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Fig. 1 Classification and structure of 2D ion conductors

U TR Y B TR

T R A R AR T YEIRARL YR
SR N 0 N T P O L Rt 1 S i
HAAT RN R AP RS KT 100 nme (145
g, o AR S AR R AT DUB R AL 22 B E AL A
JRAEK . TR RAT 2 2 99K Bt oK 2 PR 3 1] [
TYEEIE, EE A A SRS BRE
W, BT AR Rk A i R Y B
WARH . HYER TP WE AR 3 B
P25 TR = AR S, 020 B AL B s 45

[12-16]

SH 70 e B N B R DA B 2 3 LT 1) B 2 A% (B
2a)!"7 18 OB R A 18] R B T Uk s S
VAN A P NI S RPN LEAR L, R A R
B IEIE ST KR Na' iRk B BR B 0K A R 3 (E
20)", kg ) - E N KB TE R SF /T 2 45 Debye
K (Ap) I, I FE S8 38 P S T 222 M 1T P A 425 1 1
P AEH. Debye KRR TIAMRE T3R8, o
Pl Debye—Hiickel 23 2t 5120

— kBT
= e’y z'n,

HH: kg N Boltzmann H4(; e FRTHAM; z
A i 3 50 R B8 ) FRLAT AV VRO B, BS 1) Debye
K PE S A BE AR DG o Y PR AT ) I8 T B R T 2
PR, WG R BT S TR T, T F
AHIE L I B (R B ), NAKIEE i & 1%
LT A i e O TS ST RV R E R R AP SR
IRHRIFR AR AR A6 B S ik — 4k
PR32~ 8] A 1 B T s IR AL, BE SR A
T YERR I (8] N B T S

1.1 BFERE=E S

BA Y47 aEisiE i 4 S 1 ik, Hrp
PR Z AR RUBE R T8 e 30 HH A2 2 1 B8 - A Ll
(K 2c)o 425 IA KT 100 nm B, 385 RN
B E, s B i E 2 R 3 ANk
ANLEI R 8 TR, s K EKE)
A EWREZ . BRI P, G238 RN T
100 nm B, 52X A JZ(EDL)FH (5 Fiig i Nex
b= (A R AR A2 A, 24 RTINS 2 nm I, 2%
HILE T RUONVAFE, FSEEEM RS T8, @il
FrReEE, AARZ T TFENRMRE F223
B P AED 2,

IbAh, BE5Rm mFE AR T, DURE
A ## A van der Waals JJ3E[RIVEH], L RIGT 58
THER I BT8R, 8t
B, XA EER, RS iR
R TR 4% B T AR B, 0 T BRI BT R AU
TSHEMEI R CEE., B 3 s W LW Z4E T
SR SHEFE BN LE . H TMPC (Ternary
Transition Metal Phosphorous Chalcogenides)’N =7t
EE R &Y, AAEMEDY CdPS;, LISA
(Layered ionic supramolecular aggregation) A2 IR &
Tl T RS2 7 B0 il 2 T EH
H A BETE B IR A RL), AR R R A -
HIFRER(TALP), IXELH1E J5 428 Y R4 g2,

(1)



+ 1494 - CRERR R 2540 J Chin Ceram Soc, 2025, 53(6): 1492—1509 2025 4
Reconstruction creates continuous  Vertical ‘
channels for ions transport & (;‘, ss0€e /T }
: L e
L B = o
RS
Horizontal £ . A L r(' \\
transport 2 D& X K+
;,?,<,0
AZ » HO
e

lon flow is mainly along the sheets but can flow across them at defects

(a) Ion flow in a layered film with a 2D nanochannel array!'”!

(b) K* channels on cell membranes!'”!

i' Bjerrum length
] Debye length
(. SR | 100 nm 1 i
1A 1 nm 2 nm r
t
Q:g; cllm Nanoconfinement Bulk free
transport diffusion
'\. =4 1= ( )
O FPPRETTNNR%% | % o ®
— o Sl po [ of

( )

(c) Interactions and transport mechanisms between ions in various scale systems
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Fig. 4 Ion gating, ion rectification, ion selectivity and high ion flux in 2D confined space
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Table I  Channel size and ionic (H, Li’, Na") conductivity of 2D ion conductors

Materials Typical channel size/A Li* conductivity/(mS-cm™") Na' conductivity/(mS-cm™) H' conductivity/(mS-cm™) Reference
GO >78 173.8 1.36x10™" 10° [88, 121-122]
VMT =153 7x10° 1.75 4x107! [124-126]
COF 3345 7.2x107 2.68x10° 1.98x107 [29, 66, 127-128]
HOF ~4.1 22x107 1.2x10™ [31, 129, 140]
MOF 73-82 7.3x10™" 2.1x10™ 1.7x10°° [36, 131-133]

SE ik membrane with high proton conductivity enabled by Cd vacancies[J].
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Extended Abstract

Two-dimensional (2D) ion conductors have demonstrated significant advantages in applications such as water treatment,
bio-medical, catalysis, energy storage and conversion. The confinement structure of 2D ion conductors provides an ideal platform for
studying ion-transport behaviors at nano/angstrom-scale. When the size of the 2D channel is less than 100 nm in at least one direction,
the size confinement effect and surface charge of the 2D channel can regulate ion flow, creating nanofluidic transport. This
surface-charge-controlled ion transport shows many different properties (e.g. ultrahigh ion conductivity and selectivity) from bulk
solutions.

The nanofluidic ion transport has been observed in biological channels (e.g. transmembrane protein on the cell) and natural
layered materials (€.9. vermiculite and mica), and gained extensive research interest. To finely control the structure, research attempts
have been made to synthesize artificial 2D ion conductors, which are typically achieved by "top-down" and "bottom-up" methods.
These artificial 2D ion conductors are normally restacked 2D materials with extrinsic nanofluidics or lamellar crystal materials with
intrinsic nanofluidics. Artificial 2D ion conductors can be categorized into three types, including inorganic (e.g. graphene), organic
(e.g. covalent organic frameworks), and organic-inorganic hybrid ion conductors (metal-organic frameworks). The nanofluidics in 2D
nanochannels originate from the interactions between ions and surface charge. When the spatial size of nanochannels is comparable to
those of solvated ions, the ions can be partially or fully desolvated to separate solvent molecules and ions. When ions transport in the
nanofluidic channels, ions with the same charge of surface charge on the inner wall can be repeled by the electrostatic force, which
leads to unipolar ion transport with high flux. By contrast, ions with the opposite charge will be attracted to suppress their transport.
Such ion transport within 2D nanoconfined spaces can create unusual phenomena that are distinct from bulk solution, including ion
gating, ion current rectification, selective ion conduction, and ultrahigh ion flux. This review also summarizes key factors influencing
nanofluidic ion transport in 2D ion conductors and strategies for regulation, which can be achieved by adjusting internal interlayer
spacing and surface chemistry of 2D materials, as well as external field regulation of the confined space.

Benefiting from the studies of nanofluidic mechanisms, the development of 2D ion conductors is rapid in applications where
separation and conduction play critical roles. The application can be classified into three types. The first type is the separation of ions
and water molecules, which is mainly used for seawater desalination and water purification to promote efficiency and low energy
consumption. The second type is the separation of ions with different valences and sizes, which is crucial for ion separation and
extraction of high-value elements (e.g. lithium). The third type is accelerating the ion transport of cations or anions, which is one of
the keys to determining the rate capabilities in devices for energy conversion (e.g. osmotic energy conversion and photoelectric
conversion) and energy storage (€.9. supercapacitors and batteries).

Summary and Prospects Although research on nanofluidics and applications of 2D ion conductors has made significant progress
in recent years, there are still several critical challenges from theoretical to practical perspectives. The differences in the size,
tortuosity and surface chemistry of parallel and perpendicular nanochannels in 2D ion conductors can lead to increased overall
resistance. For instance, restacked 2D membranes usually show fast horizontal ion transport but significantly hindered ion transport
across the vertically restacked layers of membranes. It is thus interesting to investigate perpendicular 2D nanofluidic channels
constructed by using novel materials and fabrication methods, particularly introducing the external fields (e.g. magnetic and electrical)
as an optimal fabrication strategy in the future. To enhance the consistency of nanofluidic ion flow, the connection precision of



5355 6 ERET % BT SENfER « 1509

diverse 2D nanochannels may be modified by vertical pre-alignment of 2D nanosheets to minimize the tortuosity. The electrical
double layer (EDL) model is critical to drive the nanofluidics. In previous studies of EDL, the ions are usually simplified as point
charges. However, in such narrow nanochannels, the size of ions should not be neglected, as it could directly influence the ion
distribution in the EDL and hence the interactions to regulate nanofluidics. To gain a deep insight into ion transport behaviours in 2D
nanochannels, it is crucial to obtain a precise geometric structure, EDL structure as well as various surface properties, such as
roughness, hydrophilicity and the distribution of surface charge. Using advanced characterization methods combined with precise
theoretical calculation can provide invaluable insights into how to control nanofluidic ion transport. For instance, combining
electrochemical quartz crystal microbalance with density functional theory can effectively monitor the ion transport and mass
exchange processes in 2D ion conductors. In-situ Raman spectroscopy could be used to record the surface chemistry of the inner walls
of 2D nanochannels during ion transport, which helps to further clarify the mechanism. Moreover, the ultrahigh ionic conductivity of
2D ion conductors presents a promising avenue for boosting new technologies, such as solid-state batteries, but issues related to the
stability and compatibility of the interface between 2D ion conductors and electrodes should be addressed. Finally, scaling up the
production of 2D ion conductors is vital for real-world applications in various devices.
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