribution Pðr; n; tÞ ¼
PN
i¼1

d r� riðtÞð Þd n� niðtÞð Þ

 �

, we can turn to a Fokker–Planck

description of the stochastic dynamics that is completed by
a heat diffusion equation satisfied by the temperature field T.
Determining the effective diffusion coefficient of the colloids
requires averaging over the orientation n in order to get the
evolution equation of the density field rðr; tÞ ¼

Ð
n
Pðr; n; tÞ.

However, such an equation is not closed and involves higher-
order moments, such as a polarisation field pðr; tÞ ¼

Ð
n
nPðr; n; tÞ,

whose evolution is determined in terms of second-order nematic
fields and so on.

This hierarchy of equations, which formally resembles the
classical Bogoliubov–Born–Green–Kirkwood–Yvon hierarchy,
arises from the coupling between the orientational and transla-
tional degrees of freedom, and is a generic feature of the
stochastic description of assemblies of active colloids. This
hierarchy can be truncated by focusing on the limits of long
time and of large length scales, which typically yields a closed
set of equations satisfied by the density and polarisation fields.
This closure approximation yields an expression for the effective
diffusion coefficient of the colloids and a self-consistent equation
for the temperature.

In the thermorepulsive case where the colloids repel each
other (DT 4 0, see Fig. 5), the structure of the equations
suggests an analogy with electrostatics, with typical length
scales that play the roles of the Bjerrum length and the Debye
screening length. The system then exhibits a strong depletion
effect under confinement. In the thermoattractive case where
the colloids attract each other (DT o 0), the particles will be
attracted towards the centre of the confinement box, suggesting
an analogy with a gravitational system. In addition to these
general analytical predictions, extensive numerical simulations

of collections of attractive thermophoretic colloids revealed the
formation of comet-like swarms moving towards the source of
heat.43 The shape and the density fluctuations of the swarm
could be investigated by modulating the coupling strength
between the colloids.

This example shows that going beyond phenomenological
descriptions of active systems, and taking into account the
microscopic principles that rule the individual evolution of
the colloids and their interactions could reveal a very rich
collection of collective behaviours that would be missed in an
effective description, and that may play a significant role in
experimental systems.

4.3 Interactions mediated by chemical fields

4.3.1 Self-assembled active molecules. We now turn to the
case of colloids that interact via chemical fields. As it was
detailed for the case of an individual colloid, the motion
of diffusiophoretic particles is permitted by the existence of
inhomogeneities in the concentration of solute molecules with
which the colloid interacts. Let us consider symmetric colloidal
particles whose surface acts as a sink or a source of solute
molecules. The concentration profile is asymptotically given by
C(r) B aR2/(Dr), where D is the diffusion coefficient of the solute
molecules and a is the surface activity, whose sign determines
whether chemicals are consumed or produced by the colloid.
The interaction of the colloid with the chemical field is deter-
mined by the surface mobility m. Such a symmetric colloid,
when considered alone, does not have a directed motion since
no symmetry-breaking occurs in the system. However, when
several colloids with different values for the surface activities
and mobilities are brought together, the resulting phoretic
interactions could lead to net motion.

It was recently shown with Brownian dynamics simulations
that assemblies made of two types of particles under dilute
conditions could lead to the formation of stable active ‘molecules’.44

These objects are made of combinations of the two types of colloids
(see Fig. 6 for examples). Depending on the geometries of these
clusters, they can either be inert (with no net motion) or exhibit net
self-propulsion or self-rotation. A more thorough investigation of
the dynamics of these molecules revealed that they could exhibit

Fig. 5 Particles with an asymmetric metallic coating can move because
of thermophoretic effects when they are irradiated by a source of light,
coming from the top in this simplified representation. Each particle moves
in the direction of the small red arrow. In addition to this self-propulsion
mechanism, the colloids interact with each other because of the slowly
decreasing temperature profiles they generate. Depending on the sign
of thermodiffusion coefficient DT, the interactions can be attractive or
repulsive.42

Fig. 6 Examples of self-assembled molecules made of two types of
colloids with different surface mobilities and activities.44 The symmetry
properties of these small clusters give rise to different types of motion,
namely self-propulsion (i) or self-rotation (ii). Some inert molecules are
also formed (iii).
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spontaneous oscillations between different conformations or
run-and-tumble motion.45 These observations show that phoretic
interactions can lead to self-organization of active colloids into
complex clusters, and highlights once again their significance.

4.3.2 Collective behaviour of active colloids in a chemical
gradient. The examples presented so far could be classified into
two different categories: the field gradient was either generated
by the active particle itself, or was imposed externally by the
experimental conditions. However, the situation where an
asymmetric particle moves in a macroscopic gradient is a
combination of the two cases studied above, and needs to be
considered in greater detail. This could also describe situations
encountered in biological systems, either at the intracellular or
cellular levels, where cells or macromolecular complexes with
built-in asymmetries are able to perform complex functions in
strongly inhomogeneous environments.

Let us consider the particular case of an asymmetric self-
diffusiophoretic colloid placed in a macroscopic gradient of
a chemical reactant of concentration s. The transformation of
this reactant into product molecules occurs at the surface of the
colloid, which is asymmetrically coated with a catalyst. The
direction of self-propulsion is denoted by n. Without considering
any collective effects, the individual behaviour of the colloid is
itself quite complicated, as it results from the interplay between
the phoretic and the chemotactic responses to its environment.
The angular velocity x and the centre-of mass velocity v of the
particle can take the following generic forms:

x = F0n � rs, (6)

v = V0n � a0rs � a1nn�rs. (7)

Each of the four parameters from these equations (F0, V0, a0

and a1) characterises a different response of the colloid to the
gradients present in eqn (6) and (7), and a corresponding
sketch is presented in Fig. 7: (i) F0 represents the angular drift

of the colloid, which is related to its chemotactic response: the
orientation of the particle tends to align parallel or antiparallel
to the local chemical gradient; (ii) the velocity V0 is controlled
by the reaction rate, so that a polar run-and-tumble mechanism
would tend to attract the colloid in slow regions; (iii) an apolar
run-and-tumble mechanism driven by the gradient brings the
colloid in the fast regions (controlled by a1); (iv) a phoretic
response (controlled by a0) is responsible for a net drift of the
position of the centre of mass of the colloid, independently of
its polarity.

These four parameters can be explicitly related to surface
mobility m(rs) and activity a(rs). Assuming axial symmetry of
the colloid coating, these quantities can usually be written
as spherical harmonics expansions, that are easy to handle
mathematically when suitably truncated.8

The presence of multiple active colloids gives rise to effective
interactions which are mediated by the reactant and product
concentration fields, themselves affected by the activity of each
individual, and that are typically long-ranged (B1/r). The inter-
play between the chemotactic and phoretic contributions that
control the displacement of each colloid may give rise to a
complex phase diagram. In order to get a more quantitative
insight into these collective effects, the stochastic dynamics of
the system is described with a set of Langevin equations
satisfied by the position and orientation of each active particle.
This Langevin description can be turned into a single Fokker–
Planck equation for the joint coarse-grained probability density
of position and orientation. Like in the case of interacting
thermophoretic colloids, the long-range phoretic interactions are
responsible for a coupling between the translational and orienta-
tional degrees of freedom, which makes the problem particularly
difficult to treat. A moment expansion with respect to the
orientational variable and a closure approximation allows one
to obtain a closed set of equations for the density and polarisa-
tion fields. It is finally possible to sketch the phase diagram of the
active assembly in a simplified two-dimensional parameter space,
where one parameter describes the chemotactic response and the
other describes the phoretic response of the colloids.46

Assuming that the formation of product molecules obeys a
Michaelis–Menten-like kinetics (linear in the reactant concen-
tration for small s and saturated for large s), two different
concentration regimes can be identified. When the fuel concen-
tration is small, the activity is diffusion-limited, which means
that the typical reaction time is much faster than the time taken
by substrate molecules to diffuse up to the surface of an active
colloid. In this limit, the chemical fields are screened, and
the phase diagram reveals the emergence of large number
fluctuations and clumping instabilities. In the saturation
regime where the reactant concentration is very high and where
the reaction rate is the limiting timescale of the chemical
activity, the chemical fields are not screened anymore, and
their long-ranged character gives rise to different collective
effects, among which a Jeans instability, the formation of
asters, and the emergence of oscillating patterns.

In this model, the solute molecules are consumed and
produced at the surfaces of the colloids only, and there are

Fig. 7 The different responses of a self-diffusiophoretic active colloid
placed in a gradient of a chemical substrate.46
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no chemical reactions occurring in the bulk. However, in order
to model accurately active transport in biological systems, it is
necessary to take into account the underlying chemical activity
and the nonequilibrium character of the environment of the
particles. Considering a reaction–diffusion equation coupled to
the dynamics of the phoretic particles, Banigan and Marko
showed analytically and numerically how the background activity
can modulate the effective interactions between the colloids, and
affect the self-organisation of the system.47

4.4 The role of hydrodynamics

The analytical and numerical study of assemblies of active
colloids usually ignores the presence of the liquid solvent in
which the particles evolve, whose description is particularly
complex. However, given the typical length scales (micrometer)
and velocities (tens to hundreds of micrometers per second) of
self-propelled active colloids, the viscous effects are expected to
prevail, and the appropriate level of description is actually given
by the laws of low Reynolds number hydrodynamics. Such a
hydrodynamic description of the system would allow one to
take into account the continuous energy dissipation mediated
by the viscous liquid, as well as the hydrodynamic interactions,
who typically decrease slowly (as the inverse of the distance)
and who could also play a significant role in the near-field
limit. In particular, it would be important to understand the
role played by hydrodynamic interactions in the emergence of
the macroscopic effects observed experimentally, such as the
formation of large clusters separated by gas-like regions.

A first approach to this question was provided by Zöttl and
Stark,48 who investigated numerically the evolution of assem-
blies of squirmers (particles that self-propel by generating
an axisymmetric slip velocity) in a confined quasi-2D system,
and taking into account the hydrodynamic interactions. They
observe a transition to clustering, and they show that this
transition is controlled by the hydrodynamic near fields that
prevail when the particles collide frequently. It was subse-
quently showed by simulating hydrodynamic squirmers in an
unbounded fluid that the presence of hydrodynamic interactions
could actually suppress the phase separation predicted by the
usual motility-induced mechanisms.49 The discrepancy between
these two set of numerical results can be accounted for by the fact
that the geometrical confinement actually screens the hydro-
dynamic interactions, with a screening length of the order of
the thickness of the quasi-2D slab. The comparison of these
results then allows one to distinguish the role of the far-field
effects from that of the near-field effects.

5 Conclusion

In the context of phoretic motion, ‘fuelling’ means driving
steadily the system to a nonequilibrium state, by having intrinsic
symmetry breaking mechanisms that can convert a uniform free
energy source into directed motion. This generic idea leads to
the theoretical study and to the experimental design of many
self-propelled particles, which rely on different microscopic

mechanisms, but which are formally equivalent. In addition to
their surprising individual properties, the collective behaviour of
active colloids, which gives rise to unexpected macroscopic effects,
has motivated many studies. As was described in the present
review, this field of research has been particularly productive
during the past few years and has brought together the effort
of different scientific communities, who are now facing new
challenges.

From an experimental perspective, controlling the motion
of self-propelled colloids could open the way to numerous
applications, in particular in the biomedical sciences. More
complex functionalisations of the surface of the colloid could
allow them to perform specific functions, such as carrying
smaller particles to a target, following a given trajectory, or
even reproducing some intracellular functions such as replication
or gradient-sensing. In this perspective, recent experimental
breakthroughs showed how synthetic particles could use the
chemical activity of biomolecules as a fuel to move in a directed
manner, and to respond to environmental inhomogeneities.50

Active colloids, and in particular their collective behaviour,
also raise a number of theoretical issues. Their description falls
into the scope of non-equilibrium statistical physics, which
does not rely on generic principles, so that each system needs
to be studied with its specific details. Moreover, the long-
ranged interactions between the active particles make any
theoretical description particularly difficult, and little is known
about the effect of phoretic and hydrodynamic interactions.
This opens the way to new approaches that rely on extensive
numerical simulations and on the development of appropriate
mathematical tools.
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