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Traditional  material  science  predominantly  focuses  on  equilibrium  states,
yet  living  systems exemplify  how multifunctionality  arises  from non-equi-
librium  dynamics.  This  perspective  highlights  colloidal  systems  as  a
promising  platform  for  exploring  non-equilibrium  material  paradigms,
owing to their  weak interactions,  slow energy dissipation,  and adaptability
to  external  stimuli.  Non-equilibrium  colloids  exhibit  unique  properties
across  diverse  domains:  topological  acoustic  metamaterial,  self-adaptive
optics and  tunable  rheological  materials,  etc.  Furthermore,  unlike  equilib-
rium  systems,  non-equilibrium colloidal  systems  show  emergent  intelli-
gence  through  self-organizing  dissipative  structures,  as  evidenced  by
colloidal  swarms  capable  of  quorum  decision-making. However,  chal-
lenges persist in three key areas: controlling complex interactions, develop-
ing  predictive  thermodynamic  models,  and  exploring  intrinsic  intelligent
behaviors  in  mateirals.  This  paper  examines  non-equilibrium  colloidal
materials through the lens of their  physical  properties and practical  appli-
cations,  offering  insights  into  the  research  significance  and  challenges  of
non-equilibrium colloidal materials.

 INTRODUCTION
Material  is  a  specific  type  of  matter  with  distinct  properties  that  make  it

suitable for particular applications.  A perpetual  target for material  science is
to  develop  new  functions  and  realize  better  properties  to  meet  the  more
demanding material requirements for human society advancement. With the
growing  interest  in  developing  materials  with  multiplexing  functions,
researchers  developed  responding  materials  through  incorporating  more
responsive building blocks into materials, enabling dynamic function-switch-
ing  capabilities.  From  the  perspective  of  system  energy  landscape,  this
process involves state  transitions between equilibrium configurations medi-
ated  by  metastable  intermediates  (Figure  1).  However,  while  very  effective,
this  prevailing  strategy  demands  incorporating  specific  responsive  building
blocks  for  every  encoded  function.  In  contrast,  living  systems  in  the  nature
can achieve multifunctionality with a common set of building blocks through
the  evolution  of  structure,  suggesting  the  potential  for  material  science  to
explore  new  paradigms  beyond  equilibrium  to  unlock  similar  versatility  and
efficiency.

Recently,  building  material  systems  intrinsically  working  on  non-equilib-
rium states has been recognizing. For example, in photophysics, many exotic
phases and novel  properties  have been observed by strongly  perturbing the
solid crystals with intense light in the name of light-induced phase transition.
Extraordinary  properties  such  as  high-temperature superconductivity,  ultra-
fast demagnetization, coherent phonon generation, and spintronic THz emis-
sions  have  all  been  documented.1 On  the  other  hand,  within  the  domain  of
robotic metamaterials, many actuator systems leveraging energy dissipation
mechanisms have been developed.2

Unlike  equilibrium  systems,  non-equilibrium  systems  exhibit  structural
evolution  and  emergent  behaviors  through  dissipative  structures.  These
systems self-organize into ordered,  functional  configurations via continuous
energy exchange with the environment, as described by Prigogine's theory. A
meaningful  manifestation  of  such  emergence  is  intelligence  in  the  nature,
exemplified  by  swarm  coordination  in  insect  colonie,  collective  decision-
making  in  avian  flocks,  and  neural  synchrony  in  cortical  networks.  Such
emergent intelligence has been observed not only in living things but also in
artificial materials, which will be discussed in subsequent sections.

Overall, exploring materials in non-equilibrium states could represent a new

paradigm  for  expanding  material  functions,  facilitating  complex  behaviors,
and  enhancing  our  understanding  of  intelligence  in  nature.  However,  the
related  research  in  this  direction  is  still  in  its  fledging  phase,  where  many
potential applications and research methods await exploration.

 COLLOIDS IN NON-EQUILIBRIUM SYSTEM
Colloids are a class of soft matter where microscopic granular particles are

weakly  bonded  with  non-covalent  interactions.  Compared  to  crystalline
solids,  where  the  constituent  units  are  tightly  confined  within  the  lattice
phase,  the  binding  force  among  colloidal  units  is  significantly  weaker  than
that in crystals. In comparison to the extreme conditions necessary to induce
the  non-equilibrium  phases  with  exotic  properties  in  crystalline  materials
(such  as  exposure  to  lasers  with  an  intensity  of  1-10  GW/cm2),  colloidal
systems inherently exhibit a heightened propensity for attaining and sustain-
ing non-equilibrium states with slower energy dissipation.

Traditionally,  the  living  system  can  be  readily  constructed  from  biological
building  blocks,  such  as  motile  bacteria,  where  non-equilibrium phases  and
novel  functions  can  be  studied.  However,  given  the  stringent  constraints
inherent in sustaining living systems, active colloids — which harvest energy
from  external  fields  to  power  autonomous  motion — are  considered  more
suitable as building blocks and carriers for non-equilibrium systems. Here, we
want  to  highlight  the  potential  of  non-equilibrium  colloidal  materials  across
various domains, including their physical properties in acoustics, optics, elec-
tricity,  thermotics,  magnetism,  mechanics,  and  the  emergence  of  intelligent
behavior.
Acoustics. Non-equilibrium colloidal  systems offer  a  substantial  platform

for  investigating  topological  acoustic  metamaterials  with  unique  properties.
For  example,  Bartolo  et  al.  created  a  non-equilibrium  colloidal  system  in
which active polar fluids can support  underdamped sound modes,  irrespec-
tive of whether microscopic units are overdamped.3 This indicates that topo-
logically protected chiral sound modes can be achieved, and suggested that
non-equilibrium colloidal systems can be a powerful research tool for investi-
gating the behavior of sound propagation in the medium of broken symmetry,
nonreciprocity, and nonlinearity.
Optics. non-equilibrium  colloidal  systems  may  be  applied  for

photochromic  function  through  phase  behavior  and  structural  evolution  of
colloids.  As  an  example,  Tang  et  al.  demonstrated  a  color-encoded  colloid
system capable of light-induced phase separation.4 As the energy dissipated
with  photochemical  reaction,  the  color-sensitive  colloid  mixture  self-segre-
gated into domains with selected illumination spectrum, realizing self-adap-
tive  photochromism.  Beyond  this  direct  segregation,  active  colloids  can  be
used to  construct  active  photonic  crystals,  which  control  the  light  propaga-
tion with another light beam.5 Since the self-assembly of active colloids can
be easily tuned with external stimuli, it enables dynamic modulation of mate-
rial  structures  and  optical  properties.  This  approach  offers  new  possibilities
for  controllable  optical  devices,  including  optical  switches,  waveguides,  and
lasers.  However,  since  the  colloid  is  usually  a  highly  scattering  media,  the
light  propagation  is  highly  sensitive  to  the  minuscule  fluctuation  of  the
assembly structure.
Electricity. Non-equilibrium colloidal systems can form dynamic aggrega-

tion structures, evolving on micro/nanoscale. Applying conductive colloids in
this  dynamic  aggregation  facilitates  the  creation  of  flexible  microcircuits  by
forming conductive colloidal  path.  Zhang et al.  demonstrated this possibility
with a core-shell colloidal system, which can be used to repair microcircuits
and  form  microswitches  for  flexible  circuits.6 Leveraging  this  approach,
dynamic  microcircuits  and  microdevices  may  be  constructed  through  the
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aggregation  structure  of  colloids  into  optically  controlled  switches,  variable
capacitors, resistors, and dynamic transistors.
Thermotics. The addition of colloids into base fluid can enhance the over-

all thermal conductivity of the fluidic phase, which has been extensively stud-
ied in nanofluids.7 However, this approach requires high loading of colloids in
the system and cannot dynamically modulate the system’s thermal conduc-
tivity. An alternative approach to alleviate these constraints is to enhance the
convection in the fluids system. In active colloidal  systems,  promoting ther-
mal  transport  with active convection induced by active colloids is  a  feasible
solution  for  enhancing  heat  transfer,  particularly  for  dynamic  control  at  the
microscale.  At  this  moment,  the  thermal  properties  of  active  colloids  fluid
have  not  been  reported,  while  we  expect  that  the  optimal  scale  of  active
colloids  assembly  structure  would  be  required  to  seem appreciable  thermal
transport enhancement where the active convection overwhelms the natural
conduction.
Magnetism. Applying  non-equilibrium  colloidal  systems  as  magnetic

materials  is  challenging.  As  previously  discussed,  the  weak  interactions
between colloidal particles facilitate the attainment of non-equilibrium states
in  colloidal  systems.  In  principle,  the  apparent  magnetic  response  can  be
modulated as the dynamic assembly of active colloids induced by the dissi-
pative  interaction  changes  the  microscopic  arrangement  of  magnetic
colloids.  One  possible  direction  is  to  construct  dynamic  magnetic  material
with magnetic quantum dots. As the magnetic force scales with the volume
of the magnets, while the surface reaction rate scales with the surface area, it
would  be  possible  to  find  an  appropriate  nanometer-sized  active  colloids
where the chemical interaction dominates the assembly structure, determin-
ing the magnetic property.
Mechanics. As  a  kind  of  multiphase  soft  materials,  colloidal  materials

display unique mechanic properties,  such as shear-thickening and Bingham
fluids  behavior  in  rheology,  which  is  related  to  the  aggregation  structure  of
colloids.  Moreover,  these  properties  are  crucial  for  developing  rheological
materials, such as electro/magnetorheological materials. Within non-equilib-
rium  colloidal  systems,  the  spatial  aggregation  structure  of  colloids  can
continue dispersing and forming, resulting in dynamic rheological behaviors.
Based  on  that,  Fischer  et  al.  demonstrated  optorheological  fluids  by  adding

photoactive TiO2 particles in the passive colloid solution.8 By light irradiation,
this non-equilibrium colloidal system can spontaneously form dynamic clus-
ter structures,  tuning their  rheological  properties.  Furthermore,  the complex-
ity of colloidal aggregation structures under non-equilibrium states is higher
than those in equilibrium states, which could lead to more intricate rheologi-
cal behaviors in non-equilibrium systems and be applied as novel rheological
materials.
Intelligence. It is worth noting that intelligence, often emerges from dissi-

pative systems in natural living systems. In active colloidal systems, individ-
ual particles undergo chemical and hydrodynamic interactions coupling with
neighbors,  driving  self-assembly processes  that  form  dynamically  reconfig-
urable networks with virtually unlimited degrees of freedom. These networks
exhibit high-dimensional configuration spaces – a characteristic reminiscent
of deep neural network architectures – suggesting their potential as physical
substrates  for  neuromorphic  computing.  While  proof-of-concept  studies
have  demonstrated  deep  neural  network  can  be  established  through  purely
physical  systems,9 the  material-level embodiment  of  autonomous  intelli-
gence  remains  an  open  challenge.  Tang  et  al.  demonstrated  a  non-equilib-
rium  colloidal  system  with  intelligent  behavior  through  a  binary  colloidal
system. In this system, ZnO rods and sulfonated polystyrene (SPS) beads self-
assemble  via  ion-exchange  interactions,  forming  dynamic  networks  that
exhibit  quorum decision-making behavior  in  a  dissipative-structure  colloidal
system.10 Nevertheless, the fundamental principles governing the emergence
of intelligent behavior remain a subject of ongoing investigation.

 CHALLENGES  AND  PERSPECTIVES  OF  NON-EQUILIBRIUM  COLLOIDAL
MATERIALS

Although there have been some studies and findings related to the explo-
ration  of  non-equilibrium  colloidal  materials,  many  challenges  remain  to  be
addressed.

In  non-equilibrium  states,  colloidal  assembly  relies  on  the  interaction
mechanisms,  typically  modulated  by  the  variation  in  colloidal  interaction
potentials between  active  and  passive  states.  However,  dissipative  interac-
tion  in  colloidal  assemblies  often  manifests  as  non-separable interdepen-
dencies and complex self-assembly process to form non-equilibrium hierar-
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Figure 1.  Illustration of constructing non-equilibrium colloidal materials and their applications (A) The set relation on equilibrium, responding and intelligent materials. (B) The
energy  landscape  of  thermodynamic  states  of  materials,  including  equilibrium,  metastable,  non-equilibrium  states.  (C)  The  application  fields  of  non-equilibrium  colloidal
materials.
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chical  organization.  Perturbation  of  a  single  control  parameter  typically
induces a  multiscale  nonlinear  response for  correlated  modulation.  It  would
be difficult to delineate those conditions and control interactions precisely.

From  the  thermodynamics  perspective,  there  is  still  a  conspicuous
absence  of  accurate  theoretical  models  to  predict  non-equilibrium  colloid
behavior,  especially  for  far-from-equilibrium states,  which exhibits  nonlinear
dynamics and chaotic bifurcation behaviors, where emergent phenomena like
self-organized  criticality  and  intelligence  defy  deterministic  prediction  or
control.  Though  many  studies  applied  particle-based  simulations  to  predict
the  behaviors  in  active  colloidal  systems,  a  new  theoretical  framework  that
extends from equilibrium principles to the non-equilibrium system would be
highly desirable.

Moreover,  the  predictive  models  for  intelligent  behavior  within  dissipative
structures  in  the  non-equilibrium  colloidal  system  are  still  in  infancy.  These
structures have been demonstrated to be highly sensitive to initial conditions
and complex interaction mechanisms making the precise prediction of such
systems  challenging.  Although  current  research  in  artificial  intelligence  and
neural networks  indicates  that  many  systems  can  exhibit  emergent  behav-
iors and intelligence if their structural units can form appropriate connections,
the  physical  realization  of  such  systems  with  controllable  active  colloids
requires  holistic  design  from  individual  colloid  units  to  vast-scale  system
integrations.

Despite the challenges associated with non-equilibrium colloidal materials,
we  believe  that  the  ongoing  advancements  in  complex  science  and  the
booming  promotion  of  artificial  intelligence  could  pave  the  way  to  a  more
comprehensive  understanding  of  complex  interaction  mechanisms  and
behaviors prediction in  constructing non-equilibrium colloidal  materials.  The
intelligent behavior exhibited by such materials could potentially serve as an
exciting avenue for  exploration,  thereby fostering a deeper  understanding of
the  origin  of  material  intelligence across different  scales.  We anticipate  that
non-equilibrium colloidal materials will unveil a broader spectrum of unusual
and  unique  properties  across  various  aspects,  leading  to  groundbreaking
applications and innovations.
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