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ABSTRACT
Iontronics based on nanoconfined effects exhibit enhanced ion dynamics and have become more important in the fields
such  as  energy  harvesting  and  storage,  sensors,  and  human-machine  communications,  which  maybe an  alternative  or
supplementary  solution  to  electronics  due  to  their  biocompatibility  and  safety.  The  enhanced  ion  dynamics  can  be
attributable  to  the  strong  interactions  between  ions  and  the  electrical  double  layer  (EDL)  in  the  nanoconfined  spaces.
Therefore, in this review, an overview of the EDL is firstly provided, with its distinctive nanoconfined effects in governing
ion dynamics highlighted.  The primary material  frameworks associated with nanoconfined spaces,  including nanopores,
nanochannels, and multidimensional nanostructures, are systematically classified. Strategies for modulating ion dynamics
through  external  physical  and  chemical  fields  are  explored,  forming  the  basis  for  iontronic  applications  driven  by
nanoconfined  effects.  These  applications  are  presented,  encompassing  iontronic  power  sources,  sensors,  logic
components  such  as  memristors,  diodes,  and  transistors,  as  well  as  iontronic  filter  capacitors,  with  their  unparalleled
advantages  in  biosafety,  flexibility,  cost-effectiveness,  and  environmental  adaptability  emphasized.  Finally,  existing
challenges in nanoconfined iontronics are addressed, with the expectation that advancements in nanoconfined iontronics
will catalyze more efficient energy and information flow.
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1    Introduction
Over  recent  decades,  electronic  functionality  has  progressed
beyond basic computation and information storage to encompass
a broad spectrum of intelligent applications and human-machine
interactions [1]. However, as the dimensions of integrated circuits
shrink  to  the  nanoscale,  traditional  electronics  based  on  the  von
Neumann architecture encounter critical bottlenecks in enhancing
performance  and  minimizing  power  consumption,  approaching
the  physical  and  practical  limits  of  Moore’s  Law  [2, 3].
Furthermore,  while  electronic  signals  enable  efficient,  rapid,  and
reliable  transmission,  conventional  electronics  lack  the  self-repair
capabilities and adaptability of biological systems, rendering them
vulnerable  to  failure  in  extreme  environments  such  as  intense
magnetic  fields,  high  temperatures,  and  high  humidity  [4].
Additionally, these limitations hinder the cost-effective fabrication
and application of electronic systems in compact spaces. Thus, the
development  of  novel  strategies  to  transcend  the  constraints  of
traditional electronic devices is urgently required.

Iontronics,  which  has  advanced  significantly  in  recent  years

[5–7], leverages ions as signal or charge carriers to achieve specific
functions through precise ionic regulation [8]. Biological systems,
as inherently complex iontronic networks, depend on diverse ions
to  mediate  information  transmission  and  energy  conversion,
sustaining  vital  life  processes.  For  instance,  Ca2+ can  regulate  the
release  of  neurotransmitters  in  neurons  [9],  K+ and  Na+ can
control the transmission of synaptic electrical signals [10, 11], and
H+ can  participate  in  adenosine  triphosphate  (ATP)  synthesis
within  the  mitochondria  [12].  Inspired  by  biological  processes,  a
series  of  biomimetic  nanoconfined  iontronics  have  been
developed,  including  iontronic  power  sources  [13–18],  sensors
[19–21],  logical  components  of  memristors  [22–25],  diodes
[26–28],  transistors  [29–32]  and  iontronic  filter  capacitors
[33–37].  These  devices  demonstrate  bio-inspired  attributes,
including  outstanding  environmental  adaptability,  mechanical
flexibility,  safety,  and  self-healing  capabilities  [38, 39].  On  the
other  hand,  recent  studies  have  revealed  that  the  ion  selectivity
and  transport  dynamics  can  be  significant  enhanced  by  the
overlapping  of  electrical  double  layer  (EDL)  at  the  nanoconfined
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space, where the diameter is reduced below 100 nm [40]. Various
nanoconfined materials  have been successfully  synthesized across
different  dimensions  to  investigate  anomalous  ion  dynamics  and
their  applications  [41].  These  include  zero-dimensional  (0D)
nanopores  (such  as  carbon  black,  silica,  and  molybdenum
disulfide)  [42–44],  one-dimensional  (1D)  nanotubes  (such  as
carbon  nanotubes)  [45, 46],  two-dimensional  (2D)  nanoconfined
materials  (such  as  MXene,  graphene  oxide,  carbon  nitride,  and
metal-organic  frameworks)  [47–49],  and  three-dimensional  (3D)
nanoconfined hydrogels [50–52]. In addition, the introduction of
external ionic regulation, via physical fields (e.g., electric fields [30,
53], light [54, 55], temperature [56, 57], and pressure [58–60]) and
chemical fields (e.g., pH [61, 62], concentration gradients [63, 64],
and  chemical  reactions  [65–67]),  enables  precise  control  of  ion
dynamics  within  these  nanoconfined  spaces.  The  integration  of
these  approaches  has  propelled  the  advancement  of  energy  and
information  devices  with  versatile  biomimetic  functionalities,
broadening  the  application  scope  of  iontronics.  Consequently,  a
deeper  exploration  of  the  mechanisms  governing  nanoconfined
effects within EDL and the biomimetic regulation of ion dynamics
is  essential  for  fostering  iontronic  technologies  with  enhanced
performance and superior biological adaptability.

This  review  begins  with  an  overview  of  the  evolution  of  EDL
theory.  Recent  advancements  in  the  design  and  fabrication  of
nanostructured  systems  utilizing  diverse  nanomaterials  (ranging
from 0D to 3D) are then summarized. Detailed attention is given
to the precise regulation of ion transport behavior under external
physical and chemical fields. Potential applications of iontronics in
electronics  are  further  explored,  encompassing  iontronic  power
sources,  memristors,  logic  circuits,  sensors,  and  filter  capacitors
(Fig. 1).  Finally,  insights  and  perspectives  are  offered  on  the
mechanisms,  stability,  and  durability  of  nanoconfined  structures,
alongside future directions for advancing iontronic technologies. 

2    Understanding  the  EDL  effect  in
nanoconfined spaces
In nanoconfined spaces with nanopore/channel diameters smaller
than 100 nm, the overlap of the EDL from the charged surface of
the  nanoconfined  space  significantly  impacts  ion  selectivity  and
transport  dynamics  [40].  This  overlapping  effect  can  induce
anomalous  ion  behavior  within  nanoconfined  spaces,  distinct
from  that  in  macroscopic  systems  [74].  Thus,  a  thorough
understanding  of  the  structure  and  properties  of  the  EDL  is
essential for regulating ion dynamics, facilitating the development
of high-performance systems based on nanoconfined iontronics. 

2.1    The evolution of the EDL
The EDL model, refined over more than two centuries, serves as a
foundational  framework  for  understanding  ionic-electronic
coupling  interfaces  [5, 75, 76].  In  1853,  Hermann von Helmholtz
introduced the plate  capacitor  model  of  the EDL [77],  proposing
that contact between a conductor and a liquid creates two layers of
oppositely  charged  ions  in  molecular-scale  proximity  to  the
conductor  surface  due  to  electrostatic  interactions.  This  structure
resembles  a  parallel-plate  capacitor,  with  the  electric  potential
decreasing  linearly  as  the  distance  from  the  conductor  surface
increases  (Fig. 2(a)).  While  the  Helmholtz  model  advanced
electrodynamics  by  characterizing  charge  distribution  and
electrochemical  dynamics,  it  overlooks  ion  adsorption,  diffusion,
and solvent-electrode interactions, thus limiting its applicability to
real solutions.

In  1910  and  1913,  Gouy  and  Chapman  independently
developed the diffuse EDL model [78],  addressing the limitations
of  the  Helmholtz  model.  They  proposed  that  ions  near  the
conductor  surface  experience  both  electrostatic  attraction  and
thermal  motion,  allowing  them  to  diffuse  into  the  bulk  solution
and form a  diffuse  layer.  The ion concentration within  this  layer
follows  the  Boltzmann distribution,  with  oppositely  charged  ions
decreasing  in  concentration  as  the  distance  from  the  surface
increases.  Higher  surface  charges  lead  to  more  compact  diffuse
layers.  Unlike  the  Helmholtz  model,  the  potential  in  the  diffuse
layer  decreases  exponentially  with  distance  (Fig. 2(b)).  However,
the  Gouy-Chapman  model  does  not  account  for  electrostatic
interactions and van der Waals forces between ions. In 1924, Otto
Stern  integrated  the  strengths  of  both  the  Helmholtz  and  Gouy-
Chapman models to propose a more comprehensive EDL model
[79, 80]. Stern's model accounts for the finite size of ions and van
der  Waals  interactions.  It  describes  the  EDL  as  comprising  a
compact  Stern  layer,  where  counter-ions  are  strongly  adsorbed
onto  the  conductor  surface,  and  a  diffuse  layer  beyond  it,  where
ions  follow  the  distribution  described  by  the  Gouy-Chapman
theory.  The  electric  potential  in  the  Stern  layer  decreases  linearly
with distance,  while it  decreases exponentially in the diffuse layer
(Fig. 2(c)).  Further  refinements  to  the  Stern  model  came  from
Grahame, who, in the mid-20th century, subdivided the Stern layer
into  the  inner  Helmholtz  plane  (IHP)  and  the  outer  Helmholtz
plane  (OHP).  The  IHP contains  desolvated  ions,  while  the  OHP
contains solvated ions. The potential decreases linearly within the
IHP  and  exponentially  in  the  OHP  and  diffuse  layer.  In  1963,
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Figure 1    Iontronics based on nanoconfined spaces with overlapped EDL, and
their applications in the field of electronics.  (a,  b) Iontronic power sources.  (a)
Reproduced  with  permission  from  Ref.  [15],  ©  Wei,  D.  et  al.  2022.  (b)
Reproduced  with  permission  from  Ref.  [18],  ©  Yang,  F.  et  al.  2024.  (c,  d)
Iontronic sensors. (c) Reproduced with permission from Ref. [68], © American
Chemical  Society  2015.  (d)  Reproduced  with  permission  from  Ref.  [69],  ©
Wiley-VCH  Verlag  GmbH  &Co.  KGaA,  Weinheim  2018.  (e,  f)  Iontronic
memristors.  (e) Reproduced with permission from Ref. [23], © Robin, P. et al.
2023.  (f)  Reproduced  with  permission  from  Ref.  [70],  ©  American  Chemical
Society  2024.  (g,  h)  Iontronic  diodes  and  transistors.  (g)  Reproduced  with
permission  from  Ref.  [71],  ©  Wiley-VCH  GmbH  2021.  (h)  Reproduced  with
permission from Ref. [27], © Macmillan Publishers Limited 2021. (i, j) Iontronic
filter capacitors. (i) Reproduced with permission from Ref. [72], © Hu, Y. et al.
2023. (j) Reproduced with permission from Ref. [73], © Elsevier Ltd. 2024.
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Bockris introduced an improved EDL model by incorporating the
orientation  of  polar  water  molecules  at  the  interface  [81].  This
model  describes  the  IHP  as  including  specifically  adsorbed  ions
and ordered water molecules,  while the OHP consists of solvated
ions  and  disordered  water  molecules,  with  the  diffuse  layer
forming the outer boundary. This model remains the most widely
accepted description of the EDL today.

Together,  these  developments  have  provided  a  robust
understanding  of  the  EDL  structure,  elucidating  the  interplay  of
electrostatic  forces,  ion  diffusion,  and  solvent  interactions  at  the
ionic-electronic interface. 

2.2    EDL effect in the nanoconfined spaces

λD

Ionic  behaviors  are  influenced  by  the  distinct  electrochemical
environments  in  nanoconfined  spaces.  To  define  the  effective
range of the EDL, the Debye length, or the thickness of the EDL, is
introduced.  This  length  typically  ranges  from  0.2  to  20  nm
[82, 83],  depending  on  the  ion  concentration  and  dielectric
constant of the solution. The Debye length ( ) can be expressed
as follows:

λD =

√
εRT
2F2Ic

(1)

Ic = 1
2 ∑iciz2i ε R T F Ic

ci zi

where . , , , ,  and ,  are  the  solution  dielectric
constant,  universal  gas  constant,  absolute  temperature,  Faraday
constant,  and  ionic  strength,  respectively.  Additionally,  and 
are  the  volume  concentrations  and  charge  of  the  ionic  species,
respectively.  This  equation  shown  that  the  dielectric  constant  of
the solution and the concentration of ion charges can significantly
affect the Debye length of the EDL.

Ions  can  be  significantly  driven  by  enhanced  electrostatic

interactions  when  within  this  range,  resulting  in  anomalous  ion
dynamics. Particularly in nanoconfined spaces, the role of the EDL
becomes  critical  due  to  its  overlap.  Shown  in Fig. 3,  as  the
diameter of the nanoconfined space decreases below 100 nm [84],
the electrostatic repulsion or attraction effects from the overlapped
EDL  can  effectively  select  specific  ions  and  regulate  overall  ion
dynamics.  In  sub-nanoconfined  spaces  (diameter  <  2  nm),
hydration  and  weak  intermolecular  forces  (such  as  hydrogen
bonding and van der Waals interactions) play a crucial role in ion
regulation,  which  leads  to  a  series  of  anomalous  ion  behaviors,
including  ion  Coulombic  blocking  [85],  superionic  states  [86],
drastic  changes  in  diffusion coefficients  [87],  ion-ion correlations
[88], and ultra-dense packing of ions [89–91], etc. The EDL effects
in  nanoconfined spaces  hold  profound scientific  significance  and
considerable application potential in seawater separation [92], ion
screening  [93, 94],  and  nanosensors  [95, 96],  among  others.  In
energy  harvesting  and  storage  devices,  these  effects  can  enhance
ion  flux  and  conductivity,  thereby  improving  performance  and
energy conversion efficiency. 

3    Nanoconfined materials
The  development  of  the  EDL  model  and  its  special  effects  in
nanoconfined  spaces  has  further  leaded  the  improvement  of
nanoconfined materials,  which can be  the  key  component  to  the
multifunctional  and  high-performance  iontronics.  Therefore,  a
deep understanding of  the  design,  fabrication,  and application of
nanoconfined  materials,  spanning  0D  to  3D,  is  crucial  for
elucidating  the  relationship  between  nanoconfined  ion  dynamics
and  iontronics,  as  well  as  for  highlighting  the  advantages  of
iontronics over traditional electronics (Fig. 4). 

(a) (b) (c)

Figure 2    The evolution of the EDL Model. (a) Helmholtz model of the EDL. (b) Gouy-Chapman model of the EDL. (c) Stern model of the EDL.

Figure 3    Schematic  of  ion  interactions  in  different  confined  systems.  In  nanoconfined  spaces  with  diameters  greater  than  100  nm,  ions  exhibit  free  diffusion
characteristics. In the 2 to 100 nm range, ion transport is governed by the EDL. In sub-nanometer spaces with diameters smaller than 2 nm, anomalous ion transport
behaviors are observed.
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3.1    Iontronics based on 0D nanopores
0D  nanopores  can  be  obtained  from  selective  etching  of
membranes  or  interconnected  voids  that  formed  between
nanoparticles  through  self-assembly  methods.  In  recent  years,
representative  0D  nanomaterials  such  as  single-pore  graphene
[102, 103],  silica  (SiO2)  [97],  alumina  (Al2O3)  [42, 104],  carbon
black  [71, 105],  and  single-pore  molybdenum  disulfide  (MoS2)
[44, 106, 107] have been extensively employed in the fabrication of

nanoconfined spaces. Additionally, the edges of nanopores can be
precisely  functionalized  with  specific  groups  to  regulate  surface
EDL, which offers a flexible approach to designing multifunctional
0D  nanomaterials.  Currently,  nanoconfined  structures  developed
from  nanopores  with  tunable  surfaces  are  widely  employed  in
applications  such  as  molecular  sieving,  desalination,  biosensors,
and  iontronic  diodes,  showing  an  enhanced  performance
compared with traditional membranes and devices [108–111].

In detail,  asymmetric  and conical  nanoconfined structures  can

High Low

(a)

(b)

(e)

(h)

(i)

(c)
(f)

(j)

(m)

(l)

(d) (g) (k)

Figure 4    Summary of nanoconfined materials from 0D to 3D. (a) Schematic diagram for the current iontronic diode based on asymmetric SiO2 nanopore networks
membrane.  Reproduced  with  permission  from  Ref.  [97],  ©  American  Chemical  Society  2016.  (b)  Iontronic  diodes  based  on  an  asymmetric-shaped  carbon  black
nanoparticle membrane. Reproduced with permission from Ref. [71], © Wiley-VCH GmbH 2021. (c) Schematic illustration of an osmotic energy harvester based on
single-pore  MoS2.  Reproduced with permission from Ref.  [44],  © Macmillan Publishers  Limited 2015.  (d)  Schematic  diagram an osmotic  energy harvesting device
based on single BNNTs. Reproduced with permission from Ref. [45], © Macmillan Publishers Limited 2013. (e) Schematic diagram of an osmotic energy harvesting
device based on DWCNTs.  Reproduced with permission from Ref.  [46],  © Cui,  G.  et  al.  2023.  (f)  Schematic of  nanoconfined channels  formed by pore-containing
hydrazide  helical  macromolecules.  Reproduced  with  permission  from  Ref.  [98],  ©  Wiley-VCH  Verlag  GmbH  &Co.  KGaA,  Weinheim  2016.  (g)  Iontronic  power
sources based on 2D layered GO. Reproduced with permission from Ref. [17], © Elsevier Ltd. 2024. (h) Schematic diagram of osmotic energy harvesting based on the
ABN  membrane.  Reproduced  with  permission  from  Ref.  [47],  ©  Elsevier  Ltd.  2020.  (i)  Schematic  illustration  of  the  2D  lamellar  Ti3C2Tx alginate  membranes.
Reproduced with permission from Ref. [99], © Wang, J. et al. 2020. (j) Schematic diagram of carbon nitrides membrane modified with stabilizers. Reproduced with
permission from Ref. [100], © Wang, Y. et al. 2022. (k) Schematic illustration 3D interconnected structures of hydrogel membranes. Reproduced with permission from
Ref. [52], © American Chemical Society 2020. (l) Schematic of 3D polyelectrolyte hydrogel heterogeneous membrane. Reproduced with permission from Ref. [50], ©
Zhang, Z. et al. 2020. (m) Schematic diagram of the 3D heterostructure based on the combination of MOF and MXene. Reproduced with permission from Ref. [101],
© Elsevier Ltd. 2024.
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be  created  by  densely  packing  negatively  charged  silica
nanoparticles,  ideal  for  diode  applications  that  require  high ionic
current  and rectification ratios  (Fig. 4(a))  [97].  When the  narrow
end  of  a  conical  pore  approaches  the  Debye  length,  it  exhibits
exceptional  ion  selectivity.  In  a  1  mM  potassium  chloride  (KCl)
solution,  applying  a  positive  voltage  enhances  the  ionic  current,
while  a  negative  voltage  dissipates  K+ ions  within  the  pores,
reducing  the  current  to  negligible  levels.  This  straightforward
packing  approach  overcomes  challenges  such  as  high  fabrication
costs,  low  ionic  currents,  and  limited  ion  transport  mechanisms.
Similar structures have been developed using materials like carbon
black and Al2O3 nanoparticles. For example, a membrane formed
from  carbon  black  nanoparticles  with  pore  gaps  smaller  than
10  nm  significantly  enhances  cation  selectivity  (Fig. 4(b))  [71].
Introducing asymmetry and reconstructing surface charge polarity
in  these  nanoconfined  spaces  increases  the  rectification  ratio  of
ionic diodes by up to 30-fold.  In addition,  0D nanomaterials  can
also be employed in osmotic power harvesting. A standard silicon
micromachining  process  assembles  dispersed  negatively  charged
silica nanoparticles into SiO₂ nanoconfined membranes with face-
centered cubic structures [42]. Exposing these SiO₂ nanoconfined
membranes  to  KCl  solutions  with  varying  concentrations  creates
nanoconfined  spaces  where  the  Debye  length  ranges  from  1  to
30 nm. The diffusion of K+ ions across the concentration gradient,
coupled  with  overlapping  EDL  effects,  generates  an  electric
current.  Reducing  nanopore  diameters  intensifies  EDL  overlap,
thereby  further  enhancing  conductivity  and  power  output.  This
precise  modulation  of  ion  dynamics  provides  a  highly  effective
strategy  for  energy  harvesting.  Moreover,  single-layer  MoS2
nanopores  with  5  nm  diameter,  fabricated  using  atomic-level
electrochemical  reaction (ECR) techniques or electron irradiation
under  transmission electron microscopy (TEM),  facilitate  salinity
gradient  conversion  (Fig. 4(c))  [44].  When  the  MoS2 nanopore
membrane  is  placed  in  solutions  of  different  concentrations  of
KCl,  the  chemical  potential  gradient  and  the  EDL  overlapped
effect  within the nanoconfined space drive  the rapid transport  of
K+ ions through the nanopores, generating an ionic current. As the
concentration  gradient  increases,  the  diffusive  ionic  current
becomes stronger. Theoretically, the power density of the osmotic
power  generator,  based  on  EDL-enhanced  cation  selectivity  and
the salinity gradient effect, can reach up to 106 W·m–2. 

3.2    Iontronics based on 1D nanoconfined materials
1D  nanomaterials  generally  refer  to  nanomaterials  with
nanometer-scale diameters, where the length substantially exceeds
the  cross-sectional  dimensions.  In  recent  years,  various  1D
nanomaterials,  such  as  carbon  nanotubes  (CNTs)  and  boron
nitride  nanotubes  (BNNTs),  have  been  extensively  used  to
construct  nanoconfined  spaces.  Due  to  their  unique  properties,
such  as  tunable  surface  functional  groups,  high  surface  area,
stretchability,  ease  of  fabrication,  and  exceptional  resistance  to
damage, 1D nanomaterials have found applications in iontronics,
including  energy  harvesting  and  storage,  seawater  desalination,
sensors, and drug delivery.

For  instance,  BNNTs  with  radii  between  15–40  nm  were
embedded  in  silicon  nitride  films  using  an  electric  field  ion
evaporation method [45], connecting two reservoirs with different
KCl  salinity  gradients  (Fig. 4(d)).  Due  to  their  high  sensitivity  to
pH  variations,  BNNTs  enable  modulation  of  surface  charge
density  within  nanoconfined  spaces  by  adjusting  the  solution’s
pH,  thereby  enhancing  the  overlap  of  EDL.  This  EDL  effect
accelerates  K+ ion  transport,  generating  a  power  density  of

4  kW·m−2.  Similarly,  Ma  et  al.  fabricated  a  single  double-walled
carbon nanotube (DWCNT) with an inner radius of 2.3 nm using
photolithography  for  osmotic  power  conversion  (Fig. 4(e))  [46].
When  exposed  to  reservoirs  with  different  concentration
gradients,  the  performance  varied  depending  on  the  degree  of
EDL  overlapped.  Under  enhanced  EDL  effects,  K+ ions  rapidly
transport  through  the  negatively  charged  nanoconfined  space.
This DWCNT-based osmotic power conversion device achieves a
power  density  of  22.5  kW·m–2 when  the  concentration  gradient
differs  by  a  factor  of  1000.  Such  precisely  controlled  1D
nanoconfined  structures  are  promising  candidates  for  osmotic
power  harvesting  under  salinity  gradients.  Additionally,  a  single-
molecule  nanoconfined  channel  was  developed  using  linear
hydrazide  macromolecules  as  precursors  via  pre-polymerization
(Fig. 4(f)) [98]. The resulting 1D channel, with a diameter of 0.55
nm, features a stable pore structure supported by helical polymer
scaffolds.  This  structure  offers  collapsibility,  extended  channel
lifetime,  and  efficient  cation  transport,  comparable  to  natural
protein channels. 

3.3    Iontronics based on 2D nanoconfined materials
2D  nanomaterials,  including  graphene  oxide  (GO),  MoS2,
MXenes, and boron nitride (BN) etc. have become the central part
to  the  study  of  ion  dynamics  within  2D  nanoconfined  spaces.
These  materials  possess  several  key  attributes  that  make  them
indispensable  for  diverse  applications,  including  active  surfaces,
flexibility, stability, and tunable channel heights. The high specific
surface  area  of  2D  materials,  combined  with  their  adjustable
surface  functionality,  activates  reactive  sites  to  significantly
enhance  ion  selectivity  within  nanoconfined  channels,  enabling
precise  ionic  transport  control.  Their  exceptional  mechanical
properties,  such  as  flexibility  and  resilience  under  bending,
stretching,  and  compression,  ensure  stable  performance  under
dynamic  conditions,  making  them integral  to  flexible  electronics,
advanced  sensors,  and  wearable  devices.  Furthermore,  their
outstanding  chemical  and  thermal  stability  under  extreme
conditions,  including  high  temperatures  and  corrosive
environments,  ensures  long-term  reliability  and  minimizes
maintenance  requirements.  The  ability  to  modulate  interlayer
spacing  with  nanometer  precision  further  provides  unparalleled
selectivity  for  specific  ions  and molecules,  advancing applications
in molecular separation, ion regulation, and filtration technologies.
Collectively,  these  attributes  position  2D  materials  as  versatile
platforms  for  the  development  of  next-generation  iontronic
devices and sustainable technologies.

More  importantly,  2D  nanomaterials  exhibit  excellent  self-
assembly and printability,  enabling large-area, scalable fabrication
and  broad  applicability.  For  example,  Wei  et  al.  developed  an
iontronic power source using printed GO (Fig. 4(g)) [17]. The GO
channels,  printed  on  flexible  substrates,  exhibit  a  height  of  only
5.5  Å,  which  enhances  EDL  effects  within  the  nanoconfined
spaces.  Lithium  ions  (Li+)  in  reduced  graphene  oxide  rapidly
transport  through  these  negatively  charged  channels  under  a
concentration  gradient,  generating  high  power  and  energy
densities. Furthermore, printing GO on polyethylene terephthalate
(PET) substrates facilitates the development of compact iontronic
power  sources,  offering  potential  for  miniaturized  energy
harvesting  and  storage  devices.  In  addition,  BN  membranes  are
also promising for osmotic power generation due to their stability.
Aramid-boron  nitride  (ABN)  composite  membranes,  fabricated
through  layer-by-layer  assembly  of  BN  nanosheets  and  aramid
nanofibers,  exhibit  tightly  stacked,  highly  hydroxylated  surfaces
(Fig. 4(h))  [47].  These  surfaces  are  highly  sensitive  to  pH
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variations,  which  modulate  EDL overlapped  effects  and  promote
rapid  cation  transport  through  the  negatively  charged
nanoconfined  spaces.  This  ABN-based  system  achieves  a  power
density of 0.6 W·m−2 by precisely controlling ionic transport.

On  the  other  hand,  MXenes,  2D  transition  metal  carbides
and/or  nitrides,  are  emerging  as  critical  materials  for  energy
harvesting,  ion  sieving,  and  biosensing.  Among  them,  titanium
carbide (Ti₃C₂Tₓ) stands out due to its mechanical robustness and
stability  in  aqueous  environments.  Wang  et  al.  stabilized  the
nanoconfined  structure  of  Ti₃C₂Tₓ membranes  by  incorporating
alginate  hydrogel  columns  (Fig. 4(i))  [99].  These  columns
maintain  a  consistent  interlayer  spacing  of  ~7.4±0.2  Å,  enabling
efficient  monovalent  cation  transport  and  sustaining  ion  sieving
performance for up to a month. Additionally, Wei et al. developed
horizontally  aligned  MXene  (H-MXene)  membranes  for  ionic
sequential transport and permeation energy harvesting [112]. The
H-MXene  membranes  exhibit  excellent  cation  selectivity
influenced by concentration gradients  and EDL effects,  achieving
an osmotic power density of 9.47 W·m−2 and an energy conversion
efficiency of 45.7%.

Polymeric carbon nitride (CN, also known as g-C₃N₄) has also
attracted attention for its semiconductor properties and resistance
to interlayer expansion in solution environments. Antonietti et al.
constructed  sub-nanoconfined  CN  channels  with  widths  below
6 Å using braced structure (Fig. 4(j)) [100]. These materials create
rigid, interlocked structures that exhibit exceptional water stability
and  resistance  to  swelling.  Under  the  influence  of  EDL  effects,
monovalent  cations  preferentially  traverse  nanoconfined  spaces,
while  multivalent  cations  are  excluded  through  size-selective
mechanisms.  Further  reduction  in  layer  spacing  enables  CN
membranes  to  achieve  efficient  desalination,  permitting  water
molecules to pass while effectively rejecting ions. 

3.4    Iontronics based on 3D nanoconfined materials
3D nanomaterials, characterized by nanostructures ranging from 1
to 100 nm in all spatial dimensions, include notable examples such
as  hydrogels  and  heterostructured  assemblies.  In  iontronics,  3D
nanoconfined materials present distinct advantages over their 2D
counterparts. Their intricate architectures offer significantly higher
specific  surface  areas,  enhancing  ion  interactions  and  markedly
improving energy conversion efficiency.  The precise  tunability  of
channel structures in 3D materials facilitates selective ion filtration
based on valence, a critical feature for advancing system efficiency
and  purity  in  sophisticated  filtration  technologies.  The  high-
density  networks  of  nanopores  or  nanochannels  intrinsic  to  3D
nanomaterials  provide  extensive  pathways  for  ion regulation and
transport,  boosting  ion  flux  and  optimizing  adsorption  and
diffusion  processes  essential  for  high-performance  ionic  devices.
Additionally,  3D  nanoconfined  materials  exhibit  superior
structural  stability  and  mechanical  resilience,  ensuring  reliable
performance  under  extreme  environmental  conditions.  These
attributes  position  3D  self-assembled  heterojunction  membranes
as  highly  promising  candidates  for  next-generation  applications,
including advanced filtration systems, precision sensing platforms,
and efficient desalination technologies.

For instance, Wen et al. fabricated a hydrogel membrane using
2-hydroxyethyl  methacrylate  phosphate  (HEMAP)  through
photopolymerization  (Fig. 4(k))  [52].  The  resulting  membrane
features  a  negatively  charged  surface  with  interconnected
nanopores  averaging  5.4  nm  in  diameter.  This  structure  induces
overlapped EDL within the nanopores, enhancing cation transport
dynamics.  When subjected to a 50-fold KCl salinity gradient,  the

HEMAP  hydrogel-based  osmotic  power  source  delivered  an
output power of 5.38 W·m−2.  The charge-controlled ion transport
in this system positively correlates with the charge density within
the  nanoconfined  space.  The  3D  interconnected  structure  and
distributed charges significantly enhance the hydrogel membrane’
s  osmotic  power  performance.  The  synergistic  effects  of
asymmetry,  charge distribution,  and wettability  in  heterojunction
membranes  further  introduce  unique  ion  transport  properties,
such  as  the  ion  diode  effect.  This  unidirectional  ion  transport
minimizes Gibbs free energy dissipation as Joule heat,  improving
membrane  performance.  Jiang  et  al.  developed  a  3D  hydrogel
interface  for  osmotic  power conversion (Fig. 4(l)),  consisting of  a
polyelectrolyte  hydrogel  layer  supported  by  a  porous  aromatic
polyamide  nanofiber  (ANF)  membrane  [50].  The  ANF
membrane,  with  nanopores  between  5  and  10  nm,  carries  a
negative  charge,  while  the  hydrogel  layer  has  a  higher  surface
charge  density  and  12  nm  nanopores.  In  a  seawater/river-water
reservoir,  overlapping  EDL  effects  in  the  ANF  membrane
preferentially  facilitate  Na+ transport  through  the  nanoconfined
space.  The  negative  charge  networks  and  wider  transport
pathways  in  the  hydrogel  layer  enable  unidirectional  Na+

transport,  enhancing  transmembrane  ionic  current  and  interface
transfer  efficiency.  This  design  achieves  a  power  output  of  5.06
W·m−2,  showcasing  potential  for  energy-harvesting  iontronic
applications.  Similarly,  an  asymmetric  metal-organic  framework
(MOF)/MXene  heterostructure  was  synthesized  via
electrochemical  deposition  of  MOF  onto  MXene  (Fig. 4(m))
[101].  The  resulting  channels  have  diameters  of  17.51  and
4.34  nm,  respectively.  Both  the  hierarchical  structure  of  MXene
and  the  negatively  charged  MOF  surfaces  create  EDL-enhanced
nanoconfined  spaces,  improving  ion  permeability  and  cation
selectivity.  The  optimized  porous  membrane  exhibits  a  cation
selectivity  of  0.95  and  a  power  density  of  35.04  W·m−2.  This
heterostructure  design  enhances  osmotic  power  generation  and
holds  promise  for  applications  in  gas  separation,  ion  sieving,
desalination, and logic circuits. 

4    External  field  enhanced  ion  dynamics  for
iontronics
Iontronic  performance  can  be  modulated  by  controlling  the
geometry  and  surface  charge  density  of  nanoconfined  spaces,  as
well  as  by introducing external  physical  fields  (e.g.,  electric  fields,
light,  heat,  pressure)  and  chemical  fields  (e.g.,  pH  and
concentration  gradients).  These  external  fields  can  enhance  ion
transport dynamics within nanoconfined spaces, mirroring the ion
regulation  mechanisms  prevalent  in  biological  systems.  By
leveraging these effects, various biomimetic energy conversion and
information  transmission  devices  have  been  developed,  greatly
expanding the potential applications of iontronics. 

4.1    Ion dynamics enhanced by external electric fields
External  electric  field-enhanced  ion  dynamics  involve  the
modulation  of  ion  migration,  diffusion,  and  behavior  within
nanoconfined spaces under applied electric fields. The electric field
induces  directional  ion  migration,  accelerating  diffusion,  altering
transport  pathways,  and  influencing  interfacial  chemical  reaction
rates.  This  mechanism  enhances  ion  mobility,  modulates
nanoscale  ionic  currents  and  conductivity,  and  optimizes  the
performance  of  iontronic  devices.  Key  principles  include
electrostatic  field  enhancement,  field-effect  modulation,  and
electric-field-driven  ion  separation  [71, 113, 114],  which  lead  to
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ion  migration  by  electrostatic  interactions  or  extra  electric  field
forces.  These  effects  underpin  diverse  applications  in  energy
storage, sensors, iontronic signal processing, water treatment, and
wearable electronics.

Recent studies demonstrate that voltage can effectively regulate
ion  selectivity  in  ionic  diodes.  This  selectivity  is  readily  observed
through  ionic  current  rectification  in  current-voltage  (I-V)
measurements.  Azzaroni  et  al.  fabricated  solid-state  conical
nanopores  coated  with  a  conductive  poly(3,4-ethylene-
dioxythiophene)  (PEDOT)  layer  using  etching  and  chemical
synthesis  methods  (Fig. 5(a)).  The  PEDOT  layer  acts  as  a  non-
metallic gate electrode. Applying different voltages alters both the
electrochemical  state  of  PEDOT  and  the  nanopore’s  surface
charge, enabling precise control over the direction and magnitude
of ionic currents. In the oxidized (p-doped) state, the I-V curve is
linear  when  a  gate  voltage  of Vg = –0.2  V  is  applied,  indicating
electrical  neutrality  with  no  rectification.  Further  reduction  (n-
doping)  at Vg < –0.2  V  induces  negative  rectification,  enhancing
cation  selectivity.  In  contrast,  oxidation  or  p-doping  increases
positive  rectification,  enhancing  anion  selectivity.  Excessive
oxidation (Vg > 0.8 V) degrades the film, highlighting the need for
careful  voltage  control  to  achieve  high  rectification  ratios  [115].
Additionally,  MXene  nanosheets  assembled  into  layered
membranes  with  sub-nanometer  interlayer  channels  exhibit
voltage-gated  ion  transport  properties  (Fig. 5(b))  [116].  Without
an  external  voltage,  K+ ions  traverse  the  channels  under  the
influence  of  concentration  gradients  and  overlapping  EDL,
generating  osmotic  power.  Applying  a  negative  gate  voltage
increases  the  negative  potential  within  the  nanoconfined  spaces,
enhancing  cation-surface  interactions  and  reducing  ionic
conductivity. Conversely, a positive gate voltage neutralizes surface
charges,  increasing  ionic  conductivity.  This  voltage-controlled
regulation  of  ion  dynamics  offers  an  effective  strategy  for
improving  ion  exchange  membranes,  osmotic  power  conversion,
and molecular filtration.

The  enhancement  of  ion  dynamics  and  its  precise  control  by
external  electric  fields  within  nanoconfined  spaces  not  only

optimizes  processes  such  as  energy  conversion,  ion  sieving,  and
diode  rectification  but  also  lays  a  solid  theoretical  and
experimental  groundwork  for  designing  iontronic  systems  with
advanced and versatile functionalities. 

4.2    Ion dynamics enhanced by light
Light,  characterized  by  its  abundance,  safety,  cost-effectiveness,
and broad availability, has emerged as a pivotal tool for regulating
ion  transport.  Light-enhanced  ion  dynamics  involve  the
modulation  of  ion  behavior  within  nanostructures  through
parameters  such  as  intensity,  wavelength,  and  frequency.  This
process  leverages  light-induced  surface  charge  redistribution  to
facilitate  ion  migration.  Photosensitive  materials  play  a  crucial
role,  enabling  photoelectric,  photochemical  effects  that  accelerate
ion  motion,  induce  photochemical  reactions,  or  adjust  surface
charge density for selective ion transport. Key mechanisms include
photoelectric  effects  [117–119]  or  photochemical  reactions  [65]
that  generate  photoinduced  potentials  for  ion  migration,  finding
extensive  applications  in  photocatalysis,  solar  energy  harvesting,
light-controlled  sensors,  photo-driven  intelligent  systems,  and
biosensing technologies.

Wei et al.  reported a direct current triboelectric nanogenerator
(DC-TENG)  that  utilizes  ionic  currents  from  reduced  graphene
oxide  (rGO)/GO  junction  for  TENG  rectification  (Fig. 6(a)).
However, during the contact separation process of DC-TENG, the
K+ concentration gradient  in the rGO/GO junction will  decrease,
which  makes  the  rectification  gradually  ineffective.  Herein,
ultraviolet light can be used to charge the junction. When the rGO
side  is  irradiated  with  ultraviolet  light,  electron-hole  pair
separation occurs within the rGO, which leads to the generation of
a built-in electric field within the rGO/GO junction. Therefore, the
built-in  electric  field  facilitates  the  rapid  transport  of  K+ ions
within the GO nanoconfined space, which significantly enhancing
the  ionic  current  and  thereby  improving  the  DC  output
performance  of  the  DC-TENG  [119].  Additionally,  tungsten
disulfide  (WS2)  composite  membranes  demonstrate  efficient
osmotic power conversion due to their superior photo-responsive
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Figure 5    Ion dynamics within nanoconfined spaces are controlled by the electric field. (a) Rectification characteristics of an iontronic diode with conductive polymers
(PEDOT) as the gate electrode under varying gate voltages. Reproduced with permission from Ref. [115], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
2017. (b) The MXene membrane was placed in the reservoir. Subsequently, ion dynamics within the membrane being modulated via the gate voltage. Reproduced with
permission from Ref. [116], © American Chemical Society 2019.
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properties. When illuminated on the low-concentration side of the
reservoir (Fig. 6(b)) [120], the WS₂ membrane exhibited enhanced
output  current  and  osmotic  power.  Asymmetric  illumination
induces a high negative surface charge density and concentration
gradient,  increasing  cation  selectivity  and  ion  flux  within  the
nanoconfined spaces. Under illumination, the power output from
mixing  seawater  and  river  water  reached  16.43  W·m–2.
Photothermal  and  photovoltaic  effects  in  such  materials  have
significantly  improved  osmotic  power  conversion  efficiency.
Further  innovations  include  a  monolayer  iontronic  retinal  array
constructed  using  nanoporous  anodic  aluminum  oxide  (AAO)
(Fig. 6(c)) [65]. Silver halides (AgX, where X = Cl−, Br−, or I−) serve
as  carriers  of  different  types  of  light.  Light-triggered  anion
transport within the positively charged AAO nanoconfined spaces
generates distinct photovoltage and photocurrent signals, enabling
color recognition and integrating sensing, information processing,
and storage functions within a single pixel.

The  ability  of  light  to  modulate  ion  dynamics  within
nanoconfined spaces presents exceptional potential for advancing
iontronic  applications.  Through  the  strategic  use  of  light,
significant  enhancements  in  performance  and  sensitivity  can  be
achieved  across  a  range  of  technologies,  including  energy
harvesting, energy storage, sensing, and ion sieving. 

4.3    Ion dynamics enhanced by heat
Heat-enhanced  ion  dynamics  involves  the  regulation  of  ion
transport  within  nanoconfined  spaces  through  temperature
variations.  This  includes  thermal  diffusion  effects  and  the
temperature-driven acceleration of ion dynamics, such as the Soret
effect and photothermal effect. Higher temperatures increase ionic
thermal  motion  by  modifying  ionic  diffusion  coefficients  and
conductivity,  thereby  improving  diffusion  rates  and  transport
efficiency  within  nanoconfined  channels.  This  phenomenon  is

widely  applied  in  thermoelectric  power  generation,  thermal
sensors,  energy  storage  systems,  wearable  devices,  and
temperature-responsive materials.

Building on this concept, Su et al. developed conical nanopores
in PET using an asymmetric etching method. By integrating silica
nanopores  prepared  through  a  solution  growth  technique,  they
formed  SIM/PET  hybrid  nanochannels  (Fig. 7(a))  [56].  These
hybrid  nanochannels  feature  negatively  charged  surfaces  and
exhibit cationic permselectivity, enabling the detection of diffusion
potential  differences  across  the  channels.  When  a  small
temperature gradient is applied, the system demonstrates a highly
sensitive thermoelectric response, with a sensitivity of 0.71 mV·K–1,
comparable  to  natural  thermal  sensing  systems.  Additionally,  the
hybrid  nanochannels  exhibit  rapid  response  to  temperature
changes,  with  a  relative  response  speed  exceeding  98%.  This
thermosensitive  ion-channel-based  biosensing  system  holds
potential  for  applications  in  detection  and  thermoelectric  energy
conversion. A thermoelectric conversion system based on covalent
organic frameworks (COFs) was also introduced (Fig. 7(b)) [121].
COF  membranes  can  intelligently  monitor  temperature  changes
and  generate  continuous  potential  differences  in  response.  This
thermoelectric conversion system can exhibit different directional
ion transport behaviors under hot and cold conditions. Moreover,
these  membranes  demonstrate  consistent  transmembrane
diffusion  potential  differences  across  a  broad  range  of  ion
concentrations  and  temperatures,  attributed  to  enhanced  EDL
overlapped  effects  and  high  surface  charge  densities.  Thermal
modulation provides precise control over ion transport dynamics
within nanoconfined spaces, facilitating the development of smart
textiles  with  heat-sensing  capabilities.  Real-time  electrical  output
responses  demonstrate  the  high  sensitivity  of  these  iontronic
sensors.  Additionally,  Liu  et  al.  fabricated  hierarchical  graphene
foam  (H-G  foam)  with  continuous  pores  on  a  nickel  foam
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Figure 6    Ion dynamics within nanoconfined spaces are controlled by light. (a) The light-enhanced ionic current in the rGO/GO junction is used for rectification in
the TENG. Reproduced with permission from Ref. [119], © Elsevier Ltd. 2023. (b) Schematic of ion transport in the WS2 composite membrane and energy conversion
in the photo-enhanced composite membrane. Reproduced with permission from Ref. [120], © Wiley-VCH GmbH 2023. (c) Anion transport in silver halides (AgX,
where X = Cl−, Br−, or I−) in AAO membranes is affected by light drive. Reproduced with permission from Ref. [65], © Elsevier Ltd. 2024.
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substrate  using  plasma-enhanced  chemical  vapor  deposition
(Fig. 7(c)).  Under  illumination,  this  H-G  foam  exhibits  a
photothermal  energy  conversion  efficiency  of  approximately
93.4%. More importantly, the unique foam network structure of H-
G  foam  gives  it  exceptional  seawater  desalination  capabilities
[122]. Water filtered through H-G foam can be directly consumed
as drinking water.  The excellent photothermal properties of  H-G
foam  also  make  it  a  promising  material  for  energy  storage
applications.  Wei  et  al.  developed  a  supercapacitor  using  three-
dimensional  H-G  foam  as  the  electrode  material  (Fig. 7(d)).
Photothermal  energy  enhances  ion  dynamics  within  the
electrolyte, facilitating ion transport and adsorption in the porous
H-G  foam,  which  in  turn  boosts  the  ionic  current.  The
supercapacitor  exhibits  higher  current  density  and  longer
discharge time when the light intensity increased. As a result,  the
supercapacitor's  capacitance,  energy  density,  and  power  density
are significantly improved with the increasing light intensity [123].

Heat  modulation  offers  an  efficient  means  to  enhance  ion
transport  within nanoconfined spaces,  enabling the  realization of
specific  functionalities.  As  a  result,  thermosensitive  and
photothermal  materials  have  attracted  significant  research
attention. The thermal regulation of ion dynamics in these spaces
presents  new  strategies  for  optimizing  energy  harvesting,
environmental  monitoring,  seawater  desalination,  and  advancing
iontronic sensor technologies. 

4.4    Ion dynamics enhanced by pressure
Pressure  serves  as  another  physical  method  for  regulating  ion
dynamics within nanoconfined spaces, involving the control of ion
and molecule transport through external pressure application. The
geometry  of  the  nanoconfined  space  changes  under  pressure,

leading  to  variations  in  ionic  transport  pathways  and  mobility.
This  approach  has  found  applications  in  high-pressure  sensors,
gas separation, chemical reaction control, and piezoelectric energy
harvesting.

For instance, Jiang et al. developed an iontronic sensor using a
layered graphene hydrogel  membrane (GHM) (Fig. 8(a))  [58].  In
humid  conditions,  2D  nanocapillaries  form  between  adjacent
graphene sheets. When electrolyte flows through the GHM under
external  mechanical  force,  a  synchronous  ionic  current  is
generated.  The  GHM  acts  as  an  effective  charge  filter,  where
increasing  pressure  allows  more  cations  to  traverse  the
nanoconfined  spaces,  thereby  enhancing  ionic  current  and
conductivity.  This  sensor  can  produce  continuous  and  pulsatile
ionic current signals in real time, reflecting the input waveform of
the  mechanical  force.  The  enhanced  EDL  overlapped  effects
enable precise ion regulation. Furthermore, such iontronic sensors
can harvest electrical energy from footfalls and body fluid flow or
monitor  heartbeats,  emulating  biological  mechano-transduction,
where membrane deformation initiates Na+ ion flow and generates
action potentials. Inspired by such biological processes, Han et al.
developed  a  biomimetic  iontronic  pressure  sensor  composed  of
stacked  polymers,  electrolytes,  and  nanopore  membranes
(Fig. 8(b))  [124].  A  silicone  tape  with  a  2  cm  ×1.5  cm  hole  is
affixed  to  a  polyvinylidene  fluoride  (PVDF)  support,  and
polyaniline  (PANi)  electrolyte  is  introduced  into  the  hole.  An
etched  polycarbonate  (PCTE)  membrane  is  then  positioned
between two electrolyte reservoirs. The resulting sensor exhibits a
sensitivity of ~5.6 kPa−1,  a response time of ~12 ms, and operates
at  1  Hz  with  power  consumption  under  a  few  μW.  In  addition,
with  the  increase  in  pressure,  the  ion  transport  speed  within  the
nanoconfined  structure  is  also  accelerated,  leading  to  a  higher
ionic current. Reliability tests confirm stability over 10,000 loading-
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Figure 7    Ion  dynamics  within  nanoconfined  spaces  are  controlled  by  heat.  (a)  Thermoelectric  response  of  the  hybrid  nanochannel  SIM/PET  under  different
temperature gradients. Reproduced with permission from Ref. [56], © American Chemical Society 2019. (b) Thermal-responsive system based on 2D covalent organic
framework membranes. Reproduced with permission from Ref.  [121],  © Zhang, P et al.  2021. (c) H-G foam is used for solar–vapor desalination. Reproduced with
permission from Ref. [122], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2017. (d) H-G foam with excellent photothermal properties for improving the
performance of supercapacitors. Reproduced with permission from Ref. [123], © The Royal Society of Chemistry 2018.
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unloading  cycles.  This  sensor  effectively  monitors  human  blood
pressure and pulse, capturing distinct physiological signals. In the
future, such iontronic mechanoreceptors could be integrated into
robotic  hands  for  tactile  sensing,  enhancing  environmental
interactions.

In  summary,  pressure-driven  modulation  of  ion  dynamics  in
nanoconfined  spaces  facilitates  a  wide  range  of  applications  in
energy  harvesting,  storage,  sensing,  seawater  desalination,  and
biomedicine.  This  approach  offers  both  theoretical  insights  and
practical  strategies  for  the  development  of  advanced,  high-
efficiency iontronic devices. 

4.5    Ion dynamics enhanced by pH
pH-enhanced  ion  dynamics  involve  modulating  ion  behavior  in
nanoconfined  spaces  by  adjusting  the  solution's  acidity  or
alkalinity.  pH variations influence surface charge density,  thereby
affecting  ion  adsorption,  diffusion,  and  transport.  By  altering  the
ionic charge state, pH adjustments control ion migration pathways
and  velocities,  optimizing  ion  selectivity  and  dynamic
performance.  This  mechanism  is  crucial  for  improving  energy
harvesting,  ion  sieving,  sensor  sensitivity,  and  desalination
efficiency.

The  surface  charge  of  nanoconfined  channels  is  highly
responsive to pH variations, directly affecting ion dynamics. Xu et
al.  achieved the interface  growth of  a  COF (TpBDMe₂)  on AAO
(Fig. 9(a))  [125].  They  observed  a  significant  increase  in  the
permeation  rate  of  K+ within  the  pH  range  of  2.6  to  4.6,
corresponding  to  the  isoelectric  point,  and  a  gradual  increase
between  pH  4.6  and  6.0.  This  behavior  correlates  with  the  zeta
potential of the channel surface: at lower pH values, the positively
charged  channel  repels  cations,  hindering  K+ transport.
Conversely,  at  higher  pH  values,  the  negatively  charged  channel
attracts  cations,  enhancing  K+ transport  and  increasing  K+/Mg²+

selectivity from 10² to 10³. By tuning the pH of the electrolyte, ion
transport  dynamics  within  membrane  channels  can  be  precisely
regulated, facilitating efficient ion sieving. This property has led to
the  development  of  various  salt-alkali-resistant  nanoconfined
membranes. pH regulation also enhances the rectification ratio of
iontronic diodes. For example, aluminum oxide (Al2O3) nanopore

arrays  partially  modified  with  polypyrrole  (PPy)  layers  form  an
organic/inorganic  hybrid  nanoconfined  structure  [126].  By
adjusting the solution's pH, the surface charge density and polarity
within  the  asymmetric  nanoconfined  space  can  be  modulated,
creating  discontinuous  charge  distributions.  This  behavior
promotes the preferential transport of Na+ or Cl−, resulting in pH-
responsive  ionic  rectification  (Fig. 9(b)).  Similarly,  a  3D
polyphenylsulfone  membrane  with  pyridine  side  chains  exhibits
reversible  changes  in  surface  charge  density  and  polarity  under
precise pH control [127]. The surface of the modified membrane
carries a positive charge and exhibits anion selectivity.  As the pH
of  the  solution  decreases  from  11  to  3,  more  anions  enter  the
positively charged nanoconfined structure, resulting in an increase
of  ionic  current.  This  feature  enables  pH-induced  gating
characteristics  and enhances the power density of  osmotic power
harvesters (Fig. 9(c)).

In  summary,  pH  modulation  dynamically  adjusts  the  surface
charge  polarity  and  density  within  nanoconfined  spaces,
amplifying  the  ion  selectivity  of  the  EDL.  This  method  enables
precise  control  of  ionic  behavior,  unlocking  enhanced
performance  in  iontronic  applications  like  sensing,  energy
harvesting, and ion sieving. 

4.6    Ion dynamics enhanced by concentration gradients
Concentration gradient-controlled ion dynamics leverages salinity
gradients  within  nanoconfined  spaces  to  drive  ion  diffusion,
creating substantial driving forces that accelerate ion transport and
enhance  efficiency.  This  mechanism,  coupled  with  EDL
overlapped  effects  in  nanoconfined  spaces,  enables  rapid  ionic
flow  through  nanopores  or  nanochannels,  producing  high  ionic
currents.  This  approach  significantly  boosts  performance  in
desalination,  electrodialysis,  water  purification,  and  iontronic
energy conversion and storage technologies.

For example,  Jiang et  al.  reported an osmotic power generator
based  on  a  3D  Janus  porous  membrane  with  tunable  surface
charge  density  and  porosity  [128].  In  this  system,  the  Janus
membrane  is  positioned  between  two  reservoirs  containing
asymmetric  salt  concentrations  (Fig. 10(a)).  Driven  by  the
concentration gradient,  the membrane selectively filters ions with
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Figure 8    Ion dynamics within nanoconfined spaces are controlled by pressure. (a) Iontronic sensors based on a layered graphene hydrogel membrane. Reproduced
with permission from Ref. [58], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2013. (b) Current variation curve of the biomimetic iontronic sensor under
different pressures. Reproduced with permission from Ref. [124], © American Chemical Society 2016.
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opposite  charges  while  rejecting  ions  of  the  same  polarity,
generating a net ionic current. In a mixture of seawater and river
water,  the  Janus  membrane  achieves  a  power  density  of
2.66  W·m−2,  with  an  energy  conversion  efficiency  of  35.7%.
Increasing  the  salinity  gradient  enhances  the  output  power
density,  reaching  5.10  W·m−2 at  a  500-fold  gradient,  highlighting
the potential for blue energy harvesting. In addition, hierarchically
structured,  anisotropic  wood  membranes  also  serve  as  efficient
platforms  for  osmotic  power  harvesting.  Natural  wood  possesses
oriented nanochannels,  which can be chemically modified in situ
to  introduce  quaternary  ammonium  or  carboxyl  groups,
imparting  positive  or  negative  charges  to  the  channel  surfaces.
These  ionized  wood  membranes  function  as  ion  exchange
membranes,  efficiently  converting  osmotic  power  (Fig. 10(b))
[129].  As  the  salinity  gradient  increases,  these  charged
nanoconfined  structures  facilitate  the  selective  transport  of  Na+

and  Cl− ions,  generating  higher  ionic  currents  and  enhanced
osmotic power output. Under a 1000-fold concentration gradient,
the  ionic  wood  membrane-based  osmotic  power  source  can
achieve  a  voltage  of  up  to  184.4  mV  and  a  current  density  of
286.3  mA·m–2.  In  addition,  a  standard  silicon  micromachining
process  was  used  to  assemble  dispersed  negatively  charged  silica
nanoparticles  into  SiO2 crystals  with  face-centered  cubic  shape
[43], thereby forming a SiO2 nanoconfined structures (Fig. 10(c)).
The SiO2 membrane was subjected to  different  concentrations of
KCl solution,  and its  Debye length ranges from 1 to 30 nm. The
diffusion of K+ ions in the nanoconfined spaces with concentration
gradient  and  the  overlapping  EDL  effect,  generates  an  electric
current. As the nanopore diameter decreases, the EDL overlapped
effect  is  enhanced,  which  leads  to  a  further  increase  in  the
conductivity and a power output of up to ~1.1 nW under 100 nm
diameter.  This  precise  modulation  of  ion  dynamics  in
nanoconfined  space  provides  an  effective  strategy  for  enhanced
energy harvesting.

Concentration  gradients  drive  ion  diffusion  and  regulate
transport  within  nanoconfined  spaces  by  leveraging
electrochemical  potential  differences,  selective  ion  permeability,
and  ion-surface  interactions.  This  mechanism  is  instrumental  in
advancing  technologies  for  energy  harvesting,  storage,  sensing,
and gas separation. 

5    Redefining  electronics  with  complementary
and distinct functionalities
Advancements  in  understanding  EDL  structures,  combined  with
progress in nanotechnology and materials science, have propelled
iontronics  into  diverse  applications.  Leveraging  nanoconfined
materials  with  overlapping  EDL  and  enhanced  ion  dynamics,
applications  such  as  iontronic  power  sources,  iontronic
memristors,  iontronic  sensors,  iontronic  logic  circuits,  and
iontronic  filtering  capacitors  have  overcome  limitations  of
traditional  electronics.  These  systems  offer  unique  advantages,
including  environmental  adaptability  (e.g.,  tolerance  to  extreme
temperatures,  magnetic  fields,  and  humidity),  mechanical
flexibility, self-healing properties, biosafety, superior performance,
and  reduced  power  consumption.  Iontronics,  rooted  in
nanoconfined spaces, is poised to bridge advanced electronics and
biology,  playing  a  transformative  role  in  future  human-machine
interfaces and bio-robotics. 

5.1    Iontronic power sources
Iontronic power sources are energy devices that generate and store
energy  through  ionic-electronic  coupling  mechanisms.  These
systems leverage ion transport within nanoconfined spaces, where
overlapping EDL enable efficient ion movement. When combined
with  external  field  modulation,  these  systems  exhibit  enhanced
energy  storage  and  harvesting  capabilities.  Iontronic  power
sources  capture  environmental  energy  via  mechanisms  such  as
osmosis,  triboelectric  effects,  and photoelectric  effects.  Compared
to conventional energy devices like batteries, supercapacitors, and
fuel  cells,  iontronic  power  sources  demonstrate  superior
biocompatibility,  flexibility,  cost-efficiency,  environmental
sustainability,  and  multifunctional  integration.  These  advantages
position  iontronic  power  sources  as  promising  solutions  for
wearable  electronics,  smart  healthcare,  and  renewable  energy
technologies.

Harvesting atmospheric moisture to generate electricity offers a
sustainable  approach  to  iontronic  energy  collection.  Qu  et  al.
reported  a  moisture-enabled  electric  generator  based  on  GO-
functionalized  paper  for  harvesting  atmospheric  moisture
(Fig. 11(a)). This GO paper features an asymmetric surface charge

(a) (b) (c)

Figure 9    Ion  dynamics  within  nanoconfined  spaces  are  controlled  by  pH.  (a)  The  surface  charge  density  of  sub-2-nanometer  COF  membranes  can  be  precisely
controlled by pH to enhance osmotic energy conversion and ion sieving. Reproduced with permission from Ref. [125], © Wiley-VCH GmbH 2021. (b) Changes in
surface charge, ion transport, and ionic current within the mixed nanoconfined structure (PPy/Al2O3) in response to variations in pH. Reproduced with permission
from Ref.  [126],  © WILEY-VCH Verlag GmbH & Co.  KGaA, Weinheim 2015.  (c)  Modulating the surface charge of  a  3D polyphenylene sulfone membrane with
pyridine side chains through pH leads to changes in ionic current. Reproduced with permission from Ref. [127], © Wiley-VCH GmbH 2020.
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density,  which  induces  the  formation  of  a  H+ gradient  as  its
oxygen-containing  functional  groups  absorb  moisture.  As
moisture absorption increases, more H+ ions are dissociated from
the  functionalized  GO  paper.  These  H+ ions  then  move
directionally  within  the  nanoconfined  space,  generating  a  short-
circuit  current  of  0.3  μA  and  an  open-circuit  voltage  of  0.7  V
[130].  Furthermore,  the  voltage  output  varies  with  changes  in
relative  humidity.  To  further  enhance  the  power  output,  a
heterogeneous  structure  composed of  gradient-reduced graphene
oxide  (grGO)  and  GO  was  employed  (Fig. 11(b)).  The  gold
electrode  and  silver  electrode  serve  as  the  top  and  bottom
electrodes  of  this  heterostructure,  respectively.  In  this
configuration,  H+ ions  move  directionally  through  the  moisture-
absorbed  grGO,  generating  power,  while  GO  acts  as  a  reservoir,
replenishing H+ carriers for grGO [131]. As a result, the moisture-
enabled electric  generator based on the grGO/GO heterogeneous
structure  achieves  a  voltage  output  of  1.5  V  and  a  current  of
~100  nA.  This  device,  which  efficiently  captures  atmospheric

moisture  to  generate  electrical  energy,  has  garnered  significant
attention in recent studies.

Wei’s  group  reported  a  solid-state  iontronic  power  source
based  on  osmotic  effects  coupled  with  redox  reactions  [14].  By
printing GO and K+-rich rGO ink onto flexible substrates, such as
paper, with parallel Ag electrodes, they created GO nanoconfined
channels  with  a  height  of  ~7.7  Å.  Humidity-driven  K+ transport
through  the  negatively  charged  GO  channels,  facilitated  by  a
chemical  potential  gradient  and  built-in  electric  field,  generates
electrical output. A single cell produces an open-circuit voltage of
up to 1.2 V at 10% relative humidity (Fig. 11(c)),  and connecting
175 cells in series on a paper strip achieves an ultra-high voltage of
192  V.  Using  a  Peano  space-filling  curve  design,  the  device
delivers a short-circuit  current of  170 μA and a power density of
2.5 mW·cm−3, with an energy density comparable to lithium thin-
film  batteries  at  0.41  mWh·cm−3.  The  low-temperature
performance  of  iontronic  power  sources  is  critical  for  portable
electronics.  Wei  et  al.  developed  a  GO-based  ultrathin  iontronic
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Figure 10    Ion  dynamics  within  nanoconfined  spaces  are  controlled  by  concentration  gradient.  (a)  Schematic  depiction  of  the  osmotic  energy  harvesting  process
under a concentration gradient based on the Janus porous membrane. Reproduced with permission from Ref. [128], © Zhu, X. et al. 2018. (b) Schematic diagram of an
ionized wood membrane generating energy from the salinity gradient between river water and seawater. Reproduced with permission from Ref. [129], © WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim 2019. (c) Schematic diagram of an osmotic energy harvesting device based on SiO2 nanoconfined structures. Reproduced with
permission from Ref. [43], © IOP Publishing Ltd. 2013.
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power source capable of  generating 1.5 V and 11 μA (Fig. 11(d))
[15].  Integrated  with  triboelectric  nanogenerators,  this  device
forms  a  self-charging,  flexible  triboelectric-iontronic  system.
Graphene  aerogels,  prepared  from  GO/rGO  with  ion  gel
electrolytes, achieve an open-circuit voltage of 0.54 V and a short-
circuit  current  of  57  μA  at –10  °C.  Remarkably,  this  device
remains  operational  at  temperatures  as  low  as –40  °C,
expanding  its  applicability  to  extreme  environments.  To  tackle
environmental  challenges  associated  with  heavy  metals  and  toxic
electrolytes,  Wei’s  group  also  developed  a  paper-based  iontronic
power  source.  Driven  by  salinity  gradients  and  interfacial
redox  reactions,  Li+ ions  transport  efficiently  through  negatively
charged nanoconfined spaces [16]. The output voltage and current
of  the  iontronic  power  source  are  ~1.0  V  and  ~700  µA,
respectively, achieving a power density of 438.02 mW·cm–3. When
discharged  at  a  current  of  1  μA,  its  energy  density  reaches  up  to
30.02  mWh·cm–3 (Fig. 11(e)).  More  importantly,  this  iontronic
power source can be mass-produced on flexible substrates through
a  printable  manner.  The  paper  substrate’s  breathability,
biocompatibility,  and  flexibility  enable  direct  skin  contact,

providing  continuous  power  for  wearable  devices.  Additionally,
the device supports efficient metal recovery through incineration,
allowing electrodes to be separated from ashes and Li+ ions to be
reclaimed  from  liquid  waste—an  ideal  method  for  recycling
electrochemical energy storage systems. To further enhance power
density,  Wei  et  al.  developed  a  vertically  structured  iontronic
energy  storage  device  using  GO  via  ultrasonic  spray  coating.  At
25  °C  and  80% relative  humidity,  this  device  generates  an  open-
circuit voltage of ~1 V and a short-circuit current of ~1 mA [18],
achieving  an  exceptional  power  density  of  15,900  W·m−2

(Fig. 11(f)).  The  vertical  design  facilitates  rapid  cation  transport
within nanoconfined spaces,  reducing internal resistance. Voltage
output  scales  nearly  linearly  with  stacked  devices.  Unlike
conventional batteries and supercapacitors, these iontronic power
sources  can  be  printed  cost-effectively  using  commercial
printing/spraying equipment. 

5.2    Iontronic sensor
Iontronic  sensors  are  a  type  of  sensing  device  that  operate  based
on  ion  transport  and  interaction  within  nanoconfined  spaces  or
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Figure 11    Iontronic power sources based on regulation of ion dynamics by external field. (a) Iontronic power sources based on asymmetric functionalized graphene
oxide paper. Reproduced with permission from Ref. [130], © The Royal Society of Chemistry 2018. (b) Iontronic power sources based on GO/rGO heterostructures.
Reproduced with permission from Ref. [131], © Huang, Y. et al 2018. (c) K+ ions, driven by moisture, migrate directionally under the influence of salinity gradients and
redox reactions,  thereby generating electrical  energy.  Reproduced with permission from Ref.  [14],  © Yang,  L.  et  al  2021.  (d)  Iontronic  power sources  based on the
migration of Li+ within nanoconfined structures. Reproduced with permission from Ref. [15], © Wei, D. et al 2022. (e) Printable paper-based iontronic power sources.
Reproduced  with  permission  from  Ref.  [16],  ©  Wiley-VCH  GmbH  2023.  (f)  Iontronic  power  sources  based  on  the  transport  of  Li+ in  vertically  nanoconfined
structures. Reproduced with permission from Ref. [18], © Yang, F. et al 2024.

 
 

  Nano Research Energy  2025, 4: e9120156 13

 

 

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy

https://www.sciopen.com
https://mc03.manuscriptcentral.com/nre


ion-sensitive materials. These sensors detect specific ionic changes
or  variations  in  the  ionic  environment,  which  may  be  caused  by
factors  such  as  concentration  gradients,  pH  changes,  or  the
presence  of  certain  chemical  species.  Iontronic  sensors  typically
rely  on  the  ability  to  modulate  ion  movement  or  ion-electron
interactions  within  a  material  in  response  to  external  stimuli.
Iontronic  sensors  have  distinct  advantages  over  traditional
electronic  sensors,  such  as  their  potential  for  greater  sensitivity,
flexibility, and biocompatibility. They can be applied in fields like
biomedical sensing (e.g., detecting specific biomarkers or pH levels
in  body  fluids),  environmental  monitoring  (e.g.,  water  quality
sensors),  and  chemical  sensing  (e.g.,  detecting  ions  in  solutions).
Their  ability  to  operate  in  soft,  flexible,  and  biocompatible
materials  also  makes  them  ideal  for  wearable  sensors  and
implantable devices.

For instance, Park et al. developed a nanosensor that combines
nanoscale  electrophoresis  with  nanopore  sensing.  This  device
achieves  high-precision  nucleotide  identification  by  detecting
transient  longitudinal  currents  during  molecule  transit  through
nanopore  columns  of  varying  lengths  (Fig. 12(a))  [132].  This
method allows the differentiation of single molecules, vesicles, and
particles based on distinct current signals. Jiang et al. engineered a
molecular  transport  nano-gating  system  using  nanoporous
membranes  functionalized  with  peptides.  The  peptides  on  the
nanopore  surface  undergo  reversible  conformational  changes
between  folded  and  random  structures,  triggered  by  oxygen  and
dithiothreitol (DTT) (Fig. 12(b)) [69]. This conformational switch
enables precise control over molecular transport rates and dosages,
facilitating  targeted  drug  delivery.  Similarly,  Rant  et  al.  utilized
nitrilotriacetic  acid  (NTA)-modified  metallized  silicon  nitride
nanopores  for  protein  sensing.  His6-tagged  proteins  bind  stably

within the pore via NTA-His6 interactions (Fig. 12(c)) [133]. Real-
time  monitoring  of  current  signals  allows  for  the  detection  of
protein binding and dissociation events, providing a powerful tool
for  proteomics.  Iontronic  systems  are  also  effective  for  DNA
detection. Elezgaray et al. created a DNA nanopore that undergoes
conformational changes upon binding to a miR-21 miRNA analog
(Fig. 12(d))  [134].  Fluorescent  and  electrical  signal  analysis
confirmed  the  nanopore’s  ability  to  detect  low  concentrations  of
miRNA.  Furthermore,  micro-nanochannels  fabricated  via
photolithography  and  wet  etching  can  be  functionalized  with
peptide  nucleic  acids  (PNAs)  (Fig. 12(e))  [135].  The  high
specificity  of  PNA-DNA  interactions  enables  the  detection  of
specific  DNA  sequences  even  at  low  concentrations.  Chemically
modified conical nanopores have also been developed for selective
ion  transport,  mimicking  biological  ion-protein  channels  (Fig.
12(f)) [68]. These nanopores can precisely distinguish between K+

and  Na+ ions,  offering  applications  in  clinical  diagnostics  and
biosensing.  In  addition,  nanoconfined  iontronic  sensors  are  also
particularly  useful  for  detecting  toxic  metal  ions,  which  pose
environmental and health hazards. By applying a bias voltage to a
single  nanopore  in  a  high-salt  solution,  distinct  electrical  signals
corresponding to different metal ions can be analyzed (Fig. 12(g))
[136].  This  highly  sensitive  detection  method  holds  promise  for
environmental  monitoring  and  public  health  protection.
Additionally,  iontronic  pressure  sensors  based  on  charge
accumulation  and  dissipation  in  EDL  interface  have  also  been
reported  [137–139].  The  iontronic  pressure  sensor's  high-
frequency resolution, negligible capacitive pressure hysteresis, and
exceptional  sensitivity  endow  it  with  a  remarkable  tactile
perception  capability,  making  it  highly  suitable  for  human-
machine interaction applications [140–142].

(a)

(b)
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Figure 12    The precise regulation of nanoconfined spaces can be applied in sensing. (a) O2 and DTT drive nanopore conformational changes for molecular detection.
Reproduced  with  permission  from  Ref.  [132],  ©  Wiley-VCH  GmbH  2021.  (b)  O2 and  DTT  drive  nanopore  conformational  changes  for  molecular  detection.
Reproduced  with  permission  from Ref.  [69],  ©  Wiley-VCH Verlag  GmbH & Co.  KGaA,  Weinheim 2018.  (c)  Chemical  modification  of  metallized  nanopores  for
protein detection. Reproduced with permission from Ref. [133], © Macmillan Publishers Limited 2012. (d) Schematic diagram of the conformational change of DNA
nanopores before and after binding with DNA analogs. Reproduced with permission from Ref. [134], © Wiley-VCH GmbH 2022. (e) Nanofluidic devices modified by
peptide nucleic acids for DNA detection. Reproduced with permission from Ref. [135], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016. (f) Schematic
diagram  of  simplified  Na+-activated  and  K+-activated  ionic  gates.  Reproduced  with  permission  from  Ref.  [68],  ©  American  Chemical  Society  2015.  (g)  A  single
nanopore  sensor  is  used  to  differentiate  between  different  metal  ions  by  recording  electrical  signals.  Reproduced  with  permission  from  Ref.  [136],  ©  Wiley-VCH
GmbH 2020.
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Finally,  the  precise  control  of  ion  transport  and  information
storage  within  nanoconfined  spaces  makes  iontronic  sensors
highly versatile. Unlike traditional sensors, which rely on electron
flow,  iontronic  sensors  utilize  ions  as  charge  carriers,  offering
flexible  and tunable  performance.  The  iontronic  sensor  based on
nanoconfined  structures  effectively  reduces  noise  and  achieves
sufficiently  high  signal-to-noise  ratios  in  instantaneous  ionic
current  signals,  enabling  precise  detection  of  ions  or  molecules.
This high-precision detection method provides a powerful tool for
biosensing and environmental monitoring. 

5.3    Iontronic logical components
Iontronic  logic  components  represent  an  emerging  field  that
leverages  ions  for  logical  operations  and  information  processing.
This  technology  encompasses  iontronic  memristors,  diodes,
transistors,  and  more.  The  key  advantages  of  these  ion-based
components  include  low  power  consumption,  high  energy
efficiency,  and  the  ability  to  interface  seamlessly  with  biological
systems.  These  characteristics  make  iontronic  logic  components
highly  promising  for  applications  in  nonlinear  computing,
neuromorphic devices, and self-driven sensing systems. 

5.3.1    Iontronic memristors

Iontronic  memristors  are  a  novel  type  of  memory  device  that
utilize  ion  transport  and  storage  mechanisms.  Unlike  traditional
electronic  memory  elements,  such  as  resistive  random-access
memory  (RRAM),  iontronic  memristors  store  and  process
information by regulating the migration and accumulation of ions
within  nanoconfined  spaces,  modulating  conductivity  and
retaining the new state. A key feature of these memristors is their
ability  to  enable  reversible  ion  transport  with  low  power
consumption,  offering  high  integration  and  multifunctionality.
This makes them highly suitable for applications in neuromorphic
computing,  memory  storage,  logic  operations,  and  signal
processing.  Thanks  to  the  unique  properties  of  ion  transport,
iontronic  memristors  can  operate  in  flexible,  biocompatible
environments,  with  enhanced  noise  immunity  and  minimal
energy consumption. As a result, they hold significant potential for
emerging  technologies,  including  wearable  devices,  brain-
computer interfaces, and artificial intelligence.

For example, in biological systems, neurons act as dual-purpose
units  for  processing  and  memory,  transmitting  signals  via  ions
and  neurotransmitters.  Inspired  by  this  energy-efficient
architecture,  Hou  et  al.  integrated  two  charge-discharge
nanofluidic  memristors  into  a  circuit  modeled  on  the  Hodgkin-
Huxley  framework  (Fig. 13(a))  [6].  Experimental  results  showed
that these 2D nanoconfined channels could generate voltage spike
sequences analogous to biological neurons. This iontronic device,
compatible  with  neuronal  signals,  operates  with  low  power,
making  it  a  promising  candidate  for  wearable  and  implantable
iontronic  devices,  as  well  as  neuron-computer  interfaces.  In
addition,  Bocquet  et  al.  recently  reported  two  types  of
nanoconfined  channels  that  exhibit  long-term  memory  and
synapse-like  ion  dynamics.  These  two  types  of  channels,
composed  of  atomically  smoothed  MoS₂  sheets  and  activated
carbon,  which  are  separated  by  graphene  nanoribbons  or  bilayer
graphene sheets with etched nanogrooves, demonstrating memory
effects  in  aqueous  electrolytes  (Fig. 13(b))  [23].  Furthermore,  the
conductive  state  of  the  iontronic  memristor  can  be  altered  with
variations  by  applying  different  magnitude  and  polarity  of  the
voltages.  These nanoconfined systems replicate  synaptic  plasticity
by  modulating  ion  accumulation  and  depletion.  Fundamental

learning  algorithms,  such  as  Hebbian  learning,  can  be
implemented in these simple nanoconfined structures. Leveraging
nanoconfined effects to develop ion-based computational systems
lays  the  groundwork  for  bio-inspired  computing  on  aqueous
electrochemical  chips.  Meanwhile,  chemical  synapses  transmit
signals  via  ion  flux  driven  by  neurotransmitters,  offering
inspiration  for  neuromorphic  systems.  For  example,  MOF
nanoconfined  channels  modified  with  2,3,6,7,10,11-hexaim-
inotriphenylene  (Cu-HITP)  and  2,3,6,7,10,11-hexahydroxy-
triphenylene  (Cu-HHTP)  produced  nanofluidic  synapses  with
opposite charges. These synapses exhibited enhanced or inhibited
ion  signaling  behaviors  regulated  by  glutamate  (Glu).  The
introduction  of  glutamate  oxidase  (GluOx)  catalyzed  the
conversion  of  Glu  into  electroactive  H₂O₂,  enabling  selective
chemical  recognition  by  the  oppositely  charged  synapses.
Increasing  Glu  concentration  resulted  in  distinct  ion  signaling
behaviors  (Fig. 13(c))  [70].  These  nanofluidic  synapses
demonstrated plasticity and Hebbian learning, offering a blueprint
for  future  applications  in  nanofluidic  computing  and  brain-
machine interfaces.

The  precise  control  of  ion  transport  and  information  storage
within  nanoconfined  spaces  imparts  iontronic  memristors  with
flexible  and  tunable  performance,  distinguishing  them  from
traditional  resistors  that  depend  on  electron  transport.  This
unique  capability  positions  iontronic  memristors  as  promising
candidates  for  next-generation  computing  and  memory
technologies. 

5.3.2    Iontronic diodes and transistors
Iontronic  logical  components,  including  iontronic  diodes  and
transistors, regulate ion movement within nanoconfined spaces or
electrochemical  environments  to  perform  logical  functions.  An
iontronic diode is a one-way ion transport device that permits ions
to  flow  in  one  direction  while  blocking  them  in  the  opposite
direction,  similar  to  an electronic  diode's  electron flow.  Iontronic
diodes  rely  on  asymmetric  nanostructures  or  electrochemical
gradients  to  induce  ionic  rectification.  This  rectification  effect  is
influenced by external fields or applied voltage, which control ion
migration  through  a  membrane  or  nanostructured  material.  The
ion  flow  asymmetry  can  be  achieved  by  manipulating  surface
charge, nanoconfined spaces,  or creating concentration gradients.
These properties make iontronic diodes suitable for applications in
ionic rectification, energy harvesting, and ion-based logic circuits.
Iontronic  transistors,  on  the  other  hand,  use  ions  to  modulate
charge  carriers  within  a  device.  Similar  to  electronic  transistors,
iontronic transistors rely on ion transport through a nanoconfined
channel  or  electrochemical  system.  An ionic  gate,  typically  made
of  a  material  that  conducts  ions  (e.g.,  polymer electrolyte  or  gel),
controls  the  ion  flow  between  two  electrodes  or  regions.  By
altering  the  ion  concentration  or  distribution  with  a  voltage,  the
gate  modulates  ionic  current,  much  like  how  a  conventional
transistor controls electron flow. Iontronic transistors are integral
to  sensing,  actuation,  signal  amplification,  and  bioelectronic
devices,  including  brain-machine  interfaces,  where  ionic  currents
naturally facilitate signaling.

Selective  gated  ion  transport,  akin  to  diodes  and  transistors  in
electronics, can be achieved by manipulating surface charge within
nanoconfined  spaces.  Xia  et  al.  developed  a  multivalent  ion-
responsive  symmetric  hourglass-shaped  polycarbonate  (PC)
nanopore  that  exhibits  high  ionic  rectification  ratios  (ICR)
(Fig. 14(a)) [143]. In this device, two reservoirs are separated by a
nanopore filled with KCl and potassium ferricyanide (K₃Fe(CN)₆).
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Under  negative  voltage,  Fe³+ ions  adsorb  onto  the  nanopore
surface,  reversing  the  surface  charge  and  resulting  in  an  "OFF"
state.  This  surface  charge  asymmetry  leads  to  high  ICR  ratios,
which  increase  with  the  concentration  of  multivalent  ions.
Additionally, pH-responsive ion gating can simulate the behavior
of biological membranes. Block copolymers (BCP) form carboxyl
groups  in  nanochannels  upon  UV  irradiation,  while  AAO
membranes,  prepared via  etching,  exhibit  hydroxyl-rich,  uniform
channels  with  diameters  ranging  from 10  to  200  nm (Fig. 14(b))
[144].  When  a  BCP  film  is  placed  on  an  AAO  membrane,
asymmetric  organic-inorganic  hybrid  nanochannels  are  formed.
By adjusting the solution pH between 3 and 11, the surface charge
state  of  the  nanochannels  changes,  enabling  ion  rectification
behavior. Without the BCP film, this ion gating behavior is absent.
Ion  gating  behavior  can  also  be  realized  using  graphene  ion
transistors  (Fig. 14(c))  [113].  In  the  absence  of  voltage,  hydrated
ions  are  blocked  due  to  their  size  exceeding  the  nanoconfined
channel height, resulting in an "OFF" state. Applying a gate voltage
alters  the  surface  potential  of  the  graphene  layer,  switching  the
system  to  an  "ON"  state  by  permitting  ion  permeation.  Beyond

unidirectional  rectification,  Reed  et  al.  introduced  a  field-effect
reconfigurable  iontronic  transistor  controlled  by  asymmetric  or
double-split  gates  (Fig. 14(d))  [27].  Sequential  surface  treatments
with 3-glycidoxypropyltrimethoxysilane and ethanolamine reduce
the  native  surface  charge  of  SiO₂  nanoconfined  channels.  By
applying  a  voltage  of  +1  or –1  V  to  asymmetric  gate  electrodes,
bidirectional  ion  rectification  can  be  achieved.  This  dual-gate
system  enables  precise  control  over  ion  transport  direction  and
rectification degree.

In contrast to ion diodes, which depend on stimulus-responsive
properties,  reconfigurable  iontronic  transistors  provide
independent,  digitally  programmable  control  over  ion  and
molecule  transport.  These  transistors  hold  significant  promise  as
key components for the large-scale integration of ion logic circuits. 

5.4    Iontronic filter capacitors
The  capacitor’s  ability  to  filter  out  ripples  in  a  circuit  can  be
attributed  to  its  charge  and  discharge  behavior,  which  forms  the
essential basis of its filtering function. When the capacitor charges,
it  can store more charge,  causing the voltage across the capacitor

(a)

(b)

(c)

Figure 13    Experimental study of the memristive effect in nanofluid devices. (a) Ionic memristors utilizing gel electrolytes. Reproduced with permission from Ref. [6],
© Hou, Y. et al 2021. (b) Ionic memristors fabricated from molybdenum disulfide or activated carbon materials. Reproduced with permission from Ref. [23], © Robin,
P. et al. 2023. (c) Glu-mediated MOF nanofluidic synapses. Reproduced with permission from Ref. [70], © American Chemical Society 2024.
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to  gradually  rise,  which  helps  smooth  voltage  fluctuations  and
reduce  noise.  When  the  input  voltage  drops,  the  capacitor  can
release  the  stored  charge,  which  helps  compensate  for  the
instantaneous  voltage  drop,  thereby  maintaining  a  stable  output
voltage.  Iontronic  filter  capacitors  represent  a  new  class  of
capacitors  that  exploit  the  synergistic  interaction  between  ionic
and  electronic  charge  transport  to  deliver  enhanced  filtering
performance, particularly in high-frequency applications.

Efficient ripple filtering in iontronic capacitors depends on the
rapid  transport  of  ions  within  nanoconfined  channels  at  the
electrode-electrolyte interface,  enabling superior signal  processing
and  noise  reduction.  For  instance,  Miller  et  al.  synthesized
vertically  oriented  graphene  nanosheets  directly  on  heated  nickel
(Ni)  substrates  using  chemical  vapor  deposition  to  serve  as
electrodes  for  iontronic  filter  capacitors  (Fig. 15(a))  [33].  These
electrodes  feature  EDL-enhanced nanoconfined spaces  and high-
density  active  sites,  which  significantly  reduce  ion  and  electron
transport resistance. This results in improved performance at high
frequencies,  with  the  iontronic  filter  capacitor  showing  a  much
better  impedance  phase  angle  at  high  frequencies  (at  120  Hz,
phase  angle  = –82°)  compared  to  commercial  electrolytic
capacitors.  This  makes  it  a  promising  alternative  to  traditional
aluminum  electrolytic  capacitors  for  filtering  applications.  In  a
similar  vein,  Shi  et  al.  developed  an  ultrahigh-rate  iontronic
capacitor  based  on  nitrogen-doped  holey  graphene  (NHG)  thin
films  (Fig. 15(b)).  The  hierarchical  holey  nanoconfined  structure
of  the  NHG  films  facilitates  rapid  H+ ion  transport,  leading  to

enhanced ion movement within the electrodes. These NHG-based
iontronic  filter  capacitors  exhibit  high  areal  (478  μF·cm−2)  and
volumetric  (1.2  F·cm−3)  capacitance,  ultrafast  ion  transport,  and
excellent  frequency  response  (at  120  Hz,  phase  angle  = –81.2°)
[145],  making them well-suited for  AC line filtering applications.
Iontronic capacitors can also be fabricated using electrochemically
rGO films with fewer defects as electrodes (Fig. 15(c)) [146]. These
electrodes  feature  a  3D  interconnected  porous  nanoconfined
structure  that  enhances  ion  dynamics  within  the  electrolyte,
maintaining  excellent  filtering  performance  even  under  high-
frequency scanning (at 120 Hz, phase angle = –81.2°). To further
improve  frequency  response,  PEDOT  :  poly(styrenesulfonate)
(PEDOT:PSS)  is  used  as  a  binder  to  connect  rGO  nanosheets,
forming  a  highly  conductive  network  for  iontronic  capacitors
(Fig. 15(d))  [147].  This  conductive  network  enables  rapid  ion
transport within the nanoconfined space, resulting in a high ionic
current  and  an  ultrahigh  frequency  response  (at  120  Hz,  phase
angle  = –81.41°)  with  outstanding  filtering  performance.
Additionally, a multi-layer carbon tube (MLCT) framework serves
as  a  high-performance  electrode  (Fig. 15(e)).  By  controlling  the
number  of  carbon  tube  layers,  the  density  of  nanoconfined
channels  is  increased,  achieving  a  specific  capacitance  of
3.08  mF·cm−2 and  a  phase  angle  of –80.1°  at  120  Hz.  The  high
density,  orientation,  and  integrity  of  the  carbon  tube  array
facilitate the rapid transport and distribution of H+ ions, imparting
excellent  capacitance  and  frequency  response.  As  a  result,  ripple
signals  are  effectively  filtered,  yielding  a  smooth  output  [73].  To
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Figure 14    Rectification effect of iontronic diodes and transistors achieved through external field. (a) Iontronic diodes realized based on symmetric hourglass-shaped
PC nanopores. Reproduced with permission from Ref. [143], © American Chemical Society 2019. (b) Rectification of iontronic diodes achieved through pH-controlled
surface charge of nanoconfined structures. Reproduced with permission from Ref. [144], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2016. (c) Schematic
diagram of a voltage-gated device based on a graphene nanoconfined channel. Reproduced with permission from Ref. [113], © Xue, Y. et al. 2021. (d) Gate-controlled
behavior  of  iontronic  transistors  realized  by  controlling  the  gate  voltage  of  a  graphene  nanoconfined  structures.  Reproduced  with  permission  from  Ref.  [27],  ©
Macmillan Publishers Limited 2011.
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further  enhance  filtering  performance,  Qu  et  al.  proposed  an
electric  field  enhancement  strategy  to  promote  ion  migration
within  both  electrode  materials  and  the  electrolyte.  Using
femtosecond  lasers,  channels  are  precisely  cut  into  the  electrode
(Fig. 15(f)),  increasing the  interaction between electrode channels
and  ions.  This  facilitates  rapid  ion  transport,  resulting  in  a  low
series  resistance  of  39  mΩ·cm−2 at  120  Hz  [72].  The  lightweight
design  of  these  capacitors  enables  easy  integration  into  circuit
boards  for  AC  filtering  applications.  As  integrated  circuits
advance,  filtering  capacitors  face  increasing  demands  for  high-
power  and  high-temperature  performance  (e.g.,  >100  °C  in
monitoring  electronics).  A  vertically  oriented  graphene  ion  gel
electrode has recently been developed for ultrafast electrochemical
capacitors  (Fig. 15(g))  [148].  The  vertical  graphene  nanochannels
enable rapid ion transport, achieving a phase angle of –80° at 120
Hz. Additionally, the ion gel allows stable filtering of arbitrary AC
waveforms  at  temperatures  up  to  150  °C.  To  meet  the  needs  of
multi-scenario  applications,  Qu  et  al.  also  reported  a  filtering

capacitor  capable  of  operating  at  200  V  without  compromising
performance.  This  capacitor  utilizes  acid-treated  PEDOT  films
and  electrochemically  reduced  graphene  oxide  (ErGO)  sheets  as
the positive and negative electrodes, respectively (Fig. 15(h)) [149].
Both  materials  offer  high  conductivity  and  porous  structures,
facilitating  rapid  ion  and  electron  transport  with  excellent  EDL
capacitance.  At  120  Hz,  the  capacitor  achieves  a  phase  angle  of
–82°  and  effectively  filters  ripple  at  200  V,  demonstrating  its
suitability for various high-performance applications.

Iontronic filter capacitors leverage ultrafast ion transport within
nanoconfined  channels,  introducing  a  novel  mechanism  distinct
from traditional capacitors that depend solely on electronic charge
movement.  By  utilizing  ion  migration  within  electrolytes  or
nanostructured  materials,  these  capacitors  achieve  enhanced
capacitance  and superior  signal  filtering  performance.  The  ionic-
electronic  coupling  inherent  in  iontronic  capacitors  enables
effective  high-frequency  signal  filtering,  significantly  reducing
ripple  and  noise  while  ensuring  energy  efficiency.  Their  unique

(a) (b)

(c)

(e)

(g) (h)

(f)
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Figure 15    Ultrafast  ion  transport  within  the  nanoconfined  channel  is  used  for  capacitor  filtering.  (a)  Graphene  iontronic  filter  capacitors  with  line-filtering
performance. Reproduced with permission from Ref. [33], © Miller, J.  et al.  2010. (b) Ultrafast iontronic filter capacitors based on nitrogen-doped porous graphene
films  for  line  filtering.  Reproduced  with  permission  from Ref.  [145],  ©  American  Chemical  Society  2016.  (c)  Iontronic  filter  capacitors  based  on  electrochemically
reduced graphene oxide for line filtering. Reproduced with permission from Ref. [146], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2017. (d) Iontronic
filter capacitors based on highly conductive graphene films for line filtering. Reproduced with permission from Ref. [147], © The Royal Society of Chemistry 2018. (e)
Iontronic filtering capacitors based on a multilayer carbon tube framework. Reproduced with permission from Ref. [73], © The Royal Society of Chemistry 2018. (f)
High-performance filtering capacitor enabled by the electric field enhancement strategy. Reproduced with permission from Ref. [72], © Hu, Y. et al 2023. (g) Ultrafast
iontronic  filter  capacitors  based  on  graphene  ion  gel.  Reproduced  with  permission  from  Ref.  [148],  ©  Wiley-VCH  GmbH  2022.  (h)  Electrochemical  reduction  of
graphene oxide as the iontronic filter capacitor’s negative electrode to achieve high-frequency filtering. Reproduced with permission from Ref. [149], © Wu, M. et al.
2019.
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tenability,  achieved  by  modifying  electrolyte  composition  and
electrode materials, further allows for precise optimization tailored
to  advanced  applications,  such  as  signal  processing  in  Central
Processing  Units  (CPUs).  This  adaptability,  combined  with
exceptional  high-frequency  response,  reduced  energy  losses,  and
improved operational stability, positions iontronic filter capacitors
as  a  transformative  alternative  to  conventional  capacitors,  paving
the  way  for  advancements  in  power  management,  signal
processing, and flexible electronic systems. 

6    Conclusion and perspectives
Nanoconfined  iontronics,  inspired  by  biological  ion  channels,  is
redefining  electronics  by  offering  complementary  and  distinct
functionalities  that  traditional  electronics  cannot  achieve.  By
precisely  regulating  ion  transport  within  nanoscale  structures,
iontronics introduces a paradigm shift in how we understand and
harness  ion  dynamics.  This  review  highlights  the  significant
advances  in  understanding  the  EDL  in  nanoconfined  spaces,
tracing  the  evolution  from  foundational  EDL  models  to  the
development  of  0D  to  3D  nanomaterials.  These  materials,  with
their  enhanced  ion  dynamics  driven  by  overlapping  EDL  effects,
form  the  cornerstone  of  next-generation  iontronic  devices.  The
integration of external  physical  fields,  such as electric fields,  light,
heat,  and  pressure,  along  with  chemical  fields  like  pH  variations
and  concentration  gradients,  has  allowed  for  increasingly  precise
control  over  ion  transport,  broadening  the  applications  of
iontronics.  These  innovations  have  driven  advancements  in
energy  conversion,  sensing,  logic  circuits,  and  high-frequency
filtering. Unlike conventional electronic systems, iontronic devices
offer unparalleled advantages,  such as biocompatibility,  flexibility,
environmental  adaptability,  low  power  consumption,  and
multifunctionality.  With  their  ability  to  interface  with  biological
systems and function under  diverse  conditions,  iontronic  devices
are poised to revolutionize fields like wearable technology,  brain-
machine  interfaces,  neuromorphic  computing,  and  renewable
energy  harvesting,  offering  new  capabilities  beyond  the  reach  of
traditional electronics.

Despite  significant  advancements,  nanoconfined  iontronics
faces several challenges that must be overcome to enable broader
application  and  commercialization.  The  scalability  and  cost-
effectiveness of fabricating nanoscale iontronic devices remain key
obstacles  due  to  the  complexity  of  current  manufacturing
processes.  The  development  of  efficient,  one-step  synthesis
methods  is  crucial  for  large-scale  production.  Additionally,
enhancing  the  flexibility  and  stretchability  of  nanoconfined
materials is  essential  to meet the increasing demand for wearable
and  implantable  devices.  A  deeper  understanding  of  anomalous
ion transport mechanisms in nanoconfined spaces is also needed.
Integrating  in  situ  characterization  techniques  with  advanced
simulations,  such  as  finite  element  analysis,  molecular  dynamics,
and  density  functional  theory,  can  provide  valuable  insights  into
these  processes.  Moreover,  ensuring  long-term  stability  and
durability under extreme conditions, including high temperatures,
varying  pH,  and  mechanical  stress,  is  critical  for  practical
applications. The integration of multiple iontronic logic units into
complex  systems  remains  a  challenge,  requiring  scalable
architectures  for  integrated  circuits  to  advance  ion-based
information  processing  and  neuromorphic  computing.  Lastly,
addressing  the  environmental  impact  and  sustainability  of
iontronic  devices  is  imperative,  particularly  for  applications  in
water  desalination,  pollutant  detection,  and  renewable  energy.  In

perspective,  unlocking  the  full  potential  of  nanoconfined
iontronics  will  position  it  as  a  transformative  technology  that
redefines traditional electronics. By enabling the precise control of
ion transport in nanoconfined spaces, iontronics can complement
and enhance the functionalities of conventional electronic systems,
offering  distinct  advantages  such  as  biocompatibility,  flexibility,
and environmental adaptability. As this field matures, iontronics is
poised  to  revolutionize  industries  such  as  energy,  sensing,
computing, and bioelectronics, forging a new path that bridges the
gap  between  traditional  electronics  and  biological  systems.
Ultimately,  nanoconfined  iontronics  represents  a  promising
frontier  that  will  extend  the  capabilities  of  electronics,  offering
complementary  and  distinct  functionalities  that  are  currently
beyond the reach of conventional electronic technologies. 
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