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Abstract   Ionogels are a class of soft materials composed of ionic liquids and polymer networks. They possess many fascinating intrinsic proper-

ties (e.g., ionic conductivity, near-zero vapor pressure, and wide thermal and electrochemical operation windows) that make them promising for

applications in ionotronics,  sensors,  energy storage devices,  and flexible electronics.  In addition to these intrinsic properties,  ionogels can ac-

quire additional functionalities (such as self-healing, shape memory, and adhesion) through structural design and the introduction of functional

additives, thereby further expanding their application scope. This review focuses specifically on these additional functionalities of ionogels, eluci-

dating their design strategies and applications and highlighting the current challenges and future opportunities in this rapidly developing field.
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1 INTRODUCTION

Ionogels  have  developed  rapidly  over  the  past  three  decades
owing to growing interest in their enormous application poten-
tial.[1−3] Ionogels  are  composed of  polymer networks  and ionic
liquid (IL) solvents, and possess the characteristics of both solids
and liquids.[4−6] In particular,  ionic liquids (ILs)  are salts  that are
liquids  at  low  temperatures,  typically  <100  °C.[3,7] ILs  are  fasci-
nating because of  their  unique properties,  including ionic con-
ductivity,  negligible  vapor  pressure,  non-flammability,  wide
temperature  range,  and  electrochemical  operating  range.[8−11]

Ionogels  inherit  these  advantages  and  present  them  in  solid
form, making them more convenient for applications in flexible
electronics,  iontronics,  sensors  and  actuators,  and  solid-state
electrolytes  for  batteries.[11−16] It  is  worth  emphasizing  that
these features significantly distinguish ionogels from traditional
gels (e.g.,  hydrogels or organogels),  giving them broader appli-
cation prospects  in  extreme environments  (e.g.,  high tempera-
ture  or  high  vacuum).[5,13,17] For  example,  ionogels  are  promis-
ing candidates for use as electrolytes in space batteries, where-
as traditional gels typically fail owing to solvent evaporation and
freezing.

In  addition  to  their  intrinsic  advantages,  ionogels  also  ex-
hibit  exceptional  tunability.  Specifically,  a  wide  variety  of  ILs
(approximately 1018 possible combinations) and diverse poly-
mer matrices allow for precise control over the chemical com-
position, network structure, and interfacial interactions of the
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ionogels.[8,11] This  vast  design space enables  the preparation
of  ionogels  with  dynamic  bonds  (e.g.,  dipole-dipole  interac-
tions  and  ionic/hydrogen  bonds),  phase  separation,  or  crys-
talline  regions.[3,18,19] These  structural  features  endow  iono-
gels  with  additional  functionalities  (e.g.,  self-healing,  shape
memory, adhesion, and stimuli-responsive properties), which
not  only  broaden  their  application  areas  but  also  improve
their  operational  stability  and  lifetime.[6,20,21] Note  that  cer-
tain  functionalities  (e.g.,  magnetism  and  luminescence)  can
also  be achieved in  ionogels  by  introducing functional  addi-
tives such as Fe3O4 nanoparticles and perovskites.[22−25]

Despite  the  promising  prospects  of  multifunctional  iono-
gels, their design and preparation still face several challenges.
In  particular,  their  synthesis  is  often  complex  and  time-con-
suming  (e.g.,  solvent-exchange  strategy),  primarily  because
the  thermodynamic  behavior  (e.g.,  interactions,  miscibility,
and  coordination)  between  ILs  and  monomers,  polymers,  or
additives is  not yet fully understood, particularly considering
the  diversity  of  ILs.[3,26,27] The  lack  of  fundamental  under-
standing hinders the rational selection of components, there-
by  limiting  the  predictive  control  of  the  structural,  mechani-
cal,  and  functional  properties  of  ionogels.  Fortunately,  some
effective strategies (e.g., in  situ phase separation and solvent
crosslinking)  have  been  developed  that  utilize  structure-
property  relationships  to  achieve  the  desired  functionalities
in ionogels.[6,20] These advancements have significantly facili-
tated the development of ionogels.

This review provides a comprehensive overview of the lat-
est advancements in the design and application of multifunc-
tional  ionogels.  Specifically,  it  focuses  on  the  functionalities
arising from carefully designed structures or the introduction
of  functional  additives  rather  than  those  solely  stemming
from  the  intrinsic  physicochemical  properties  of  ILs.  We  be-
gin  by  outlining the  design principles  that  govern the  struc-
ture  and  performance  of  functional  ionogels,  followed  by  a
detailed discussion of the representative systems that exem-
plify these strategies. Subsequently, we summarize the appli-
cations  of  functional  ionogels  and  highlight  how  tailored
structures and chemical properties expand their applications
across  different  fields.  Finally,  we identified the current  chal-
lenges  facing  multifunctional  ionogels  and  explored  future
development  opportunities,  hoping  to  inspire  researchers  in
this field.

2 DESIGN-ENABLED FUNCTIONALITIES

In  addition  to  the  intrinsic  properties  inherited  from  ILs,  iono-
gels can also be designed to possess specific functionalities by
modifying their structures or introducing functional additives. In
this  section,  we  systematically  highlight  the  design-enabled
functional features of the ionogels,  such as self-healing, shape-
memory,  stimuli-responsiveness,  magnetism,  and  lumines-
cence.

2.1 Self-healing
The self-healing property enables ionogels to automatically  re-
pair damage, thereby effectively maintaining their structural in-
tegrity  and  functional  performance.[28] Consequently,  self-heal-
ing significantly extends the lifespan of ionogels, which is bene-
ficial for their applications. This capability is closely related to the

type  of  crosslinking  in  the  ionogels  (e.g.,  covalent  crosslinking
and noncovalent crosslinking). In other words, self-healing func-
tionality can be effectively introduced into ionogels by rational-
ly  selecting  monomers,  polymers,  and  ILs  to  construct  struc-
tures  with  reversible  crosslinks,  which  can  reversibly  dissociate
and reform to enable self-healing.[29−39] Fig. 1(a) shows the most
typical  reversible  bonds  and  interactions  used  for  self-healing
capability.  Specifically,  compared  to  dynamic  covalent  bonds
(e.g.,  disulfide  bonds  and  Diels-Alder-type  bonds),  ionogels
crosslinked  by  noncovalent  crosslinking  (e.g.,  hydrogen  bonds
and coordination interactions) typically exhibit  better self-heal-
ing properties (Table 1).[40−42] This may be attributed to the high
reversibility  of  noncovalent  bonds  and  their  lower  strength
compared to that of dynamic covalent bonds.[21,29−35] It is worth
noting that self-healing behavior can also be achieved by inte-
grating different dynamic bonds into gel matrix.

A typical example of a dynamic covalent bond is the disul-
fide bond, which has been used to create a self-healing iono-
gel  (Fig.  1b).[37] The working principle  is  that  disulfide bonds
break to form sulfur  radicals,  which then recombine and un-
dergo  exchange  reactions,  thus  reforming  the  disulfide
bonds.  When  the  damaged  surfaces  come  into  contact,  sul-
fur-free  radicals  undergo  exchange  reactions  with  the  adja-
cent  disulfide  bonds  to  form  new  bonds,  thereby  restoring
the integrity of the network structure. This ionogel exhibited
efficient  self-healing  properties,  achieving  almost  complete
recovery  after  healing  for  6  h  at  80  °C  (healing  efficiency=
about 90%), whereas the scratch disappeared gradually with-
in 6 h at 100 °C (Fig. 1b). Similarly, a self-healing ionogel was
achieved  by  introducing  dynamic  oxime-urethane  bonds.[43]

The ionogel exhibited a healing efficiency of 70% after being
storage at 70 °C for 24 h, and this efficiency further increased
at  higher  temperatures.  Self-healing  ionogels  based  on  dy-
namic  covalent  bonds  typically  require  external  stimuli  (e.g.,
heating)  to  promote  bond  reformation  or  exchange  reac-
tions during the healing process.[38,39]

Another  strategy  for  achieving  self-healing  is  to  establish
noncovalent  bonds  (such  as  hydrogen/ionic  bonds  and
dipole-dipole interactions) within the ionogel matrix. Among
these, hydrogen bonds are among the most widely used non-
covalent bonds.  This  stems from the abundance and ease of
access  of  hydrogen  bonds,  as  many  common  functional
groups (e.g., amide, carboxyl, hydroxyl, and amine) can readi-
ly act as hydrogen bond donors or acceptors.[44] For example,
an  ionogel  is  fabricated  by  forming  abundant  hydrogen
bonds  between  the  acylsemicarbazide  (ASCZ)  groups  hang-
ing on the polymer chains (Fig. 1c).[40] The high density of hy-
drogen  bonds  and  good  mobility  of  the  polymer  chains  en-
dow  the  ionogel  with  excellent  self-healing  properties.  As
shown in Fig. 1(d), the crack on the ionogel disappeared and
the healed ionogel could hold a weight of 2 kg after storage
at room temperature (RT) for 36 h. Notably, this structure also
provided  the  ionogel  good  mechanical  properties  (e.g.,  ten-
sile  strength  of  about  5.6  MPa,  elongation  of  about  3200%
strain).

Additionally, hydrogen bonds within the gel matrix can be
designed into  multilevel  structures  to  enhance the self-heal-
ing capability. Inspired by the hierarchical structure of spider
silk,  ionogels  with  weak  and  strong  hydrogen  bonds  have
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been developed (Fig. 1e).[41] The synergistic effect of the weak
and  strong  hydrogen  bonds  endows  this  ionogel  with  good
stretchability (e.g., about 900% strain) and self-healing perfor-
mance  (e.g.,  tensile  strength  recovered  by  90%  after  24  h)
(Fig. 1f). In addition to hydrogen bonds, electrostatic or coor-
dination  interactions  (e.g.,  imidazole-zinc  (Zn)  ion  coordina-
tion)  can  also  enable  self-healing.[32,35] A  typical  example  is
that,  by enhancing the polarity of  the polymer chains,  abun-
dant  electrostatic  interactions  (e.g.,  ion-dipole  or  dipole-
dipole interactions) can form in situ within the gel matrix (Fig.
1g).[20] This  resulted  in  ultra-trough  ionogels  with  excellent

self-healing properties.  The ionogel  can heal  in  60 s  at  80 °C
and can withstand a weight of 500 g (Fig. 1g).[20]

Importantly,  by  integrating  different  dynamic  bonding
mechanisms, synergistic dynamic networks can be construct-
ed  to  achieve  multifunctionality.[42,45,46] For  example,  iono-
gels with multiple functionalities (e.g., self-healing, recyclabili-
ty,  and  adhesion)  can  be  achieved  by  combining  hydrogen
bonds  and  ion-dipole  interactions.[45] Similarly,  through  the
synergistic effect of dynamic lithium (Li)-ether oxygen coordi-
nation and hydrogen bonds, ionogels can be developed that
not only possess excellent mechanical properties but also ex-
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Fig.  1    Self-healing  ionogels.  (a)  Chemical  structures  of  typical  dynamic  covalent  bonds  and  noncovalent  bonds  used  for  self-healing;  (b)
Schematics illustrating the dynamic exchange of disulfide bonds (left) and self-healing images under different conditions (right) (Reproduced with
permission from Ref. [37]; Copyright (2024), Wiley); (c) Self-healing mechanism is achieved by hydrogen bonds (Reproduced with permission from
Ref.  [40];  Copyright  (2023),  Wiley);  (d)  Images  of  the  self-healing  process  and  the  healed  ionogel  can  hold  a  weight  of  2  kg  (Reproduced  with
permission from Ref.  [40];  Copyright  (2023),  Wiley);  (e)  Self-healing ionogel  is  realized through multilevel  (i.e.,  strong and weak)  hydrogen bonds
(Reproduced  with  permission  from  Ref.  [41];  Copyright  (2024),  Wiley);  (f)  Tensile  stress-strain  curves  of  ionogels  at  different  healing  times
(Reproduced with permission from Ref. [41]; Copyright (2024), Wiley); (g) Solvent-crosslinking based on ion-dipole interactions enables self-healing
functionality (Reproduced with permission from Ref. [20]; Copyright (2024), Springer Nature).
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hibit  remarkable  self-healing  capabilities  (cracks  disappear
within 3 h at RT).[46] This strategy allows us to better balance
the  trade-off  between  the  mechanical  properties  and  self-
healing performance. Therefore, the synergistic effect of mul-
tiple  reversible  interactions  has  become  one  of  the  most
promising and effective strategies for  designing high-perfor-
mance self-healing ionogels.

2.2 Shape Memory
Shape memory properties typically refer to a material’s ability to
be fixed in a temporary shape and then recover its  permanent
shape  under  external  stimuli.[47] Currently,  most  ionogels  are
thermally  induced  unidirectional  dual-shape  memory
materials.[48−50] That is,  shape recovery is primarily triggered by
thermal  stimulation  and  is  essentially  irreversible,  involving  a
two-state  transition  between  the  metastable  temporary  shape
and  the  original  permanent  shape.[51] There  are  three  main
strategies  for  achieving  ionogels  with  shape-memory  proper-
ties:  (i)  double-network  (DN)  structure,  (ii)  reversible  crystalliza-
tion-melting structure (e.g.,  crystalline domains),  and (iii)  phase
separation.[6,52−57] Note  that  shape memory  properties  in  iono-
gels can also be triggered by humidity through introducing hy-
groscopic amphoteric monomers.[58] We elucidate these strate-
gies using typical examples in the following discussion.

A typical structure for achieving shape memory in ionogels
is a DN structure consisting of a dynamic network and perma-
nent  network.[52] The  dynamic  network  fixes  the  temporary
shape through physical crosslinking, whereas the permanent
network  is  covalently  crosslinked  (although  in  some  cases,
physical interactions may also play a role) and generally pro-
vides the driving force for recovering the original shape.[52,53]

For  example,  a  DN ionogel  can be programmed under  heat-
ing  and  cooling  to  form  temporary  structures  by  breaking
and  reforming  hydrogen  bonds  in  the  dynamic  network,
whereas the permanent network drives the polymer chains to
recover  to their  original  state upon reheating,  thus restoring
the original shape (Fig. 2a).[53]

Shape  memory  can  also  be  achieved  through  a  mecha-
nism mediated by glass transition.[54−56] In a typical example,
a  tough  and  covalently  crosslinked  ionogel  composed  of  a
solvent-rich phase and polymer-rich phase was fabricated by
a  simple  one-step  polymerization.[6] The  polymer-rich  phase
exhibits  a  glass  transition  temperature  (Tg)  of  48.2  °C,  while

the solvent-rich phase has a Tg of –42.6 °C. When the temper-
ature is elevated (e.g., above the Tg of the polymer-rich phase,
80  °C),  the  polymer-rich  phase  softens  to  reconstruct  the
polymer network and maintain its structure after cooling. Up-
on  reheating,  the  covalently  crosslinked  network  drives  the
polymer  chains  back  to  their  original  state  (Fig.  2b).  Glassy
ionogels  with  excellent  shape-memory  properties  were  real-
ized  through  a  similar  mechanism.[20] Besides  mechanisms
based on glass transition, shape memory can also be realized
through  reversible  crystallization-melting  transition.  For  in-
stance,  poly(ionic  liquid)  ionogels  incorporating  rigid  crys-
talline domains have been reported to exhibit a good shape-
memory  behavior.[57] Similarly,  a  semicrystalline  polymer
(poly-ε-caprolactone  (PCL))  has  been  used  to  impart  shape
memory to ionogels by melting and reforming PCL crystalliza-
tion.[48]

More importantly, ionogels can be designed to possess du-
al  programmability  and  multiple  shape-memory  functions.
For  instance,  hygroscopic  amphoteric  monomers  have  been
used  to  prepare  ionogels  containing  hydrogen  bonds  and
electrostatic  interactions,  which can be triggered by two dif-
ferent mechanisms (i.e.,  temperature and humidity).[58] In ad-
dition to temperature-induced shape programming, these re-
versible  interactions  can  also  be  reversibly  broken  and  re-
formed  through  water  absorption  and  dehydration,  thereby
achieving shape memory functionality.  As shown in Fig.  2(c),
after  heating,  the  ionogel  could  be  programmed  into  a “9”
shape  and  then  reconfigured  into  a  second  temporary “U”
shape.  This “U” shape  can  also  be  achieved  by  dehydrating
the swollen ionogel,  which can be further shaped into an “S”
shape by heating. Note that the “S” shape can revert back to
the "U" shape upon reheating.

Another typical example of shape memory is the combina-
tion  of  attapulgite  (ATP)  nanorods  with  a  chemically
crosslinked  network  to  obtain  anisotropic  ionogels.[59] The
strain  induced microphase separation and orientation of  the
ATP  nanorods  in  the  ionogel,  thereby  altering  the Tg of  the
deformed  region  and  enabling  dual-programmable  (i.e.,  at
two different temperatures) shape-memory functionality (Fig.
2d).  The  ionogel  can  be  programmed  into “temporary
shape#1” by heating it to a temperature (e.g., 60 °C) above its
initial Tg1 (Fig. 2e). Stretching the ionogel changed the Tg of its

 

Table 1    Self-healing efficiency and mechanical strength of ionogels with different self-healing mechanisms.
 

Crosslinking method Self-healing mechanism Self-healing condition Self-healing
efficiency (%)

Mechanical
strength (MPa)d Ref.

Dynamic covalent
bonds

Disulfide bonds 80 °C; 6 h about 90 a about 1.6 [37]

Disulfide bonds 80 °C; 6 h
(UV; 10 min)

about 96 (>99) a about 0.28 [38]

Acylhydrazone bonds 60 °C; 12 h >95 a about 0.048 [39]
Oxime-urethane bonds 70 °C; 24 h 70 a about 2.5 [43]

Noncovalent
bonds

Hydrogen bonds RT; 6 h 99.2 a about 0.025 [29]
Hydrogen bonds RT; 36 h >99 a 5.59 [40]
Hydrogen bonds RT; 24 h >90 a 0.51 [41]

Electrostatic interactions RT; 1 h about 82 b about 1.4 [32]
Coordination bonds RT; 12 h about 83 b about 1.2 [34]
Coordination bonds RT; 1.5 h 98 b 0.58 [35]

Hydrogen bonds,
Electrostatic interactions

20 °C; 24 h
(30 °C; 12 h)

>99 c about 0.52 [42]

a, b, c Self-healing efficiency was calculated based on the fracture strength, fracture strain, and toughness. d Mechanical strength of self-healing samples.
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loaded region from Tg1 to Tg2, enabling "temporary shape #2"
to be programmed by heating it  to a temperature above Tg2

(e.g.,  45  °C).  These  programmed  shapes  can  be  gradually  re-
covered to their original shapes by reheating them at the cor-
responding temperatures.

2.3 Stimuli-responsive Properties
The stimuli-responsive behavior of the ionogels allows them to
dynamically  respond  to  changes  in  the  external  environment,
including temperature, light,  deformation, and magnetic fields.
Stimulus-responsive ionogels can be prepared using the follow-
ing  strategies.  First,  polymers  with  inherent  responsiveness  to
the  ionogels  were  introduced.  For  example,  as  shown  in Fig.
3(a), thermosensitive polymers can be used to prepare ionogels
with  thermoresponsive  behaviors.[40] Second,  the  conductive
properties  of  the ILs  within the ionogel  provide a  basis  for  the
response mechanism.[60−71] Third,  incorpating exogenous func-
tional  molecules  (e.g.,  photochromic  molecules,  magnetic

nanocrystals) as responsive units can endow ionogels with stim-
uli-responsive properties (such as photoresponse, magnetic re-
sponse).[72−81] Finally, the design and introduction of functional
groups  that  can  specifically  recognize  chemical  substances  in
the ionogel can achieve selective responses to target chemical
stimuli (e.g.,  CO2).[82] This property greatly expands the applica-
tion  scope  of  ionogels,  particularly  in  sensitive  and  intelligent
devices.

2.3.1 Thermal response
Thermoresponsive  behavior  is  one  of  the  most  widely  studied
properties of ionogels, primarily because the temperature is an
easily  controllable  and  convenient  external  stimulus.  The  ther-
moresponsive mechanisms of ionogels can be divided into two
categories:  polymer- and  IL-driven.[40,45,60−63] Polymer-driven
thermoresponsiveness  is  mainly  related  to  the  critical  solution
temperature of polymers in ionogels. For example, poly(uretha-
neurea) (PU) exhibits lowest critical solution temperature (LCST)
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Fig. 2    Shape memory ionogels. (a) Schematics illustrating the shape memory mechanism of DN ionogels (Reproduced with permission from Ref.
[53]; Copyright (2024), Wiley); (b) Shape memory behavior of phase-separated ionogels induced by heating (Reproduced with permission from Ref.
[6]; Copyright (2022), Springer Nature); (c) Dual-programmable shape memory ionogels triggered by temperature and humidity (Reproduced with
permission from Ref. [58]; Copyright (2024), Elsevier); (d) Strain-induced microphase separation in ionogels (Reproduced with permission from Ref.
[59];  Copyright  (2024),  American  Chemical  Society);  (e)  Multiple  programmable  shape  memory  ionogels  governed  by  different  temperatures
(Reproduced with permission from Ref. [59]; Copyright (2024), American Chemical Society).
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Fig. 3    Stimuli responsive ionogels. (a) Chemical structures of thermosensitive polymers: (i)  poly(urethaneurea), (ii)  poly(N-isopropyl acrylamide),
(iii)  poly(2-hydroxypropyl  acrylate);  (b)  LCST  behavior  endows  ionogels  with  thermoresponsiveness  (Reproduced  with  permission  from  Ref.  [40];
Copyright  (2023),  Wiley);  (c)  Thermoelectric  response  ionogels  based  on  differences  in  ion  mobility  (Reproduced  with  permission  from  Ref.  [63];
Copyright (2025),  Wiley);  (d)  Piezoionic ionogels is  achieved by mechanical  stimuli  (Reproduced with permission from Ref.  [62];  Copyright (2024),
Wiley);  (e)  Ionogels exhibit  capacitive response by automatically  forming EDL at  the interface with electrodes (Reproduced with permission from
Ref.  [66];  Copyright  (2024),  The  Royal  Society  of  Chemistry);  (f)  Ionogels  have  triboelectric  effect  due  to  their  charged  nature  (Reproduced  with
permission from Ref. [67]; Copyright (2025), Wiley); (g) Phenol red is introduced into ionogels to enable pH response (Reproduced with permission
from  Ref.  [86];  Copyright  (2022),  American  Chemical  Society);  (h)  Images  of  pH-triggered  fluorescent  ionogel  under  365  nm  UV  light  (pH=7.4)
(Reproduced with permission from Ref. [89]; Copyright (2026) Wiley).
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behavior in a mixture of two ILs.[40] At temperatures below the
LCST, PU and ILs are completely miscible, yet phase separation
occurs when the temperature exceeds the LCST, thus achieving
thermoresponsiveness (Fig. 3b). Notably, the LCST could be eas-
ily  adjusted  by  varying  the  composition  ratio  of  the  two  ILs.
Conversely,  thermoresponsive  behavior  can  also  be  triggered
by  the  upper  critical  solution  temperature  (UCST)  of  the  poly-
mers in the ionogels.[64] The polymers are insoluble in the iono-
gel  at  temperatures below the UCST,  whereas at  temperatures
above the UCST, the polymers become highly solvated.

The freely moving cations and anions in the ILs endow the
ionogels  with  inherent  ionic  conductivity.  The  temperature
dependence of this conductivity is another important mecha-
nism  that  contributes  to  the  thermoresponsiveness  of  iono-
gels.  Specifically,  as  the  temperature  increased,  the  dissocia-
tion and migration rates of ions in the ILs increased, thereby
improving  the  ionic  conductivity.[45] Note  that  elevating  the
temperature  may  loosen  physically  crosslinked  networks,
which will  benefit  conductivity by reducing the resistance to
ion migration. Beyond simple conductivity changes, ionogels
can impart  thermoelectric  properties  by leveraging the ther-
modiffusion (Soret) effect. That is, when a temperature gradi-
ent  is  applied  to  the  ionogel,  the  ions  migrate  directionally
from the high-temperature region to the low-temperature re-
gion.  Because of  the different  interaction strengths between
the  cations  or  anions  and  the  polymer  networks,  the  migra-
tion rates of the ions differ, leading to an uneven distribution
of  ions,  thus  generating  an  electric  potential.[63,65] For  in-
stance,  the  cation  in  1-allyl-3-methylimidazolium  chloride
([AMIM]Cl)  IL  can  be  effectively  anchored  by  polymer  net-
works via interactions,  while  Cl– ions  can  move  relatively
freely (Fig. 3c).  This yielded an n-type thermoelectric-respon-
sive ionogel.[63] In addition, additives such as graphene oxide
(GO) can be introduced to enhance the thermoelectric prop-
erties of ionogels by improving conductivity (e.g., 2.2 mS·cm−1

without GO and 5.9 mS·cm−1 with 0.22 wt% GO) and optimiz-
ing the ion concentration gradient.[65]

2.3.2 Mechanical response
The  mechanical  response  of  ionogels  refers  to  their  ability  to
generate  an  instantaneous  electrical  response  to  mechanical
stimuli,  allowing  them  to  be  used  as  sensing  elements.  Under
reversible  mechanical  deformation,  the  network  structure  of
ionogels  (e.g.,  polymer  chain  orientation  and  ion  migration
pathways)  undergoes  dynamic  changes.  These  structural  rear-
rangements  directly  lead  to  significant  changes  in  physical
properties such as resistance, thus converting mechanical stim-
uli into quantifiable electrical signals.

The  mechanical  responsiveness  of  the  ionogels  is  mainly
attributed to four different mechanisms. The first mechanism
is  the  piezoresistive  effect,  which  means  that  during  stretch-
ing,  the ion migration pathways within the ionogel elongate
and contract, leading to an increase in the ion migration resis-
tance  and  consequently  an  increase  in  the  total  resistance.
This  feature  can  be  applied  in  ionogel-based  wearable  sen-
sors.[45] The second type is the piezoionic effect, which is simi-
lar to the piezoelectric effect and is caused by the asymmetry
of ion migration under external forces. For example, the mo-
bility of bis(trifluoromethylsulfonyl)imide ([TFSI]) anion is typi-
cally  higher  than that  of  1-ethyl-3-methylimidazolium ([EMI])

cation  in  [EMI][TFSI]  IL  (Fig.  3d).  This  difference  in  mobility
leads  to  spatial  charge  separation,  thus  forming  an  internal
electric  field  within  the  ionogel  and  ultimately  generating  a
voltage between the two electrodes.[62] The third  type of  ef-
fect is the capacitive effect. As shown in Fig. 3(e), the flexibili-
ty  of  the  ionogel  allowed it  to  change the  contact  area  with
the electrodes under pressure, leading to a change in the in-
terfacial  double-layer  capacitance.  This  mechanism  enables
ionogel-based capacitive  sensors  to  achieve  higher  sensitivi-
ty,  especially  when  integrated  with  gradient  micro-
structures.[66] The  fourth  mechanism  is  triboelectric  effect.
When the ionogel comes into contact with another dielectric
material  under  an  external  force,  charge  transfer  occurs  on
the  surface  owing  to  the  difference  in  electron  affinity  (Fig.
3f).[67,68] After  separation,  a potential  difference is  generated,
driving electrons through the external circuit, thus producing
an  alternating  electrical  signal.[67] This  triboelectric  mecha-
nism  endows  ionogels  with  self-powering  capabilities  (e.g.,
nanogenerators) and makes them particularly sensitive to dy-
namic mechanical stimuli.[67−71]

In addition to electrical  responses,  ionogels exhibit  optical
responses  when  subjected  to  mechanical  stimuli.[34,39,72] A
typical example is the preparation of ionogel composites us-
ing  aligned  clusters  of  magnetic  nanocrystals.[72] When  this
ionogel  is  stretched  or  compressed,  the  lattice  spacing  be-
tween  nanocrystal  clusters  changes,  leading  to  a  shift  in  the
reflected  wavelength,  thus  providing  intuitive  qualitative
feedback.

2.3.3 Photoresponse and electroresponse
Photoresponse refers to the ability of a material to absorb pho-
ton energy when subjected to external light stimuli (e.g.,  UV or
visible light), leading to changes in its physicochemical proper-
ties  (e.g.,  structure,  electrical  conductivity,  or  chemical  activity).
Photoresponsive  ionogels  can  be  realized  by  introducing  pho-
toresponsive molecules or ILs, particularly photothermal agents
with high photothermal conversion capabilities such as carbon-
based  materials,  metal  nanoparticles,  and  organic  molecules.
This property not only gives ionogels great potential in solar en-
ergy utilization, but also enables them to use the photothermal
effect as a trigger to activate other functions (e.g., power gener-
ation),  thereby  achieving  intelligent  multi-field  coupled  re-
sponses including light, heat, and electricity.[73−75] For example,
carbon black has been introduced into ionogels  to construct a
double-layered photothermal response system consisting of an
upper light-absorbing heating layer and a lower thermoelectric
conversion  layer.[74] Upon  illumination,  this  system  can  absorb
light and convert it into thermal energy, generating a tempera-
ture  gradient  within  the  ionogel,  which  drives  the  directional
migration of ions and ultimately achieves cascaded conversion
from an optical signal to an electrical output.

In  addition,  introducing  photochromic  additives  into  the
ionogels  can  endow  them  with  photoresponsive  properties.
Specifically,  the  introduction  of  ammonium  molybdate
tetrahydrate  into  the  ionogel  can induce a  color  change un-
der UV light.[76] This type of ionogel has great potential for ap-
plication  in  information  recording  and  optical  storage.[76,77]

Moreover, photoresponsive ionogels can also be achieved by
introducing  photoluminescent  materials  (e.g.,  carbon  dots
and  triphenylen-2-ylboronic  acid),  enabling  the  ionogels  to
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exhibit luminescent properties under light stimulation, which
will be discussed in detail in Section 2.5.[78−81]

The electroresponsive behavior of the ionogel mainly origi-
nated from the ions in the IL solvents.  When a voltage is  ap-
plied  to  an  ionogel  sandwiched  between  two  electrodes,  its
cations and anions migrate towards oppositely charged elec-
trodes, accumulating at the gel-electrode interface and form-
ing  an  electrical  double  layer  (EDL).  The  strong  electric  field
generated  within  the  EDL  induces  local  strain  and  stress  in
the  ionogel,  leading  to  deformations,  such  as  bending,  con-
traction,  or  expansion.[83] A  specific  example  is  an  ionogel
containing  1-allyl-3-methylimidazolium  bis((trifluoromethyl)
sulfonyl)imide IL (where the anion mobility is higher than the
cation mobility), which can be deformed by asymmetric elec-
trostatic attraction on both sides, even without direct contact
between  the  ionogel  and  electrodes.[84] Electroresponsive
ionogels  can  also  function via electrochemical  redox  reac-
tions.  For  instance,  embedding  phosphotungstic  acid  clus-
ters into ionogels allows reversible redox reactions under ex-
ternal  electrical  stimulation,  leading  to  a  color  change  from
transparent (oxidized state) to dark blue (reduced state).[85]

2.3.4 Chemical response
In  addition  to  physical  stimuli,  ionogels  can  also  respond  to
chemical stimuli such as pH and gases (e.g.,  CO2,  NH3).[82,86] For
example, functional groups such as tertiary amines or imidazoli-
um groups can react with gas molecules (e.g., CO2). These func-
tional groups can be introduced into ionogels,  thereby impart-
ing  stimulus-responsive  properties,  such  as  swelling  or  shrink-
ing  and  changes  in  electrical  conductivity.  In  addition,  some
monomers (e.g.,  2-(dimethyl amino) ethyl methacrylate) can be
used  to  prepare  ionogels  that  can  absorb  and  react  with
gas.[87,88] This feature can be used for gas sensing and CO2 cap-
ture.

Introducing  ionizable  weak  acids  (e.g.,  phenolic  hydroxyl
groups) or weak bases (e.g.,  amino groups) into ionogels can
achieve  pH  responsiveness via a  mechanism  involving  re-
versible protonation and deprotonation of these groups.  For
example, ionogels containing phenol red (a pH indicator) pro-
duce  noticeable  color  changes  at  different  pH  values  (Fig.
3g).[86] This is highly attractive for health monitoring applica-
tions,  such  as  the  use  of  pH-sensitive  ionogels  in  artificial
tongues  to  monitor  salivary  pH.[86] Similarly,  pH-responsive
ionogels have been fabricated into microneedles for diagnos-
ing  respiratory  alkalosis.[89] At  low  pH  values,  intramolecular
charge transfer occurred from the benzene ring to the imida-
zolium moiety,  producing fluorescence emission (Fig.  3h).  As
the pH increased, the charge-transfer process was disrupted,
leading to fluorescence quenching.  Therefore,  an increase in
the pH of  the exhaled breath condensate results  in  a  signifi-
cant decrease in fluorescence intensity, enabling sensitive di-
agnosis based on pH.

2.3.5 Magnetic response
Magnetic ionogels belong to a class of smart materials. They can
be  prepared  mainly  by  doping  with  magnetic  additives  (e.g.,
Fe3O4, cobalt, or nickel nanoparticles) or utilizing inherent mag-
netic ILs.[90−94] Among these, Fe3O4 nanoparticles are among the
most  commonly  used  materials  for  preparing  magnetic  iono-
gels.[90,91] Magnetic responsiveness enables ionogels to deform

and  achieve  remote,  contactless,  and  reversible  manipulation
under  the  influence  of  magnetic  fields.  For  instance,  magnetic
ionogels  prepared  with  Fe3O4 nanoparticles  can  bend  under  a
magnetic field (Fig. 4a).[90]

In  addition  to  the  traditional  strategy  of  incorporating
magnetic  additives  into  ionogels,  magnetic  ionic  liquids
(MILs) provide an alternative method to achieve magnetic re-
sponsiveness.[92−94] Notably,  the use of  MILs  avoids  common
drawbacks  associated  with  traditional  strategy,  such  as  re-
duced  transparency  and  impaired  mechanical  properties.[94]

For  example,  1-ethyl-3-methylimidazolium  tetrachlorof-
errate(III) MIL imparts intrinsic magnetism to the ionogel, and
magnetization  increases  with  increasing  MIL  content  (Fig.
4b).[92] When exposed to a magnetic field, the ionogel experi-
enced  a  net  magnetic  force,  leading  to  controllable  move-
ment  (Fig.  4c).  This  magnetic  driving  capability  makes  iono-
gels  promising for  a  wide range of  applications such as con-
tactless sensing, soft robotics, and biomedicine.

2.4 Luminescence
Luminescent materials can convert external stimuli such as light,
electricity, and mechanical force into optical signals, which have
broad  application  prospects  in  optical  sensing,  visual  monitor-
ing,  and  flexible  optoelectronic  devices, etc.[79,95−100] Ionogels
can have luminescence by incorporating luminescent additives
(e.g.,  zero-dimensional hybrid metal halides, carbon dots, triph-
enylen-2-ylboronic  acid).[78,80,81] Generally,  depending  on  the
type  of  luminescent  additive,  there  are  three  luminescence
mechanisms:  photoluminescence  (fluorescence  and
phosphorescence),  electroluminescence,  and  mechanolumi-
nescence.[64,78,96,99,101,102] These mechanisms represent the opti-
cal  response of  ionogels  to the corresponding external  stimuli,
with photoluminescence being the most widely studied mech-
anism.

Photoluminescent  ionogels  are  mainly  obtained  through
two  strategies:  (i)  introducing  exogenous  photoluminescent
materials  and  (ii)  using  polymers  or  ILs  that  inherently  have
photoluminescent  properties.[78,79,96,99] Exogenous  photolu-
minescent  materials  include  metal  complexes,  organic  lu-
minophores,  and inorganic nanomaterial.[78,80,81] Taking met-
al  complexes  as  an  example,  photoluminescence  can  be
achieved by in situ formation of metal halides within the iono-
gel.[78] Specifically, luminescence originates from the d-d elec-
tron transitions of the metal centers under excitation at a spe-
cific  wavelength.  This in  situ strategy  effectively  mitigates
light  scattering  and  luminescence  inhomogeneity,  which
commonly occur in traditional metal halide-polymer compos-
ites.[103−105] Importantly,  as  shown  in Fig.  5(a),  the  emission
color can be finely tuned by changing the metal ion (Pb, Mn,
or Sb) and halide species (Cl or Br).

The use of inherently photoluminescent polymers or ILs is a
more direct method for achieving luminescent ionogels.[79,99]

For instance, polymers such as poly(acrylic acid-co-2,2,3,4,4,4-
hexafluorobutyl  acrylate)  exhibit  clusterization-triggered
emissions.[79] Ionogels  containing  1-ethyl-3-methylimidazoli-
um acetate IL showed excitation-wavelength-dependent (Ex-
De)  emission due to  the  aggregation of  imidazolium cations
caused by electrostatic interactions (Fig. 5b).[79] The synergis-
tic effect of these two components enabled the ionogel to ex-
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hibit a broad range of Ex-De emission spectra. It is worth not-
ing that the luminescent properties of the ionogels can be af-
fected by external forces.  Ionogels prepared using multi-arm
crosslinkers with π-π conjugated structures showed photolu-
minescence  intensity  proportional  to  the  applied  stress  (Fig.

5c).[99] This  may be attributed to the decreased intermolecu-
lar distance during deformation, which enhances the π-π con-
jugation interaction and consequently increases the lumines-
cence efficiency.

Interestingly,  the  photoluminescence  in  the  ionogels  may
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Fig. 4    Magnetic ionogels. (a) Magnetic response behavior is realized in ionogel by introducing Fe3O4 nanoparticles (Reproduced with permission
from Ref. [90]; Copyright (2023), Elsevier); (b) The magnetization strength of ionogels can be enhanced by increasing the MIL content (Reproduced
with permission from Ref. [92]; Copyright (2025), American Association for the Advancement of Science); (c) The movement of the magnetic ionogel
can  be  easily  controlled  by  the  magnetic  field  (Reproduced  with  permission  from  Ref.  [92];  Copyright  (2025),  American  Association  for  the
Advancement of Science).
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Fig.  5    Photoluminescent  ionogels.  (a)  Photoluminescent  ionogels  with  different  emission  colors  are  produced  using  different  metal  slats
(Reproduced with permission from Ref. [78]; Copyright (2025), Wiley); (b) Photoluminescent ILs and polymers endow ionogels with Ex-De emission
behavior  (Reproduced  with  permission  from  Ref.  [79];  Copyright  (2025),  Wiley);  (c)  Images  of  photoluminescent  ionogels  under  UV  light
(Reproduced  with  permission  from  Ref.  [99];  Copyright  (2025),  American  Chemical  Society);  (d)  Nanoscale  phase  separation  enables  multicolor
fluorescence in ionogels by enhancing spatial n-π and π-π interactions (Reproduced with permission from Ref. [64]; Copyright (2024), Wiley).
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also stem from their unique microstructures.[106] For example,
photoluminescent  ionogels  are  created  by  the in  situ forma-
tion of  nanoscale phase separation through the aggregation
of  solvophobic  segments  in  polymer  networks  during  poly-
merization.[64] Nanoscale phase-separated domains effective-
ly  confined non-conjugated subluminescent  groups (e.g.,  es-
ter groups) within highly restricted spaces. This promotes the
overlap  of  electron  clouds  in  the  domains,  thereby  enabling
spatial  n-π and π-π interactions,  which  in  turn  activates  effi-
cient multicolor fluorescence (Fig. 5d). The emission color can
be easily  controlled by changing the size  of  the phase-sepa-
rated domains.

Photoluminescent lifetime is an important parameter in ap-
plications and is typically influenced by many factors, such as
the excitation wavelength and mechanical properties of iono-
gels.  For  example,  ionogels  with  ultralong  phosphorescence
lifetimes  were  obtained  by  increasing  the  stiffness  of  the
ionogels.[81] This  is  because high stiffness  effectively  restricts
the  vibration  and  rotation  of  polymer  chains  in  ionogels,
which helps stabilize the triplet excitons, thereby significant-
ly  improving  the  phosphorescence  intensity  and  lifetime.
Electroluminescent ionogels can be achieved by adding elec-
troluminescent additives (e.g.,  such as tris(bipyridine)rutheni-
um(II)). These additives undergo redox reactions under exter-
nal electric fields and generate high-energy unstable interme-
diates,  which  emit  photons  upon  relaxation  to  the  ground
state.[102]

3 APPLICATIONS

In Section 2, we systematically discuss the design-enabled func-
tionalities  of  ionogels  that  endow  them  with  various  perfor-
mance  advantages.  This  section  focuses  on  applications  en-
abled  by  these  functionalities  and  the  resulting  performance
improvements.

3.1 Wearable Sensors
The intrinsic (e.g., ionic conductivity and nonvolatility) and addi-
tional  properties  (e.g.,  self-healing  and  adhesion)  of  ionogels
make  them  attractive  for  use  as  electrolytes  in  batteries,
biomedicine,  and  wearable  sensors.[106,107] In  particular,  wear-
able  sensors  have  been  widely  used  for  health  monitoring,  in-
cluding human motion detection and physiological signal mon-
itoring.[108]

3.1.1 Human motion detection
Ionogels have demonstrated broad application prospects in hu-
man  motion  detection.[66,109,110] For  example,  biodegradable
ionogels  have been used as  wearable  sensors  to  monitor  joint
angles  during  robot-assisted  rehabilitation  training  (Fig.  6a).[48]

Note  that  biodegradability  effectively  moderates  the  concerns
about  electronic  waste  pollution.  The  ionogel  also  possesses
shape-memory properties,  allowing it to better conform to un-
even surfaces, thus enabling shape adaptability. In addition, 3D
printing  technology  can  be  used  to  fabricate  precisely  struc-
tured wearable sensors to monitor finger gestures (Fig. 6b).[111]

Importantly,  ionogels  can be designed to be hydrophobic  and
can be used underwater. For instance, hydrophobic ionogels are
used  as  sensors  and  exhibit  long-term  stable  performance  in
motion  monitoring,  particularly  in  harsh  marine  environments
(Fig. 6c).[112] In another related study, inspired by marine organ-

isms,  hydrophobic  ionogels  with  bionic  structures  were  devel-
oped  and  used  as  sensors  to  accurately  record  human  under-
water motions, such as subtle facial expressions and large-scale
limb movements.[113]

3.1.2 Physiological signal monitoring
Ionogels  with  self-healing  properties  can  stabilize  their  perfor-
mance  in  various  applications  because  they  can  automatically
repair damage. A typical example is the use of self-healing and
biocompatible ionogels as epidermal electrodes; they exhibit a
signal-to-noise ratio 2.5 times higher than that of a commercial
Ag/AgCl electrode in electrocardiogram (ECG) recording and 1.6
times  higher  in  electromyogram  (EMG)  signal  recording  (Fig.
6d).[114] In addition,  this  ionogel can accelerate wound healing,
enabling  the  integration  of  diagnostic  and  therapeutic  func-
tionalities. Similarly, ionogels with piezoelectric and pH-respon-
sive properties have been used as wearable sensors for the real-
time monitoring of pulses during various human activities (e.g.,
rest,  walking,  and running)  and the  pH value  of  human sweat,
respectively (Figs. 6e and 6f).[115,116] These studies highlight the
progress  of  ionogels  in  applications  for  human  motion  detec-
tion  and  physiological  signal  monitoring.  With  continuous  ad-
vancements  in  material  design,  device  integration,  and  manu-
facturing  technologies,  ionogels  are  expected  to  play  an  in-
creasingly important role in personalized healthcare, intelligent
rehabilitation  systems,  and  remote  health-monitoring  tech-
nologies.

3.2 Energy Storage Devices
The development of green and efficient renewable energy stor-
age technologies is crucial for addressing global energy and en-
vironmental  challenges.[117] Ionogels  have  emerged  as  highly
attractive  solid-state  electrolyte  materials  for  batteries  because
of their excellent properties (e.g., ionic conductivity, high stabili-
ty,  and  self-healing).[118] In  particular,  ionogels  with  good  me-
chanical properties significantly mitigate the limitations of tradi-
tional liquid electrolytes (e.g., leakage and flammability) and sol-
id-state electrolytes (e.g.,  brittleness).[13] Therefore,  ionogels are
emerging as ideal materials for high-performance, safe, and reli-
able energy-storage systems.[2]

3.2.1 Li-ion batteries
Enhancing  the  electrochemical  stability  and  ion  transport  rate
can yield Li-ion batteries with a high energy density.[119,120] For
instance,  an  ionogel  electrolyte  with  a  layered  heterogeneous
structure has been designed, which can effectively adapt to the
extreme  operating  potentials  of  the  battery  (Fig.  7a).[121] This
provides a new strategy for developing solid-state Li-ion batter-
ies  with  a  high-voltage  window.  In  addition,  Li+ ion  transport
can be improved by regulating the local Li+ microenvironment
in the ionogel electrolyte (Fig. 7b). This process shifts the prima-
ry  transport  mechanism  from  the  traditional  "carrier  transport"
mode  to  a  faster  "structural  transport"  mode.  As  a  result,  the
battery exhibited significantly enhanced rate performance over
a wide temperature range of 0–90 °C.[122] Moreover, tough iono-
gels  exhibit  better  performance  when  they  possess  high  ionic
conductivity and high Li+ ion transference number.[123]

3.2.2 Fuel cells
One  major  challenge  facing  fuel-cell  technology  is  achieving
stable operation at high temperatures without external humidi-
fication.[124] Proton-conducting ionogels have been proposed to
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address this problem by poly(merizing vinyl) monomers in prot-
ic  ILs  (Fig.  7c).[125] The  resulting  ionogels  exhibited  a  high  pro-
ton conductivity of 17.1 mS·cm–1 under anhydrous conditions at
120 °C and were successfully applied in H2/O2 fuel cells. In addi-
tion,  the battery  was responsive to  temperature and humidity.
By  adjusting  the  temperature  and  optimizing  the  humidifica-
tion  conditions,  the  water  content  of  the  membrane,  proton
transport  efficiency,  and  reaction  kinetics  could  be  controlled,
thereby  achieving  precise  control  over  the  power  density  and
operational stability of the batteries. A maximum power density
of  0.45  W·cm–2 was  achieved  when  the  temperature  on  both
sides was 60 °C and a relative humidity of 100%. This work pro-
vides  an  effective  strategy  for  developing  high-temperature
proton-conducting electrolytes for fuel-cell systems.

3.2.3 Zn-based batteries
Although  Zn-based  batteries  are  favored  owing  to  their  inher-
ent  low  cost,  Zn  dendrite  growth  and  parasitic  side  reactions
(e.g.,  hydrogen  evolution  reaction  (HER))  severely  hinder  their
practical  application.[126,127] To address these issues,  an ionogel
electrolyte  was  developed  with  a  gradient  water  distribution
that effectively regulates Zn2+ ion transport and interfacial reac-
tions.[128] Consequently,  this  design  provided  Zn-based  batter-

ies  with good cycling stability  (for  example,  over  7000 h at  0.2
mA·cm–2).  To  further  improve  the  Zn-based  batteries,  ionogel
electrolytes are designed with self-healing property to stabilize
device performance, in addition to high ionic conductivity (e.g.,
23.5  mS·cm–1 at  25  °C  and 4.1  mS·cm–1 at –40  °C)  (Fig.  7d).[129]

These functionalities enable the stable operation of the battery
from –20 °C to 40 °C.

3.2.4 Supercapacitors
High ionic conductivity and excellent mechanical properties are
crucial for supercapacitors because they enable rapid ion trans-
port to boost power density, ensure structural stability, and ex-
tend lifetime.[132,133] By introducing conductive nanofillers, such
as  two-dimensional  MXene,  the  mechanical  performance  and
ionic conductivity of ionogels can be improved (Fig. 7e).[130] The
fabricated  supercapacitors  can  operate  stably  for  over  1×104

charge-discharge  cycles  within  a  wide  operating  temperature
range of –20 to 90 °C. In addition to their excellent mechanical
properties, ionogel electrolytes can be designed using biocom-
patible  polymers  (e.g.,  hydroxyethyl  cellulose)  to  achieve  bio-
compatibility (Fig. 7f).[131] This is crucial for establishing sustain-
able and environmentally friendly supercapacitor systems. Thus,
through  rational  material  selection  and  precise  structural  de-
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Fig. 6    Applications of ionogels in wearable sensors.  (a) Wearable sensors are used to monitor knee joint motions (Reproduced with permission
from  Ref.  [48];  Copyright  (2023),  Wiley);  (b)  3D-printed  wearable  sensors  record  finger  gestures  (Reproduced  with  permission  from  Ref.  [111];
Copyright  (2025),  American  Chemical  Society);  (c)  Hydrophobic  ionogels  are  applied  to  detect  underwater  human  motion  (Reproduced  with
permission from Ref. [112]; Copyright (2024), Wiley); (d) Self-healing ionogels are used as epidermal electrodes to monitor ECG signals (Reproduced
with  permission  from  Ref.  [114];  Copyright  (2025),  Elsevier);  (e)  Piezoelectric  ionogel  is  integrated  into  wearable  sensors  to  monitor  pulse
(Reproduced  with  permission  from  Ref.  [115];  Copyright  (2021),  American  Chemical  Society);  (f)  pH-responsive  ionogel  is  used  to  record  the  pH
value of human sweat (Reproduced with permission from Ref. [116]; Copyright (2025), The Royal Society of Chemistry).
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sign,  high-performance  multifunctional  ionogel-based  elec-
trolytes  can  be  created,  accelerating  the  development  of  ad-
vanced energy storage systems with enhanced safety and relia-
bility.

3.3 Electrochromic Devices
Electrochromic  behavior  originates  from  a  voltage-induced  re-
versible  redox  process,  which  is  accompanied  by  ion-electron
coupling, thereby altering the electronic structure and light ab-
sorption  capability  of  the  material.  Electrochromic  properties
are  promising  for  electrochromic  devices,  such  as  smart  dis-
plays,  optical  devices,  and  smart  windows.[134−136] By  introduc-
ing electrochromic additives (e.g., biphenyl polyviologen and vi-
ologen  derivatives),  ionogels  can  be  endowed  with  elec-
trochromic  performance.[137] For  example,  the  addition  of
biphenyl  polyviologen  to  an  ionogel  can  produce  an  elec-
trochromic  ionogel  with  reversible  three-state  color  switching,
exhibiting orange, green, and purple colors at 0, –1.4, and –1.9
V, respectively (Fig. 8a).[137] In addition, these ionogels can be ef-
fectively patterned into electrochromic displays using the elec-
trostatic force-assisted dispensing printing technology.[137]

Importantly, electrochromic ionogels can also be prepared
by  curing  electrochromic  IL  monomers  (e.g.,  1-butyl-3-
vinylimidazolium  bis(trifluoromethylsulfonyl)imide).[138,139] It
should be noted that this type of ionogel does not directly ex-
hibit  electrochromic  properties;  instead,  it  achieves  elec-

trochromic  performance  by  providing  mobile  ions,  ensuring
charge balance, and supporting reversible redox reactions of
the  electrochromic  material.  These  electrochromic  ionogels
have  been  used  in  curved  goggles  to  protect  the  eye  (Fig.
8b).[138] Similarly,  a π-conjugated ionogel  with  a  nanoporous
sponge structure was applied to light-emitting electrochemi-
cal  cells,  which  significantly  reduced  the  turn-on  voltage  of
the cells to 4 V (typically ≥6 V).[141] In addition, electrochromic
ionogels can be designed to possess self-healing functionali-
ty,  which  can  provide  more  reliable  and  stable  performance
for electrochromic applications (e.g., maintaining a stable per-
formance  after  1000  bending  cycles)  (Fig.  8c).[139].  Further-
more,  an  electrochromic  ionogel  with  high  elongation  (e.g.,
about 1664% strain) was demonstrated for the fabrication of
stretchable  electrochromic  devices,  and  it  remained  stable
even under 50% strain (Fig. 8d).[140]

3.4 Biomedicine
Ionogels  can  be  made  biocompatible  by  using  biocompatible
ILs (e.g.,  choline chloride) and polymers (e.g.,  cellulose and algi-
nate).[142,143] In  a  typical  example,  biocompatible  ionogels  with
good tissue adhesion were prepared using a deep eutectic sol-
vent (DES) and acrylic acid (AA) monomer or hydroxyethyl cellu-
lose (HEC) polymer (Fig. 9a, upper).[144] In hemostasis tests, these
ionogels obviously shortened the clotting time by activating co-
agulation  factors,  in  addition  to  exhibiting  good  antibacterial
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Fig. 7    Applications of ionogels in energy storage devices. (a) Ionogel-based electrolytes for Li-ion batteries (Reproduced with permission from Ref.
[121];  Copyright (2021),  Wiley);  (b) Schematics showing the working mechanism of ionogels with high Li-ion transport performance (Reproduced
with permission from Ref.  [122];  Copyright (2022),  Wiley);  (c)  Ionogel electrolytes for fuel  cells  and their  performance at 120 °C (Reproduced with
permission  from  Ref.  [125];  Copyright  (2021),  American  Chemical  Society);  (d)  Self-healing  ionogels  are  used  as  electrolytes  for  Zn-ion  batteries
(Reproduced  with  permission  from  Ref.  [129];  Copyright  (2024),  Wiley);  (e)  MXene-doped  ionogels  are  designed  before  use  as  electrolytes  in
supercapacitors  (Reproduced  with  permission  from  Ref.  [130];  Copyright  (2023),  MDPI);  (f)  Biocompatible  ionogels  are  developed  to  enable
sustainable and environmentally friendly supercapacitor systems (Reproduced with permission from Ref. [131]; Copyright (2025), Elsevier).
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activity (Fig. 9a, lower). Similarly, ionogels prepared using bacte-
rial  cellulose  and  choline-amino  acid-based  poly(ionic  liquids)
showed  efficient  antibacterial  properties  while  maintaining
good  biocompatibility.[145] These  results  indicate  that  this  an-
tibacterial and biocompatible ionogel provides a solution to the
issue of  antimicrobial  resistance (Fig.  9b).[145] Furthermore,  MX-
ene-toughened ionogels containing phenol red as a pH indica-
tor  have  been  proposed  and  used  as  artificial  tongues  (Fig.
9c).[86] This  artificial  tongue  exhibits  excellent  water  retention,
mechanical strength, and antibacterial stability in simulated sali-
va tests, offering a convenient and reliable platform for the ear-
ly screening of diseases,  such as gastric ulcers.  Therefore,  iono-
gels  have  great  potential  in  biomedical  applications  through
material innovation.

3.5 Other Applications
Because  of  their  diverse  physicochemical  properties  and  addi-
tional  functionalities,  ionogels  have  found  many  applications
beyond the aforementioned fields,  including their  use as  coat-
ings, protective materials, and encapsulation materials. This sec-
tion  focuses  on  the  application  of  ionogels  in  emerging  and
promising areas.

3.5.1 Sunscreen coatings
Blocking ultraviolet B (UVB) radiation is crucial because high-en-
ergy  ultraviolet  rays  can  cause  skin  damage,  premature  aging,
eye  damage,  and  material  degradation.  Therefore,  UV-protec-
tive  coatings  are  essential  for  human  health  and  lifespan.  The
potential of ionogels in this area has been explored because of
their  high  compatibility  with  processing  and  patterning  tech-
nologies (such as 3D printing and spring coating). For example,

a  polyurethane-based  ionogel  has  been  developed  as  a  sun-
screen  coating  that  can  completely  block  UVB  radiation  while
maintaining a transmittance of over 80% with a thickness of 0.5
mm (Fig. 10a).[146] This performance stems from the fact that es-
terified rutin (acting as a crosslinker) retains its p-π conjugation
system  through  conjugated  double  bonds  and  phenolic  hy-
droxyl  groups,  thus  strongly  absorbing  UVB  radiation  in  the
275–320 nm wavelength range, whereas the amorphous struc-
ture of the ionogel maintains high visible light transmittance. In
addition,  this ionogel has excellent mechanical  properties (e.g.,
fracture  strength  of  about  35  MPa  and  toughness  of  about  88
MJ·m–3), making it suitable for use as a protective coating in ap-
plications  such  as  umbrellas,  car  windows,  and  architectural
glass.[146]

3.5.2 Lubrication
Lubrication can reduce the friction and wear between contact-
ing surfaces, which minimizes energy loss, prevents mechanical
failure,  and  extends  the  lifespan  of  components.  Ionogels  can
serve as  effective  lubricants  because their  liquid IL  solvents  re-
duce  friction,  whereas  the  polymer  networks  provide  stability
and wear protection under stress. Studies have shown that bio-
compatible  ionogels  composed  of  DES  and  polyacrylamide
polymers  can  significantly  reduce  wear  rates  and  effectively
protect  metal  surfaces  from  friction-induced  damage  (Fig.
10b).[147] Notably,  this  ionogel  also  exhibits  excellent  self-heal-
ing  properties,  with  its  repair  mechanism  driven  by  the  syner-
gistic action of hydrogen and ionic bonds, thus further extend-
ing its lifespan as a lubricant. This type of ionogel has potential
for  use  in  environmentally  friendly  industrial  lubricants  and
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Fig.  8    Applications  of  ionogels  in  electrochromic  devices.  (a)  Electrochromic  ionogels  exhibit  different  colors  under  different  voltages
(Reproduced  with  permission  from  Ref.  [137];  Copyright  (2022),  Elsevier);  (b)  Ionogels  are  used  in  flexible  electrochromic  eye  protection  devices
(Reproduced with permission from Ref. [138]; Copyright (2022), Wiley); (c) Self-healing ionogels enable flexible electrochromic devices to be bent
1000 times (Reproduced with permission from Ref. [139]; Copyright (2025), The Royal Society of Chemistry); (d) Highly stretchable ionogel allows the
electrochromic device to function normally even under 50% strain (Reproduced with permission from Ref. [140]; Copyright (2023), Elsevier).
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biomedical  applications  (e.g.,  artificial  cartilage  and
tendons).[148,149]

3.5.3 Food quality monitoring
Food quality monitoring can ensure food safety and prevent the
spread  of  harmful  contaminants.  It  also  helps  prevent  food
spoilage,  reduces waste,  and maintains the nutritional  value of
food, thus safeguarding human health. Ionogels can be used for
food quality monitoring because their stable matrix can immo-
bilize sensors and convert chemical changes into detectable sig-
nals.  For  instance,  a  pH-sensitive  dye  acting  as  a  colorimetric
sensor was introduced into an ionogel, which was then used to
monitor meat spoilage at –4 °C (Fig. 10c).[150] The results showed
that the ionogel exhibits reliable performance by exhibiting vi-
sually observable color changes caused by the total volatile ba-
sic nitrogen (TVB-N) produced during meat spoilage.

3.5.4 Smart adhesion
Smart adhesion is essential for applications that require reliable
adhesion  and  debonding  under  varying  mechanical  and  envi-
ronmental  conditions,  such  as  wearable  devices,  protective
coatings, and smart packaging.[151−154] In addition to ILs, the ad-
hesion properties of ionogels are greatly influenced by polymer

properties  (e.g.,  polarity  and dissociation).  An adhesive ionogel
containing poly[(2-acryloyloxyethyl trimethylammonium bis(tri-
fluoromethylsulfonyl)imide)]-co-N,N-dimethylacrylamide  poly-
mer was developed and integrated into an "impact protection-
sensing"  system  for  smart  laminated  glass  (Fig.  10d).[155] This
ionogel enhanced the stability of the glass,  allowing it  to with-
stand  impact  forces  of  up  to  8000  N  while  maintaining  struc-
tural  integrity  and  without  shattering  into  sharp  fragments.  In
addition,  biocompatible  ionogels  exhibiting excellent  adhesive
properties over a wide temperature range (i.e., –80 °C to 80 °C)
show promise for applications such as smart packaging.[156]

3.5.5 Fire safety
Fire  safety  protects  our  lives  and  property,  especially  in  build-
ings  and  electronic  systems,  where  flammable  materials  and
heat  accumulation  pose  continuous  risks.  Ionogels  are  ideally
suited for fire safety applications because of their non-flamma-
bility  and  high  thermal  stability.  For  instance,  ionogels  enable
treated wood to achieve an underwriters laboratories standard
94  V-0  flammability  rating  (UL-94  V-0  rating)  and  increase  the
limiting  oxygen  index  to  31%  (in  contrast,  the  limiting  oxygen
index  of  normal  wood  is  approximately  19%),  significantly  im-
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Fig. 9    Applications of ionogels in biomedicine. (a) Schematics illustrating the adhesion mechanism of the ionogel (upper) and its application in
hemostasis  (Reproduced  with  permission  from  Ref.  [144];  Copyright  (2025),  Wiley);  (b)  Biocompatible  ionogels  exhibit  excellent  antibacterial
activities (Reproduced with permission from Ref. [145]; Copyright (2024), Elsevier); (c) An artificial tongue made from ionogels that can function as a
pH indicator (Reproduced with permission from Ref. [86]; Copyright (2022), American Chemical Society).
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proving its flame-retardant properties (Fig. 10e).[157] In addition,
this ionogel possessed self-healing capabilities. When damaged
by a knife cut, it can be completely healed by simply heating at
75  °C  for  5  min,  thus  ensuring  the  continuous  stability  of  its
flame-retardant  properties.  Ionogels  with  similar  properties
have been used in smart fire safety systems that integrate early
warning and self-powered capabilities.[158]

3.5.6 CO2 capture
CO2 capture is crucial for mitigating climate change and reduc-

ing greenhouse gas emissions from industrial sources. Ionogels
have been explored because they exhibit strong selective inter-
actions with CO2. Ionogels have attracted increasing attention in
this  field  owing to  their  strong selective  interactions  with  CO2.
High-performance  ionogel  membranes  have  been  fabricated
for efficient CO2 capture and separation. These ionogels can effi-
ciently separate CO2 from CO2/N2 mixtures, with separation per-
formance  exceeding  the  Robeson  upper  bound  of  2008  and
outperforming  traditional  single-network  membranes  (Fig.
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Fig.  10    Applications  of  ionogels  in  other  fields.  (a)  Ionogels  are  used  as  sunscreen  coatings  (Reproduced  with  permission  from  Ref.  [146];
Copyright (2024), Springer Nature); (b) Schematic diagram illustrating the mechanism of ionogels acting as lubricants (Reproduced with permission
from Ref. [147]; Copyright (2021), American Chemical Society); (c) Ionogels-based for the detection of meat spoilage (Reproduced with permission
from Ref. [150]; Copyright (2024), American Chemical Society); (d) Adhesive ionogels are used as smart laminated glass, significantly improving the
impact  resistance of  the  glass  (Reproduced with  permission from Ref.  [155];  Copyright  (2024),  Wiley);  (e)  Ionogels  are  applied to  flame-retardant
materials (Reproduced with permission from Ref. [157]; Copyright (2025), Elsevier); (f) Comparison of the permeability and selectivity of ionogels for
CO2 capture with the 2008 Robeson Upper Bound (Reproduced with permission from Ref. [159]; Copyright (2024), Elsevier); (g) This ionogel-based
encapsulation material significantly improves the impact resistance of the device and reduces lead leakage (Reproduced with permission from Ref.
[160]; Copyright (2021), American Association for the Advancement of Science).
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10f).[159]

3.5.7 Encapsulation
Encapsulation  technology  ensures  the  safety  and  reliability  of
devices in daily life because it prevents damage caused by envi-
ronmental factors. In particular, encapsulation is crucial for pro-
tecting  optoelectronic  devices  from  mechanical  damage  and
environmental  influences  while  also  preventing the  leakage of
harmful  substances.  As  a  typical  example,  a  self-healing  and
lead-adsorbing  ionogel  was  developed  to  encapsulate  per-
ovskite  solar  cells.[160] This  ionogel-based  encapsulation  tech-
nology  significantly  reduces  lead  leakage  by  approximately
1000  times  compared  to  commercial  encapsulation  materials,
such as ethylene vinyl  acetate (Fig.  10g).  In  addition,  this  iono-
gel  possesses  excellent  mechanical  properties  (e.g.,  Young’s
modulus  of  about  70  MPa),  effectively  resisting  external  im-
pacts  and  thus  ensuring  the  long-term  stability  and  environ-
mental safety of perovskite solar cell technology.

In addition to the above applications enabled by the addi-
tional  functionalities,  the inherent  properties  (e.g.,  ionic  con-
ductivity  and  nonvolatility)  of  ionogels  also  greatly  facilitate
their  use,  especially  compared to traditional  gels  such as hy-
drogels.[2,161] For  example,  high  thermal  stability  and  non-
volatility allow ionogel-based ionic skins to operate stably at
extreme  temperatures  (e.g., –60  to  200  °C)  without  solvent
evaporation or freezing.[3,5,162] In addition, ionogels are intrin-
sically ionically conductive because of the cations and anions
in  ILs,  whereas  hydrogels  are  insolutors.[163] Thus,  ionogels
can be used as electrolytes without the need for added con-
ductive  media  (for  example,  with  ionic  conductivities  up  to
22.1  mS·cm–1).[164] Ionogels  also  have  high  electrochemical
stability (e.g., about 4 V), whereas hydrogels undergo electrol-
ysis  at  voltages  above  1.29  V.[5] More  importantly,  ionogels
are  diverse  because  of  the  vast  variety  of  ILs  (about  1018

species),  whereas  water  is  the  only  solvent  for  hydrogels.[3]

These  unique  features  of  ionogels  make  them  ideal  alterna-
tives to hydrogels.

4 OUTLOOKS

Ionogels are an emerging class of multifunctional soft materials
with broad application prospects in flexible electronics, energy-
storage devices,  biomedicine,  sensing,  and smart  systems.  This
study provides a comprehensive overview of ionogels with de-
sign-enabled  functionalities  and  their  related  applications.  De-
spite  significant  progress,  ionogels  still  face  several  key  chal-
lenges,  including precise control of structure-property relation-
ships,  balancing  mechanical  strength  and  multifunctionality,
long-term  environmental  stability,  and  cost-effective  manufac-
turing methods for practical applications.

Currently,  exploration of  additional  functionalities of  iono-
gels  (such  as  magnetic  properties)  remains  rare,  thus  requir-
ing  more  systematic  and  in-depth  research.  For  example,  in
addition to introducing magnetic additives or MILs, the devel-
opment  of  magnetic  ionogels  through  rational  polymer  de-
sign is a promising but underexplored direction. This strategy
can achieve a more uniform magnetic response and a higher
long-term stability. Stable and strong luminescence is crucial
for ionogels used in applications such as information encryp-
tion,  sensing,  and  medical  diagnostics.  However,  fluores-

cence or  phosphorescence quenching remains  a  major  chal-
lenge and requires further effort in this field.

Despite  their  numerous  potential  applications,  ionogels
still  face  several  key  challenges,  including  limited  long-term
stability,  mechanical  fatigue  under  repeated  deformation,
and an inherent trade-off between ionic conductivity and me-
chanical strength. Addressing these issues is crucial for the re-
liability  of  their  practical  application.  Simultaneously,  these
challenges  present  significant  opportunities  for  innovation.
Advances in the polymer structure, interactions in the gel ma-
trix,  and  composite  material  design  provide  effective  strate-
gies for  precisely  controlling the ionogel  properties.  Further-
more, the integration of multiple functionalities, such as self-
healing and stimulus responsiveness, can be further explored,
offering broad prospects for expanding the application range
of ionogels.

The  multifunctional  performance  of  ionogels  is  highly  de-
pendent  on  their  precisely  designed  structures,  including
molecular-scale  interactions,  network  topology,  and
mesoscale  phase  separation.  Therefore,  a  deep  understand-
ing  of  the  structure-property-function  relationship  is  crucial,
which should rely more on advanced theoretical simulations,
multiscale  modeling,  and machine-learning-assisted material
design.  This  will  enable rational  design rather  than trial-and-
error  synthesis,  thereby  accelerating  the  development  of
ionogels with predictable and programmable functions.

Additional  functionalities  of  ionogels  (such as  self-healing,
shape memory, and multi-stimulus responsiveness) are often
achieved at the expense of mechanical strength or long-term
stability.  However,  mechanical  performance  is  still  essential
for the application range of ionogels. Therefore, the mechani-
cal  performance  and  functional  complexity  should  be  bal-
anced while  ensuring environmental  stability  under  extreme
conditions  (e.g.,  high  temperature  and  high  vacuum)  or  re-
peated mechanical deformation. Notably, the shape memory
behavior  of  the  ionogels  relies  primarily  on  thermal  activa-
tion. Thus, exploring nonthermal triggers,  such as light,  elec-
tric  fields,  magnetic  fields,  and  chemical  stimuli,  will  signifi-
cantly broaden their application range.

Importantly,  cost-effective  manufacturing  strategies  must
be  carefully  considered  because  of  the  high  costs  of  ILs.  In
particular,  challenges  related  to  biocompatibility,  environ-
mental  sustainability,  and recyclability  must be addressed to
enable  practical  and  economical  production.  This  goal  natu-
rally  promotes  interdisciplinary  collaboration  across  fields,
such as materials science, chemistry, engineering, mechanics,
data science, and biomedicine. With continued innovations in
material design, processing strategies, and functional integra-
tion, ionogels have the potential to evolve from versatile lab-
oratory materials into key enablers of next-generation smart,
sustainable, and human-centered technologies.

We hope that this review inspires further exploration of the
diverse  functions  and applications  of  ionogels.  By  systemati-
cally  studying  strategies  for  introducing  specific  properties
and  understanding  how  these  properties  influence  the  me-
chanical performance, a more comprehensive framework can
be established for designing tough and multifunctional iono-
gels.  This  deeper  understanding  will  facilitate  the  develop-
ment  of  ionogels  with  specific  properties,  thereby  broaden-
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ing their applications.
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