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Metal–organic frameworks (MOFs), owing to their tunable pore environments and abundant hydrogen-
bonding sites that enable the formation of continuous transport pathways, are widely regarded as 
promising candidates for proton-conducting material. Despite extensive research, most efforts have been 
devoted to bulk forms, such as powders and single crystals, which are hindered by long diffusion path-
ways, random orientation, and limited processability, thereby restricting their intergration into device. 
Recent progress in fabricating high-quality MOF membranes has addressed these challenges, while pre-
serving high proton conductivity. Although notable progress has been achieved, a systematic review of 
proton-conducting MOF membranes remains absent. In this review, we present a comprehensive over-
view of proton-conducting MOF membranes, encompassing design strategies, conduction mechanisms,
systematic classification, representative fabrication approaches, and their application. Particular empha-
sis is given to their broader application landscape, extending beyond proton exchange membrane fuel
cells to include light-controlled protonic devices, proton sensors, protonic field-effect transistors, and
proton rectifiers. By consolidating advances and outlining remaining challenges, this review aims to clar-
ify design principles and guide future research toward integrating MOF membranes into next-generation
protonic technologies.
© 2025 Science China Press. Published by Elsevier B.V. and Science China Press. All rights are reserved,

including those for text and data mining, AI training, and similar technologies.
1. Introductio n

Metal–organic frameworks (MOFs) [1–3], also known as porous 
coordination polymers (PCPs) [4–6], are crystalline materials 
formed by the self-assembly of metal ions or clusters with organic 
ligands. Their highly ordered network structures endow them with 
key features such as high crystallinity, tunable porosity, and well-
defined internal channels. Through rational selection of metal
nodes, organic ligands, and their coordination modes, MOFs can
be tailored with customized structures and functions, supporting
their wide applicability in catalysis [7–11], sensing [12–15], gas 
storage [16–20], and molecular separation [21–24]. Notably, their 
tunable pore environments, abundant hydrogen-bonding sites,
and ability to form continuous and ordered proton transport path-
ways make MOFs particularly well-suited for proton-conducting
applications [25–27]. Specifically, incorporation of proton carriers 
such as water or phosphoric acid into MOF pores facilitates the for-
mation of extended hydrogen-bonded networks, enabling efficient 
proton migration via both Grotthuss and vehicle mechanisms.
These characteristics open new possibilities in advanced protonic
devices, including proton exchange membrane fuel cells (PEMFCs)
[28–31], protonic field-effect transistors (H+-FETs) [32,33], hydro-
gen sensors [34–36], and proton separation technologies [37,38]. 

Research into MOFs as proton conductors can be traced back to 
1979, when Kanda et al. [39] reported proton conductivity in a 
two-dimensional (2D) (HOC2H4)2-dtoa-H2 structure. This pioneer-
ing work laid the foundation for exploring crystalline porous 
frameworks as solid-state proton conductors. Over the following 
decades, advances in MOFs have enabled the precise design of 
frameworks with optimized pore environments, tailored 
hydrogen-bonding networks, and controllable guest incorporation,
ing, and
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leading to remarkable performance improvements. In the past dec-
ade, several MOFs have achieved proton conductivities exceeding
0.1 S cm−1 [40–42], placing them among the best-performing 
solid-state proton conductors. These achievements have firmly 
established MOFs as a versatile and high-performance platform
for proton conduction, stimulating efforts to adapt them into more
application-oriented material formats.

Early studies on proton-conducting MOFs primarily focused on 
bulk forms such as powders or single crystals [43–47]. While valu-
able for fundamental studies, these formats are often unsuitable 
for practical integration into devices due to poor mechanical stabil-
ity, uncontrolled crystal orientation, and inefficient interfacial con-
tact. The fabrication of MOF membranes has been investigated
since the early 21st century [48], offering a promising route to 
overcome these challenges. However, their potential for proton
conduction was not widely recognized until 2013 [49], largely 
due to difficulties in achieving dense, continuous, and well-
ordered membranes—qualities that are critical for efficient proton 
transport. Well-structured MOF membranes provide multiple 
advantages, including controlled pore orientation, reduced trans-
port resistance, enhanced mechanical durability, and compatibility
with integrated device fabrication—all of which are essential for
practical protonic applications [50,51]. As a result, research inter-
est in proton-conducting MOF membranes has surged in recent 
years. Previous reviews have largely focused on MOF-based 
mixed-matrix membranes (MMMs) and their performance in 
PEMFCs. Nevertheless, an overarching review addressing proton-
conducting MOF membranes as an integrated topic is still lacking,
and such a comprehensive summary is urgently needed to consol-
idate current knowledge and accelerate further development in
this field.

This review systematically summarizes recent progress in 
proton-conducting MOF membranes, with an emphasis on conduc-
tion mechanisms, fabrication strategies, structural classifications, 
and emerging device applications. It also outlines key challenges
and future directions to guide continued progress in this research
field.
2. Conduction mechanisms and design strategies of proton-
conducting MOFs

2.1. Conduction mechanisms of proton-conducting MOFs

Proton conduction in MOFs is primarily governed by two dis-
tinct yet often coexisting mechanisms: the Grotthuss mechanism
Fig. 1. Schematic illustration of the Gr
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[52] and the vehicle mechanism [53]  (Fig. 1). The Grotthuss mech-
anism, also referred as proton hopping, involves the rapid hopping 
of protons along a continuous hydrogen-bonded network. This 
pathway typically originates from the water molecules or 
hydrogen-bonding functional groups (e.g., -OH, -NH2, -SO3H) 
within MOF channels. In this mechanism, protons are transported 
between adjacent donor and acceptor sites without involving the
mass transport of the molecules themselves. It is characterized
by low activation energy (Ea) (typically < 0.38 eV), reflecting effi-
cient long-range proton migration. In crystalline MOFs featuring
confined, quasi-one-dimensional water clusters—such as those
observed in UiO-66 [54] and MIL-53 series [55,56]—the Grotthuss 
mechanism often dominates under humid conditions, particularly 
at relative humidity (RH) levels above 60%.

In contrast, the vehicle mechanism entails the physical diffusion 
of protonated species—such as hydronium (H3O+ ), ammonium 
(NH4 

+ ), or imidazolium-based carriers—through the MOF pores. This 
diffusion-driven process typically exhibits higher activation energy 
(typically > 0.38 eV) and is limited by steric hindrance within the
MOF framework as well as the viscosity of the carrier environment.
MOFs with larger pores or hydrophobic internal surfaces, such as
HKUST-1 [57] or ZIF-8 [58], often favor this mechanism, especially 
under low-humidity or high-temperature conditions where
hydrogen-bond networks are insufficiently developed.

The prevailing conduction mechanism in a given MOF is deter-
mined by the interplay between its structural features and operat-
ing environment. Rather than being strictly exclusive, Grotthuss-
and vehicle-type processes often coexist, with their relative contri-
butions shifting according to pore hydrophilicity, connectivity of 
hydrogen-bond networks, humidity, and temperature. Under-
standing this relationship provides clear design guidelines: tailor-
ing pore topology to promote continuous hydrogen-bond chains,
introducing functional groups to increase proton donor density,
confining mobile carriers without excessive steric hindrance, and
exploiting framework flexibility to enable dynamic rearrangement
of conduction pathways. Such strategies have yielded MOFs with
proton conductivities exceeding 10−2 to 10−1 S cm−1 under ambi-
ent or humidified conditions [59–61]. 

Temperature-dependent electrochemical impedance spec-
troscopy (EIS) [62] is commonly employed to distinguish between 
conduction mechanisms, with activation energies derived from 
Arrhenius plots. Complementary techniques—such as quasi-
elastic neutron scattering (QENS) [63], solid-state nuclear mag-
netic resonance (NMR) [64], and molecular dynamics (MD) simula-
tions [65]—offer molecular-level insights into proton dynamics 
within the MOF channels.
otthuss and vehicle mechanisms.
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2.2. Design strategies of proton-conducting MOFs

Building on the structure and mechanism correlations dis-
cussed in Section 2.1, the inherent structural tunability of MOFs 
allows for a variety of rational design strategies aimed at enhanc-
ing proton conductivity. These approaches operate by modulating
both the intrinsic framework characteristics and the local proton
transport environment (Fig. 2). Five representative and intercon-
nected strategies can be summarized as follows: (i) ligand func-
tional group modification: incorporating hydrophilic groups such 
as -OH, -NH2 and -SO3H into MOF ligands promotes hydrogen-
bond formation, enhances water adsorption and facilitates efficient
proton hopping [66]. (ii) Metal center modulation: employing 
high-valence or highly polarizable metal centers increases frame-
work polarity and hydration ability, thereby promoting the gener-
ation and migration of proton carriers [67]. (iii) Defect regulation: 
introducing structural defects—such as deprotonated hydroxyl 
groups or missing linkers—can create additional proton sources 
or create open sites, facilitating the formation of complex
hydrogen-bond networks and extra proton conducting pathways
[68]. (iv) Counterion introduction: designing MOFs with charged 
frameworks and introducing mobile protonic counterions (e.g., 
H3O+ ,  N  H4

+) increases the carrier concentration and supports ion-
pair-based proton transport [69]. (v) Injection of functional guest 
molecules: doping MOF pores with acidic guest molecules (e.g., 
HCl, H2SO4) can directly supply protons and improve conductivity.
However, this requires MOFs with high chemical and hydrolytic
stability to prevent structural degradation [70]. 

Applied either individually or in synergy, these strategies 
enable fine-tuning of conduction pathways and precise control 
over the balance between Grotthuss and vehicle mechanisms. By 
embracing such mechanism-oriented design, researchers have 
realized MOFs that exhibit stable and high proton conductivity 
under ambient or humidified conditions. This progress not only
highlights the versatility of MOFs as tunable proton conductors
but also demonstrates that their practical integration into next-
generation protonic devices is most effectively realized through
thin-film architectures. The following section therefore summa-
rizes representative methods for fabricating suchMOFmembranes.

3. Main methods for the fabrication of MOF membranes

A variety of strategies have been developed for fabricating MOF 
membranes to meet requirements in porosity, thickness, crys-
tallinity, and mechanical stability. Representat ive approaches
include in situ growth, layer-by-layer (LbL) assembly, electrochem-
ical deposition, MMM, and melt-quenching methods [71]. These 
methods provide versatile routes to tune membrane properties 
and expand their applicability in functional applications, with pro-
ton conduction being one of the most actively explored directions.
Fig. 2. Schematic illustration of design str
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In situ growth is among the most widely used strategies, relying 
on direct nucleation and crystallization of MOFs on substrate sur-
faces. This approach can be carried out under solvothermal or
hydrothermal conditions (Fig. 3a), or through vapor-assisted and 
diffusion-limited processes. It is relatively simple and broadly 
applicable, typically producing membranes with strong adhesion 
and high crystallinity, which in turn favor ordered transport path-
ways. A representative example is the MOF-801 membrane, which
demonstrated compact film formation with well-intergrown crys-
tallites and uniform surface coverage, enabling efficient proton
transport and reliable impedance-based sensing performance
[72]. Nevertheless, precise control over thickness and large-area 
uniformity remains difficult, and membrane quality is strongly 
influenced by substrate. For proton conduction, the presence of
well-defined crystalline domains facilitates directional proton
transport, whereas uncontrolled growth may introduce defects or
grain boundaries that increase resistance.

The LbL method involves the sequential deposition of metal 
ions and organic linkers, driven by electrostatic interactio ns,
hydrogen bonding, or coordination chemistry. Typically conducted
via dip coating method (Fig. 3b), this approach allows precise con-
trol of membrane thickness and orientation. Its modular nature 
facilitates the incorporation of functional groups and complex 
architectures. A limitation, however, is that the process requires 
careful parameter control, which may complicate scaling-up. Nev-
ertheless, these practical challenges do not undermine its advan-
tages for proton conduction, as LbL membranes often exhibit
high orientation and tunable hydrophilicity—both of which
enhance proton transport efficiency—as exemplified by the Cu2(F2-
AzoBDC)2(dabco) membrane [73]. 

Electrochemical deposition, especially anodic deposition, is a 
powerful technique for fabricating MOF membranes on conductive
substrates under externally applied electric fields (Fig. 3c) [74]. For 
example, Li et al. [75] successfully grew a Zn-based MOF mem-
brane directly on a zinc substrate via anodic deposition. In this pro-
cess, ligands in the electrolyte react with metal ions oxidized near 
the anode, leading to direct MOF membrane growth. This approach 
enables rapid and mild membrane formation, facilitates localized 
deposition, and supports straightforward device integration, mak-
ing it attractive for practical applications. However, membrane
crystallinity and quality are highly sensitive to deposition parame-
ters, and only conductive substrates can be used, which restricts
the applicability of these membranes to specific device configura-
tions. The resulting membranes typically form continuous, well-
adhered frameworks with controllable thickness, providing inter-
connected pathways that facilitate efficient proton transport.

Compression molding and solution evaporating casting are two 
commonly used methods for fabricating MMMs (Fig. 3d, e). In com-
pression molding, MOF particles are blended with a polymer 
matrix and then compressed into a membrane—an approach
ategies for proton-conducting MOFs.
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Fig. 3. Fabrication methods of proton-conducting MOF membranes. (a) Solvothermal/hydrothermal method; (b) dip coating method; (c) anodic deposition method; (d)
compression molding method; (e) solution evaporating casting method; (f) melt-quenching method.
successfully implemented in the PCMOF/CNC system, where strong 
filler-matrix interactions contributed to enhanced mechanical
integrity [76]. In solution evaporating casting, metal ions, organic 
linkers, and polymers are co-dissolved to allow MOFs to grow 
in situ on the polymer surface, or pre-synthesized MOF powders 
are dispersed with polymers in a solvent before solvent removal.
A representative case is the Ni-BDC/polyacrylonitrile (PAN) mem-
brane, in which pre-synthesized MOF particles were homoge-
neously dispersed within the polymer matrix through solution
evaporation [77]. Both approaches are simple, broadly compatible 
with diverse filler-polymer combinations, and capable of produc-
ing dense, well-integrated structures with improved mechanical
strength and processability. Moreover, they can accommodate high
447
MOF loadings, and functional groups on the polymer chains may 
interact with MOFs to establish efficient proton conduction path-
ways and dense hydrogen-bonding networks. Nevertheless, both 
methods face similar challenges, particularly at the MOF-polymer
interface, which may hinder proton transport, as well as difficulties
in ensuring uniform membrane formation.

The melt-quenching method, exemplified by agZW-MOF HA 
and [Zn(HPO4)(H2PO4)](ImH2)2 membranes [78,79], involves melt-
ing crystalline MOF powders at high temperatures followed by 
rapid cooling to yield amorphous glassy membranes (Fig. 3f) 
[80,81]. These membranes are mechanically robust, largely free 
of grain boundaries, and can be produced over large areas, offering 
superior processability and stability compared with their
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crystalline counterparts. The continuous, grain-boundary-free 
structure provides isotropic pathways that facilitate efficient pro-
ton transport. The main limitation of this approach is the loss of
long-range order, which reduces porosity and may restrict ion
mobility.

4. Proton-conducting MOF membranes

Since the initial report by Kanda et al. [39] in 1979 on proton 
conduction in MOFs, research in this area has expanded signifi-
cantly. Early investigations mainly focused on single-crystal and 
powder forms of MOFs, which exhibited promising intrinsic proton 
conductivity. However, the bulk form posed inherent limitations, 
including long proton transport pathways, random crystal orienta-
tion, and substantial grain boundary resistance at particle inter-
faces, which severely hinders proton transport and, consequently,
limits their practical applicability. To overcome these challenges,
increasing attention has been directed toward MOF membranes,
which offer advantages such as reduced transport resistance, tun-
able microstructures, and enhanced compatibility with device
architectures—particularly for use in PEMFCs and other advanced
protonic devices.

Proton-conducting MOF membranes can generally be catego-
rized into two major types: (i) pure MOF membranes, which 
include both substrate-supported and self-supporting formats, 
and (ii) MOF-based MMMs. Pure MOF membranes offer ordered 
conduction pathways and intrinsic structural regularity, but their 
mechanical fragility and fabrication difficulty can limit scalability. 
In contrast, MMMs provide superior mechanical robustness and 
processability, yet interfacial mismatch between MOF and polymer
phases may hinder proton transport. Therefore, the optimal mem-
brane configuration should be determined based on the intended
application, considering the trade-offs between conductivity, sta-
bility, and scalability. This section provides a comprehensive over-
view of recent progress in both types.

4.1. Pure MOF membranes

4.1.1. Substrate-supported MOF membranes
Substrate-supported MOF membranes are typically grown or 

transferred onto rigid or flexible substrates, enabling excellent 
mechanical stability and thermal resistance. These membranes 
benefit from highly ordered crystal orientation and shortened ion 
transport paths, which reduce migration resistance while main-
taining the intrinsic porosity and high surface area of MOFs. Thick-
ness and orientation can be finely tuned to optimize proton
transport.

In 2012, Kitagawa’s group [82] introduced a stamp-transfer 
strategy for fabricating highly crystalline and oriented Cu-TCPP
membranes (Fig. 4a). This system employed tetracarboxylate 
ligand (TCPP) coordinated with Cu2+ to form 2D nanosheets
stacked in an ABAB configuration via van der Waals interactions
(Fig. 4b) [49]. The nanosheets were dispersed in ethanol, assem-
bled at the air-water interface and transferred onto solid sub-
strates. The resulting membranes demonstrated a dramatic 
conductivity enhancement—from 3.2 × 10−8 to 3.9 × 10−3 S  cm−1 

as the RH increased from 40% to 98% at 25 °C, its strong
humidity-dependent conductivity originates from the Grotthuss
mechanism through a hydrogen-bonded water network. This work
provided early experimental evidence that MOF membranes can
serve as efficient proton-conducting platforms.

Shortly thereafter, in 2014, Chao and co-workers [83] developed 
a mild, salt-free in situ growth method using copper foil as both
substrate and metal source. Surface copper atoms were oxidized
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by dissolved oxygen to generate Cu2+ , which subsequently reacted 
with benzene-1,3,5-tricarboxylic acid (BTC) ligands to form dense 
HKUST-1 membranes (up to 10 × 10 cm2 in size and several 
micrometers thick). Under high humidity, the membrane exhibited 
a proton conductivity of ∼10−4 S cm−1, significantly higher than
that of HKUST-1 powder (∼10−6 S cm−1), demonstrating the clear
advantage of thin-film morphology.

In 2017, Zhang et al. [84] reported a high-porosity NENU-3 
membrane synthesized on copper foil via a one-step electrochem-
ical method. By incorporating phosphotungstic acid (PTA) into the
cage cavities of the Cu3(BTC)2 framework (Fig. 4c), they achieved a 
conductivity of 2.9 × 10−5 S  cm−1 at 40 °C and 97% RH. The 
enhanced conductivity originates from a synergistic combination 
of the Grotthuss and vehicle mechanisms enabled by phospho-
tungstic acid dopants, which act as proton carriers and form
extended hydrogen-bonding networks, thereby reducing the acti-
vation energy from 0.65 (pristine HKUST-1) to 0.38 eV. This work
demonstrated a precise and scalable route for enhancing proton
transport via guest molecule integration.

4.1.2. Self-supporting MOF membranes
Self-supporting MOF membranes—free of any substrate con-

straints—offer increased design flexibility, enhanced porosity, and 
higher surface areas, all of which are beneficial for proton trans-
port. Owing to their standalone architecture, self-supporting mem-
branes facilitate revealing the intrinsic properties of the materials,
such as flexibility and selective separation capabilities, and allow
for more versatile integration into multifunctional devices. This
opens broad prospects for applications in the energy sector and
the development of novel devices.

Kitagawa’s group [85] has developed several crystalline self-
supporting MOF membranes using vacuum filtration of exfoliated 
2D nanosheets. In 2022, they reported a Cu3TCPP membrane
(Fig. 5a) prepared by the vacuum filtration method, which exhib-
ited excellent mechanical flexibility. The proton conduction of this 
membrane shows obvious humidity dependence. When the RH 
changes from 50% to 95% the proton activity increases by five
orders of magnitude. This is because the hydrogen bond network
composed of water molecules and framework provides more pro-
ton conduction paths. In 2023, this approach was extended to
Cu-BDC (Fig. 5b) and Cu2Ni-TCPP membranes (Fig. 5c), showing 
proton conductivities of 7.2 × 10−4 and 1.3 × 10−5 S  c  m−1 at
45 °C and 98% RH, respectively [86,87]. Notably, the Cu2Ni-TCPP 
membrane (8 lm thick) retained conductivity under bending with 
a critical curvature below 1 mm—the first demonstration of
proton-conducting performance in MOF membranes under
mechanical deformation—highlighting the potential of crystalline
membranes for wearable and flexible devices.

Beyond crystalline nanosheet assemblies, amorphous MOF glass 
membranes have recently emerged as a complementary class of 
self-supporting proton conductors with distinct advantages in 
mechanical robustness. Wan and co-workers [78] developed a uni-
versal ‘‘zwitterion modification + pore acid filling + melt-
quenching” strategy to vitrify highly stable carboxylate MOFs, pro-
ducing a processable glass membrane (agZW-MOF HA) (Fig. 5d) 
with an anhydrous proton conductivity of 1.57 × 10−2 S  cm−1 at 
100 °C—nearly an order of magnitude higher than its crystalline 
precursor. Remarkably, this membrane could partially revert to 
the crystalline state upon solvent stimulation, enabling a reversible 
‘‘glass M crystal” transformation and offering a pathway toward 
recyclable proton conductors. The combination of high conductiv-
ity, stability, and reprocessability positions MOF glass membranes 
as a valuable complement to crystalline membranes for next-
generation flexible protonic technologies.

move_f0020
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Fig. 4. Representative examples of substrate-supported MOF membranes. (a) Schematic illustration of stamp-transfer method for MOF membranes; reprinted with
permission from Ref. [82], Copyright © 2012, American Chemical Society. (b) Structure and stacking mode of Cu-TCPP nanosheets; reprinted with permission from Ref. [49], 
Copyright © 2013, American Chemical Society. (c) Construction of high-porosity NENU-3 membranes and their proton conductivity; reprinted with permission from Ref. [83], 
Copyright © 2017, Elsevier B.V.

Fig. 5. Representative examples of self-supporting MOF membranes. (a) Schematic of the vacuum filtration method for preparing self-supporting MOF membranes. (b)
Vacuum filtration preparation of CuBDC self-supporting membrane; reprinted with permission from Ref. [86], Copyright © 2023, Wiley-VCH. (c) Flexural performance test of 
Cu2Ni-TCPP membrane (thickness 8 lm); reprinted with permission from Ref. [87], Copyright © 2023, Wiley-VCH. (d) Microscopic images of the melted, quenched, and 
agZW-UiO-67 MSA glass sheet; reprinted with permission from Ref. [78], Copyright © 2024, The Authors.
4.2. MOF-based MMMs

MMMs, by incorporating inorganic or inorganic/organic hybrid 
materials into a polymer matrix, overcome the poor membrane-
449
forming ability of traditional inorganic materials and the disor-
dered conducting pathways of polymer-based materials. In the 
field of proton-conducting membranes, MOFs show great potential 
as dispersed phases. However, their practical application still faces



J. Lu et al. Science Bulletin 71 (2026) 444–457
two major challenges: (1) poor interfacial compatibility between 
MOFs and the polymer matrix, which easily leads to structural 
defects that hinder proton transport; (2) high MOF loading can 
cause particle aggregation and uneven membrane structures,
thereby reducing proton conductivity. Therefore, enhancing inter-
facial interactions, improving MOF dispersion and increasing MOF
loading are key aspects in the design of MMMs.

Fig. 6 summarizes several representative strategies for con-
structing high-performance MOF-based MMMs developed in 
recent years. In 2019, Liu and his co-workers [31] proposed a 
polymer-confinement encapsulation strategy, where poly(4-
styrenesulfonate) (PSS) was precisely introduced into the three-
dimensional(3D) pore network of ZIF-8 to fabricate a PSS@ZIF-8
membrane (Fig. 6a). This method established a continuous proton 
transport network and effectively addressed the interfacial incom-
patibility between MOFs and polymer matrices. The hybrid frame-
work formed a dense hydrogen-bonding network between sulfonic 
acid groups and confined water molecules, enabling continuous 
proton-hop ping pathways and achieving a high proton conductiv-
ity of 2.59 × 10−1 S cm−1 at 80 °C and 100% RH, surpassing most
MOF-based conductors and even commercial Nafion membranes.

In 2020, Liu’s group [77] further demonstrated a fiber-
reinforced MMM fabricated via electrospinning. In this Ni-BDC/ 
PAN system, 2D MOF nanosheets were aligned along polymer
fibers to form 1D proton-conductive pathways (Fig. 6b). After 
vapor-phase loading of H3PO4 and imidazole, the resulting mem-
branes exhibited proton conductivities of 1.05 × 10−2 and 
6.04 × 10−5 S  cm−1 at 80 °C and 90% RH, respectively, significantly
improving the transport efficiency of the inorganic filler phase.

More recently, in 2023, Shimizu and co-workers [76] reported a 
PCMOF/CNC composite membrane with an exceptional ly high MOF
loading of 89 wt% (Fig. 6c). By leveraging hydrogen bonding inter-
Fig. 6. Representative structures and fabrication strategies of MOF-based MMMs. (a) Sch
mixed matrix membranes; reprinted with permission from Ref. [31], Copyright © 2019, 
transport mechanism; reprinted with permission from Ref. [77], Copyright © 2020, I
illustration of strong hydrogen bonding within the material; reprinted with permission
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actions between cellulose nanocrystals (CNCs) and the layered 
PCMOF10 structure, they successfully enhanced interfacial proton 
transport while maintaining membrane integrity. Under 85 °C 
and 95% RH, this composite membrane delivered a proton conduc-
tivity of 1.44 × 10−2 S cm−1, breaking through the long-standing
limitation of low MOF content in traditional MMMs.
5. Application of proton-conducting MOF membranes

Proton-conducting MOF membranes have attracted growing 
attention owing to their well-defined porous architectures, tunable 
functional sites, and excellent chemical and thermal stability. 
These materials offer significant advantages over conventional 
polymers and inorganic proton conductors, particularly in terms 
of structural customizability and multifunctionality. Consequently, 
their application scope has extended beyond traditional proton
exchange membranes (PEMs) to encompass proton sensors, photo-
electronic devices, protonic diodes, and H+-FETs. This section pre-
sents an overview of recent progress in MOF-based proton-
conducting membranes for emerging device applications, high-
lighting their potential to enable next-generation protonic
systems.

5.1. P EMs

As the core component of PEMFCs, PEMs serve to facilitate effi-
cient proton transport while simultaneously preventing fuel and 
electron crossover. Although Nafion remains the industry bench-
mark, its limitations—such as poor performance at high tempera-
ture and low humidity conditions, high methanol permeability, 
and elevated production costs—have driven the search for
ematic of precise polymer encapsulation within MOF pores to fabricate PSS@ZIF-8
Elsevier B.V. (b) One-dimensional nanofiber structure of Ni-BDC/PAN and its proton
OP Publishing. (c) Ultrahigh MOF loading PCMOF/CNC membrane and schematic 
from Ref. [76], Copyright © 2023, Elsevier B.V.
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advanced alternatives with enhanced stability and tunable trans-
port properties. MOF-based PEMs, especially in the form of MMMs, 
have shown considerable promise in addressing these issues. Their 
structural modularity allows for the integration of abundant
proton-donating sites and robust thermal frameworks into flexible
polymer matrices. These hybrid membranes exhibit improved
water retention, directional transport pathways and mechanical
strength.

To promote anhydrous proton conduction, Liu et al. [88] (2021) 
functionalized UiO-66 with phosphate-containing glyphosate 
ligand, introducing additional Brønsted acid sites. The modified
Fig. 7. Fabrication routes of ZIF-67 and NH-Zr MOF-based MMMs. (a) Fabrication ro
permission from Ref. [89], Copyright © 2021, Elsevier B.V. (b) Schematic illustration of N
Copyright © 2023, Springer Nature.
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MOF (1:2G-UiO-66) was incorpotated into a poly(4,4′-diphenyl 
ether-5,5′-bibenzimidazole) (OPBI) matrix to form a composite 
membrane. This hybrid system exhibited a high proton conductiv-
ity of 0.124 S cm−1 at 160 °C under dry conditions, and achieved a
peak power density of 0.725 W cm−2, significantly outperforming
Nafion under comparable similar environments.

Zhao et al . [89] prepared a ZIF-67@Nafion composite membrane 
via the in situ growth of ZIF-67 nanoparticles on polyacrylonitrile 
nanofiber mats (PAN NFMs), followed by incorporat ion into the
Nafion matrix (Fig. 7a). Strong hydrogen bonding between ZIF-
67’s amine groups and Nafion’s sulfonic acid moieties facilitated
utes of ZIF-67 NFMs and ZIF-67@Nafion composite membranes; reprinted with
H-Zr MOF hybrid membrane preparation; reprinted with permission from Ref. [90], 
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Fig. 8. Representative MOF-based proton sensors. (a) The pH responsiveness of zirconium-based MOFs; reprinted with permission from Ref. [35], Copyright © 2021, 
American Chemical Society. (b) Efficient formic acid detection using MOF-802 membrane device; reprinted with permission from Ref. [36], Copyright © 2021, American
Chemical Society.
proton hopping via the Grotthuss mechanism. The resulting mem-
brane demonstrated a proton conductivity of 0.288 S cm−1 and a 
peak power density of 0.298 W cm−2 at 80 °C and 100% RH. Addi-
tionally, methanol permeability was significantly reduced to
7.98 × 10−7 cm2 s−1, highlighting the selective barrier properties
imparted by the MOF phase.

In 2023, Zhang et al. [90] constructed a composite membrane 
by embedding NH-functionalized Zr-MOFs into a perfluorosulfonic
acid (PFSA) matrix (Fig. 7b). The -SO3H groups on the MOF frame-
work formed continuous hydrogen-bond networks, enhancing pro-
ton mobility under low-humidity conditions. Under 40% RH and 
80 °C, the composite outperformed pristine PFSA by approximately
20% in proton conductivity, achieving a maximum power density
of 0.726 W cm−2.

Further enhancements in thermal stability were achieved by Xu
et al. [91] (2024), who introduced Ce-BTC MOFs into PFSA mem-
branes. Thermogravimetric analysis (TGA) confirmed improved 
thermal decomposition profiles. The resulting composite mem-
branes exhibited continuously increasing proton conductivity with 
both temperature and MOF content, ultimately reaching a peak 
power density of 1.71 W cm−2 at 75 °C and 80% RH—substantially 
exceeding the performance of pristine Nafion. For practical opera-
tion in PEMFCs, proton-conducting MOF membranes must exhibit 
sufficient mechanical strength and dimensional stability to with-
stand hydration/dehydration cycles and external stresses encoun-
tered during device assembly and operation. In particular,
membranes should possess tensile strengths of several megapas-
cals and high resistance to cracking under humid conditions. These
mechanical properties, along with recent advances in proton con-
ductivity and interfacial engineering, will be crucial for translating
MOF-based PEMs from laboratory prototypes to durable, device-
level technologies.

5.2. Proton sensors

MOFs present unique advantages for proton sensing due to their 
structurally tunable pore environments that enable controlled pro-
ton transport, high surface area that facilitates efficient analyte 
interaction, and abundant functional sites that allow for proton-
coupled recognition events. Their rigid frameworks and well-
defined host-guest interactions enable sensitive and selective 
detection of changes in proton concentration, making them highly
suitable for pH sensing and the recognition of specific protonic spe-
cies. By incorporating specific functional groups (e.g., pyridyl, sul-
fonic acid, or carboxylate moieties), MOFs can respond to
protonation events through measurable changes in conductivity,
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fluorescence, or optical absorption—offering a robust materials 
platform for next-generation proton sensors with high sensitivity
and selectivity.

In 2021, Gao and co-workers [35] developed a zirconium-based 
MOF constructed from oxo-cluster nodes and bipyridyl-
tetracarboxylate ligands that exhibited a strong fluorescence
response to environmental pH variations (Fig. 8a). The sensing 
mechanism involved protonation of pyridyl groups, which induced 
a distinct redshift in the emission wavelength from 425 (blue) to 
510 nm (green) as pH increased. The material also exhibited 
enhanced proton conductivity under acidic conditions, demon-
strating dual-mode sensing via optical and electrical readouts.
Beyond pH monitoring, the material showed potential for gaseous
HCl gas detection, optical switching, and logic gate operation, high-
lighting the multifunctional potential of MOF-based proton
sensors.

Ren’s group [36] subsequently reported a thin-membrane 
chemical sensor based on MOF-802 for formic acid vapor detection
at room temperature (RT) (Fig. 8b). The sensing mechanism relied 
on the formation of a hydrogen-bonding network between formic 
acid molecules and surface sites on the MOF membrane, producing 
highly selective and reproducible sensing signal outputs. The sen-
sor exhibited excellent sensitivity due to the strong analyte-
framework interactions. Furthermore, after four months of ambi-
ent storage, the response-recovery curves remained indistinguish-
able from the initial measurements, confirming the outstanding
long-term stability and reliability of the MOF membrane sensor.

Building on this strategy, Ren’s group [72] fabricated MOF-801 
membrane via direct solvothermal growth on glass substrates. 
The resulting membranes were uniform and compact, enabling lin-
ear detection of formic acid over a broad concentration range 
(8.0 × 10−5 to 4.0 × 10−4 mol L−1 ). The device exhibited a rapid 
response time (∼100 s) and quick recovery to baseline upon ana-
lyte removal. Notably, repeated sensing cycles produced consistent
signal intensities and response profiles, confirming the excellent
operational stability and reversibility of the system. Over repeated
cycling, the response-recovery curves remained virtually
unchanged with negligible signal decay, underscoring the excep-
tional operational durability and repeatable performance of the
MOF-801 membrane sensor.

5.3. Light-controlled p rotonic devices

Light-controlled protonic devices represent an emerging class of 
intelligent materials that regulate proton transport in response to 
optical stimuli. By incorporating photoresponsive units—such as
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Fig. 9. Light-controlled MOF-based protonic devices. (a) Schematic structure of Cu2(F2AzoBDC)2(dabco) membrane with fluorinated azobenzene side groups; reprinted with
permission from Ref. [73], Copyright © 2018, Wiley-VCH. (b) Time-dependent impedance magnitude (|Z|) of Cu2(SP-BPDC)2 (dabco) membrane at 1 Hz; reprinted with
permission from Ref. [92], Copyright © 2020, The Royal Society of Chemistry. (c) Structure of SSP@ZIF-8 membrane and photoisomerization process of sulfonated spiropyran
within the pores; reprinted with permission from Ref. [93], Copyright © 2020, Wiley-VCH.
azobenzene or spiropyran derivatives—into MOF frameworks, 
these systems undergo reversible isomerization under specific 
light wavelengths, thereby altering molecular dipoles, steric con-
figurations, and hydrogen-bonding networks. These changes
directly influence proton conduction pathways, enabling active
modulation of conductivity through light exposure.

The use of thin-membrane configurations is particularly advan-
tageous for such systems. Membranes enhance light penetration 
and minimize scattering, while also facilitating rapid and reversi-
ble structural transformations. Additionally, they offer improved 
mechanical stability, scalability, and integration into functional
devices. As a result, the rational design of MOF-based photorespon-
sive membranes has become a key strategy for realizing pro-
grammable, light-switchable protonic systems.

In 2018, Heinke and his co-workers [73] reported the fabrica-
tion of a surface-anchored MOF (SURMOF) membrane, Cu2(F2 -
AzoBDC)2(dabco), incorporating fluorinated azobenzene side
groups (Fig. 9a). Upon visible-light irradiation, the azobenzene
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moieties undergo trans-cis photoisomerization. X-ray diffraction 
confirmed the formation of highly oriented membranes. The cis 
configuration strengthened intramolecular hydrogen bonding, 
which restricted the mobility of proton carriers and thereby 
reduced proton conductivity from 1.2 × 10−6 to 
7.9 × 10−7 S  cm−1 . This light-induced switching process was fully
reversible and could be repeated multiple times without degrada-
tion, demonstrating excellent photo-cycling stability. This study
provided a clear proof-of-concept for optically gated proton trans-
port using MOF membranes.

In 2020, Heinke’s gro up [92] developed a spiropyran (SP)-based 
MOF membrane, Cu2(SP-BPDC)2(dabco). Photoisomerization 
between the nonpolar SP and the polar merocyanine (MC) form 
significantly modulated proton conduction efficiency. In ethanol, 
the system showed a switching ratio of 20 (Fig. 9b), which 
increased to 82 in aqueous media and remained stable over 
repeated on/off cycles, demonstrating outstanding photo-
switching durability. These results highlight the advantages of
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spiropyran-functionalized frameworks over azobenzene-based 
analogs in amplifying photoinduced conductivity changes.

An alternative approach was reported by Fan et al. [93], who 
encapsulated sulfonated spiropyran (SSP) into the pores of ZIF-8
to create a hybrid membrane (SSP@ZIF-8) (Fig. 9c). This system 
achieved an ultrahigh switching ratio of 2.8 × 104 under 75 °C 
and 95% RH, with a fast response time of 5 s. Notably, this was 
the first demonstration of a light-triggered MOF protonic mem-
brane operating in a functional device, successfully driving the 
on/off switching of a light-emitting diode (LED), thereby validating
its potential for remote-controlled and optoelectronic applications.
In 2021, they further expanded the concept by embedding the
near-infrared photosensitizer indocyanine green (ICG) into the
HSB-W5 framework to form a composite membrane (ICG@HSB-
W5) [94]. Under dual-wavelength laser excitation (808 and 
405 nm), the device exhibited reversible changes in proton conduc-
tivity and was able to perform basic molecular logic operations, 
including NOT, NAND, and NOR gates. A conductivity switchin g
ratio of up to 1000 was achieved, marking the first integration of
light-controlled proton conduction with logic functionality and
paving the way for programmable MOF-based information pro-
cessing systems.

5.4. H+-FETs and proton rectifiers

H+-FETs and proton rectifiers are pivotal components in emerg-
ing protonic electronics and energy-related technologies, such as 
proton-based logic circuits, fuel cells, and bioelectronic devices. 
These devices enable the precise regulation of proton transport 
under external electric fields or directional gradients. In protonic
device architectures, MOFs stand out for their ability to combine
efficient proton transport with structural adaptability, making
them well-suited for high-performance H+-FETs and rectifiers.
Recent progress in this area has also accelerated the integration
Fig. 10. Structural design and performance of MOF-based protonic H+-FET and rectifie
concentration in Cu-TCPP active layer under different voltages; reprinted with permissio
mechanism in Cu2(CuTCPP)/Mg-Al-LDH heterostructure rectifier. (d) I-V curves of the h
Ref. [85], Copyright © 2022, Wiley-VCH.
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of MOF membranes into biointerfaces and molecular-scale
electronics.

In 2019, Bodkhe et al. [32] introduced an imidazole-
functionalization strategy to enhance the proton conductivity of 
Cu-BTC. The modified material, denoted Im@Cu-BTC, exhibited a 
proton conductivity of 1.04 × 10−4 S  cm−1 at 70 °C and was inte-
grated into an H+-FET device. The resulting device showed clear
field-effect behavior with bipolar transport characteristics, well-
regulated drain current, a threshold voltage of ∼7.0 V, and a stable
ON/OFF current ratio, establishing MOFs as viable candidates for
iontronic switching components.

In 2021, Xu and co-workers [33] developed an H+-FET based on 
a highly ordered Cu-TCPP membrane (Fig. 10a), featuring 2D 
interstitial channels composed of alternating hydrophobic and 
hydrophilic domains. This structural configuration facilitated 
anisotropic proton migration under gate modulation. Electrical 
characterization revealed pronounced field-induced conductivity 
enhancem ent. Specifically, the gate voltage increased the proton
concentration in the active layer from 0.9 × 1017 to
4.2 × 1017 cm−3 (Fig. 10b), accompanied by a proton mobility of 
9.5 × 10−3 cm2 (V s) −1 and an ON/OFF ratio of 4.1. These metrics
represent benchmark-level performance for MOF-based H+-FETs,
validating their potential in low-power protonic logic devices.

Kitagawa’s group [85] reported in 2022 an all-solid-state proton 
rectifier constructed from a Cu2(CuTCPP)/Mg-Al-LDH heter ostruc-
ture (Fig. 1 0c). Individually, the Cu2(CuTCPP) and LDH(NO3) layers 
exhibited symmetric, linear current-voltage (I-V) responses. How-
ever, the heterojunction membrane displayed pronounced rectifi-
cation behavior under 90% RH (Fig. 1 0d). When subjected to 
±10 V alternating bias, the device achieved a rectification ratio 
exceeding 200 under forward bias, representing one of the highest 
values reported to date for MOF-based ionic rectifiers. The 
rectification effect arises from asymmetric proton transport across 
the junction interface, facilitated by differing electrochemical
r. (a) Structure and working principle of Cu-TCPP-based H +-FET device. (b) Proton
n from Ref. [33], Copyright © 2021, Wiley-VCH. (c) Schematic of proton rectification 
eterostructure under varying humidity conditions; reprinted with permission from
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Table 1 
Summary of representa tive proton-conducting MOF membranes.

Compound Fabrication method Conductivity (S cm− 1) Mechanism 
(Ea (eV))

Condition 

Cu-TCPP [49] Modular assembly 3.9 × 10−3 Grotthuss 
(0.28) 

98% RH, 25 °C

HKUST-1 [83] In situ growth 6.9 × 10−4 98% RH, RT
NENU-3 [84] Electrochemical deposition 1.4 × 10−5 Grotthuss and vehicle

(0.38)
97% RH, 24 °C

Cu3TCPP [85] Vacuum filtration 3.9 × 10−3 98% RH, 25 °C
Cu-BDC [86] Vacuum filtration 7.2 × 10−4 Grotthuss and vehicle

(0.38)
wet condition, 28 °C

Cu2Ni-TCPP [87] Vacuum filtration 1.3 × 10−5 Grotthuss 
(0.2) 

98% RH, 45 °C

agZW-MOF HA [78] Melt-quenching 1.57 × 10−2 dry condition, 100 °C
PSS@ZIF-8 [31] In situ growth 2.59 × 10−1 vehicle 

(0.55) 
100% RH, 80 °C

Ni-BDC/PAN [77] Solution evaporating casting 1.05 × 10−2 vehicle 
(0.82) 

90% RH, 80 °C

PCMOF10/CNC [76] Compression molding 1.44 × 10−2 Grotthuss 
(0.33) 

95% RH, 85 °C

UiO-66/OPBI [88] Solution evaporating casting 1.24 × 10−1 dry condition, 160 °C
ZIF-67@Nafion [89] Solution evaporating casting 2.88 × 10−1 Grotthuss 

(0.13) 
100% RH, 80 °C

Zr-MOFs/PFSA [90] Solution evaporating casting 2.92 × 10−1 Grotthuss 
(0.2) 

80% RH, 100 °C

Ce-BTC/PFSA [91] Solution evaporating casting 1.95 × 10−1 Grotthuss(0.16) 100% RH, 80 °C
Zr-TCPBP [35] In situ growth 1.2 × 10−3 Grotthuss 

(0.17) 
98% RH, 68 °C

MOF-801 [72] In situ growth 2.45 × 10−3 Grotthuss 
(0.19) 

98% RH, 75 °C

Cu2(F2AzoBDC)2(dabco) [73] Dip coating 1.2 × 10−4 1,2,3-triazole-loaded, RT 
Cu2(SP-BPDC)2(dabco) [92] Dip coating 2.5 × 10−6 93% RH, RT
SSP@ZIF-8 [93] In situ growth 5 × 10−2 Grotthuss and vehicle

(0.43)
95% RH, 75 °C

ICG@HSB-W5 [94] In situ growth 1.91 × 10−4 vehicle 
(0.75) 

95% RH, 55 °C
potentials and diffusion coefficients between the two layers. Over-
all, the representative proton-conducting MOF membranes cov-
ered in Sections 4 and 5 are comparatively summarized in
Table 1, highlighting their fabrication methods, conduction mech-
anisms, and key performance metrics.

6. Conclusion and outlook

MOFs have emerged as a versatile and highly tunable class of 
materials for proton conduction, owing to their crystalline porous 
architectures, modular chemical composition, and extensive func-
tionalization possibilities. By tailoring organic linkers, metal nodes, 
and guest species, researchers have achieved precise control over 
proton transport pathways, enabling both Grotthuss and vehicle
mechanisms to be selectively modulated. Notably, the develop-
ment of stimuli-responsive MOFs—capable of dynamically adjust-
ing their conduction behavior in response to thermal, optical,
electrical, or chemical inputs—has opened new avenues for the
construction of programmable and adaptive protonic systems.

In the context of membrane technologies, the incorporation of 
MOFs into polymeric or composite matrices has proven effective 
in enhancing both proton conductivity and mechanical durability, 
particularly under challenging conditions such as high tempera-
ture and low humidity. MOF-based membranes and MMMs have 
shown substantial promise in surpassing the limitations of tradi-
tional PEMs, offering superior structural order, tunable interface
chemistry, and multifunctionality. Despite notable progress, key
challenges remain before large-scale deployment. These include
long-term structural stability under variable humidity and temper-
ature, integration with flexible or miniaturized device platforms,
scalable membrane fabrication, and maintaining high conductivity
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under low-humidity or anhydrous conditions. Addressing these 
issues will be critical for translating laboratory-scale performance
into practical technologies.

Looking forward, future research should prioritize the following 
directions: mechanistic understanding of MOF-polymer interac-
tions to guide the rational design of high-performance MMMs with 
continuous proton conduction channels and minimized interfacial 
defects; in parallel, pure MOF membranes are expected to evolve 
toward ultrathin, ordered, functionalized, and stability-enhanced 
architectures to meet device-level requirements; advanced inter-
face engineering between MOFs and ionic liquids or protic solvents
to construct hybrid systems capable of stable, anhydrous proton
transport; materials and device stability optimization under
intermediate-to-high temperature conditions, including resistance
to mechanical deformation and chemical degradation; computa-
tional modeling, defect engineering, and interface simulation are
expected to accelerate the discovery and optimization of next-
generation MOF membranes with controllable conduction
pathways.

Continued progress in these areas is expected to accelerate the 
integration of MOF-based proton conductors into real-world appli-
cations such as fuel cells, flexible/wearable electronics, and intelli-
gent sensing platforms. Ultimately, the convergence of MOF
chemistry, device engineering, and responsive functionality will
drive the evolution of next-generation protonic technologies
toward higher efficiency, adaptability, and system-level
integration.
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