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Metal-organic frameworks (MOFs) are emerging as promising alternatives for proton-conductive
materials due to their high porosity, large surface area, stability, and relatively low cost. Among these,
copper-based MOFs (Cu-MOFs) stand out with unique advantages, including open metal sites, variable
valence states, and strongly electrophilic Cu centers. In this review, we discuss recent advances and
developments in the use of Cu-MOFs as proton-conductive materials, with a particular focus on their
application as proton exchange membranes (PEMs). We introduce the most common strategies
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employed to date and review the key features that have contributed to the construction of efficient
proton transport pathways in Cu-MOFs. Additionally, we review PEMs fabricated via direct thin-film
deposition or as mixed-matrix membranes (MMMs) incorporating Cu-MOF fillers. Finally, we address the
challenges that must be overcome in the coming years to develop more robust Cu-MOFs and to create
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1. Introduction

Fuel cells have garnered attention as advantageous energy
conversion technologies due to their ability to convert chemical
energy into electrical energy efficiently. Compared to combus-
tion engines, fuel cells produce lower or even zero emissions of
regulated pollutants. Consequently, they are considered for
applications across diverse fields, including transportation,*?
distributed energy generation systems,”” and portable electro-
nic devices.*” Among the fuel cell technologies currently
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more efficient thin films and Cu-MOF-based MMMs.

developing, those utilizing solid-phase electrolyte membranes
show the most promise. Proton-exchange membrane fuel cells
(PEMFCs), which use H,, methane, or methanol as fuel, are
particularly prevalent due to their production of water vapor as
the only byproduct. Direct methanol fuel cells (DMFCs), a
subset of PEMFCs specifically using methanol as fuel, are
especially suited for portable devices.®’

The core of these fuel cell technologies is the proton-
exchange membrane (PEM), placed between two porous
carbon-based electrodes that contain metal nanoparticles, such
as platinum, which serve as catalysts for electrochemical reac-
tions (see Fig. 1(a)). The primary function of the PEM is to
facilitate proton transport from the anode to the cathode while
electrons travel through an external circuit to the cathode.'®""
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Two crucial properties of the PEM are paramount: (i) its
ability to transport protonic species such as H', H;0", and
NH,", which dictates proton conductivity (¢), depending largely
on the concentration and mobility of proton carriers, and (ii)
the activation energy (E,) required for proton transport, which
depends on the transport pathway. Depending on the magni-
tude of the activation energy, the proton transport mechanism
can be classified into two categories: (i) the vehicle model, in
which proton carriers move like vehicular entities with higher
activation energy (>0.5 eV), and (ii) the Grotthuss model,
characterized by lower activation energy (<0.5 eV), where
protons hop through hydrogen bonds (H-bonds).'*™** The
Grotthuss transport, generally conducted by H-bonds between
the water molecules, is preferable since the low activation
energy correlates with efficient proton conduction at low tem-
peratures. Therefore, incremental water content in the PEM
under low humidity conditions is one of the primary considera-
tions for enhancing the performance of proton conductivity by
forming H-bonds.

Among commercially available PEM materials, Nafion—a
copolymer comprised of a hydrophobic backbone of perfluor-
oethylene with randomly distributed hydrophilic sulfonic acid
groups—exhibits high proton conductivity (0.1 S cm™') at low
temperatures.'® Recently, several polymers, such as perfluoro-
sulfonic acid (PFSA),'® sulfonated polyphenylene (SPP),’” and
poly(2,3,5,6-tetrafluorostyrene-4-phosphonic acid),"® with improved
proton conductivity, mechanical strength, and temperature
resistance have newly been developed. However, Nafion-based
PEMs suffer from limitations such as excessive swelling and
water loss at high temperatures, high production costs, and low
durability, which have hindered their broader application in
PEMFCs.'*?° As a result, substantial research efforts have been
directed toward exploring novel proton-conductive materials
with superior proton transport capabilities.

Crystalline porous materials have attracted significant interest
as promising candidates for proton-conducting applications.
Metal-organic frameworks (MOFs), composed of metal ions or
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metal-oxo clusters coordinated with organic linkers, have emerged
as particularly noteworthy materials for PEMs due to their
ability to be precisely engineered to meet specific criteria for pore
size and the chemical environment by selecting suitable
metal ions®?*> and organic linkers with appropriate lengths,
3 and functional groups.***® Their substantial void
spaces facilitate the incorporation of proton-conducting media
such as water,® non-volatile acids,”” and protic organic molecules
or ions,”®*® thereby enhancing conductivity. The high crystallinity
of MOFs, characterized by long-range order, theoretically offers
uninterrupted pathways for proton transport, which is crucial for
understanding and modeling proton conduction mechanisms
within porous materials.***" Historically, after first reported by
Kanda et al. in 1979,%* the MOF proton conductivity has begun to
be intensively studied with copper dithiooxamidate.>* Then, the
research has been broadly expanded to other MOFs comprised of
various metal ions, such as zinc,** chromium,®® cerium,*® and
iron,*” giving rise to much progress on the topic. Nevertheless, we
focus this review on the copper-based metal-organic frameworks
(Cu-MOFs) due to Cu’s natural abundance (60 ppm in Earth’s
crust),®® its cost-efficiency, and Cu-MOFs’ specific physicochem-
ical features such as redox activity, high specific surface area, and,
in certain instances, the potential presence of open metal
sites.>*™? These characteristics, combined with their structural
diversity, have positioned Cu-MOFs as promising materials to use
as PEMs in fuel cells.

Pioneering studies on Cu-containing proton-conductive
coordination polymers, assembled with disubstituted dithioox-
amide linkers, demonstrated proton conductivities ranging
from 107® to 10°* S em™* at 27 °C under water vapor-
saturated air conditions.**™** In the study, it was postulated
that an H-bonds network between free water molecules, nitro-
gen/sulfur atoms, and -OH groups within the MOF framework
facilitated efficient proton conduction. Although these initial
studies did not provide a comprehensive understanding of the
proton transport mechanism, significant advancements have
been made in the field of Cu-MOFs as proton conductors:
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Fig. 1 (a) Fuel cell construction and proton transport strategies. Proton transportation can be designed in four different strategies: (1) introducing

polyoxometalate (POM) in a pore or as a metal cluster, (2) coordinating protic solvent molecules with hydrogen bonds, (3) functionalizing the ligand
which can form hydrogen bonds (nitrogen in azole) or acidic functional group which provides the proton (sulfonic acid or sulfonate group), and (4)
incorporating polymer which has an acidic functional group such as sulfonated poly(ether ether ketone), SPEEK. (b) Proton exchange membrane (PEM)
can be fabricated in two ways: thin film membrane and mixed-matrix membrane (MMM). (c) Thin film membrane conductivity is related to single-crystal

conductivity, while mixed-matrix membrane stands for polycrystalline conductivity.

diverse functionalities have been incorporated to enhance
proton transport capacity, highly stable frameworks have been
engineered, and insights into conduction mechanisms have
been partially elucidated.

This highlight aims to delineate the progress in leveraging
Cu-MOFs as proton conductors for fuel cells, structured
into two main sections. The first section focuses on single-
crystalline and poly-crystalline Cu-MOFs and their efficacy as
proton-conducting materials. This section is subdivided into
four subsections based on the modifications made to enhance
hydrophilicity and facilitate proton transport: (1) the incorpora-
tion of polyoxometalates (POMs) into the pores, (2) the
inclusion of H-bond-forming guest molecules such as protic
solvent molecules, (3) functionalization of organic linkers
capable of forming H-bonds or containing acid groups, and

3584 | Chem. Commun., 2025, 61, 3582-3600

(4) incorporating polymers with acidic functional groups, such
as sulfonate poly(ether ether ketone) (see Fig. 1(a)).

While MOFs have shown potential as proton exchange
membranes, their micron-scale sizes and brittleness present
challenges for their industrial application. The second main
section introduces the MOF fabrication methods with two
strategies to overcome these challenges and thereby enhance
the properties of fuel cell membranes (see Fig. 1(b)). (1) The
first strategy involves growing Cu-MOFs as thin films on a
membrane, which arranges proton conduction pathways and
reduces grain boundaries—key obstacles to proton mobility.
(2) The second strategy involves fabricating composite materials
with proton-conductive polymers as mixed-matrix membranes
(MMMs), providing proton transport pathways between MOF
crystals through the polymer matrix. Each method relates to two

This journal is © The Royal Society of Chemistry 2025
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different approaches for measuring proton conductivity: single-
crystalline conductivity and polycrystalline conductivity (see
Fig. 1(c)). Single-crystalline conductivity provides an intrinsic
property measured with an individual crystal, reflecting its
inherent ability to conduct protons. By contrast, polycrystalline
conductivity is measured after packing the crystals into a pellet,
which differs from single-crystalline conductivity. Thus, distin-
guishing the conductivity based on the measurement method is
crucial for evaluating their suitability as fuel cell membranes.
The final section offers an overview of the findings and presents
ideas and recommendations for advancing the development and
understanding of these promising materials.

2. Proton conductivity in single- and
poly-crystalline copper MOF

2.1. Polyoxometalate-incorporated MOFs

Polyoxometalates (POMs) are self-assembled polyatomic clusters
containing transition metal oxo-anions with well-defined con-
nectivity. Due to their oxygen-enriched surfaces, POMs can serve
as relay centers in proton conduction, and their strong Brensted
acidity allows them to provide abundant protons readily.**™*
However, the water solubility and structural instability of POMs
hinder their direct use in proton-exchange membrane fuel cells
(PEMFCs). Therefore, strategies that exploit their advantageous
properties while improving their stability are required, such as
immobilizing POMs in porous materials or constructing more
stable frameworks using them.

One approach to enhance the stability of POMs is to use
organic linkers that covalently or coordinatively bond with
MOFs, serving as connecting agents instead of metal clusters.
For example, using a Cu(u)-Schiff-base cation and a 1D chain
[Cu(DMF),(SiW1,040)],>" to form a 3-dimensional network
with hydrophilic cavities (see Fig. 2(a)).*® This material exhibited
moderate conductivity, reaching 5.94 x 10™* S em™" at 100 °C
under 98% RH, primarily due to constrained intergrain proton
transfer. A previous study which exploits different strategies
reported a Cu-MOF with polyoxomolybdate connecting nodes
(CuzMosP,), where water molecules coordinated to the Cu
center, forming a one-dimensional channel with a conductivity
of 2.2 x 107> S em ' at 28 °C under 98% RH.>° However, the
conductivity decreased above 42 °C as water molecules were
dislocated from the 1-D channel. Later, Keggin anions
[PM1,040]>” (M = Mo or W) were employed as bidentate linkers
to assemble Cu-MOFs based on 2,2'-bipyridyl-3,3’-dicarboxylic
acid (Hpbpdc), specifically [H{Cu(Hbpdc)(H,0),}»(PM120.0):
nH,0],, as reported by Duan and his group.>® The resulting
one-dimensional hydrophilic channels, lined with water mole-
cules H-bonded to oxygen atoms of the polyanion or the H,bpdc
linkers, provided suitable pathways for proton conduction
(Fig. 2(b)). The maximum conductivity for these materials,
measured at 100 °C under 98% RH, was 1.25 x 107° S cm™*
for [H{Cu(Hbpdc)(H,0),},(PM0;,040)-nH,0], and 1.56 X
107 S em ' for [H{Cu(Hbpdc)(H,0)s}»(PW1,040)-nH,0],,

This journal is © The Royal Society of Chemistry 2025
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although the loss of water molecules above 100 °C caused a
drop in conductivity of up to six orders of magnitude at 150 °C.

POMs as connecting agents for copper-pyridine complexes
have also been investigated. Zhang and coworkers developed
two POM-based frameworks: H,[Cu,OL3(H,0),][Ce(L)(H,0)3(PW;;-
030)]-17H,0 and H,[CuL,],[Ln(H,0);(PW,;030)],-28H,0 (L = 4,4'-
bipyridine).> These frameworks connect [Ln(PWy;030)]'” with
copper-bipyridine complexes, forming a 3D structure by stacking
2D layers (Fig. 2(c)). The proton conductivity increased from
3255 x 10 S em ! to 3.175 x 10°* S em ™' as temperatures
increased (Fig. 2(d)), with proton transport activation energy
calculated as 1.445 eV at lower temperatures and 0.456 eV at
higher temperatures than 55 °C. Both regions exhibited higher
activation energy than 0.4 eV, indicating a vehicle-type proton
transport mechanism, as the authors claimed. PXRD patterns
demonstrated that the framework retained its structure even after
exposure to humid conditions, supporting the notion that incor-
porating POM enhances stability.

Incorporating POMs as guest entities into MOF pores is
another viable strategy to improve stability. Wei and colleagues
reported the preparation of a proton-conducting MOF,
[{Cu,(dpdo)12{H(H20),7(CH3CN)1, {PW15,040}3], (With dpdo =
4,4'-bipyridine-N,N'-dioxide), where [PW1,040]’~ was hosted
in the MOF cavities along with a large number of water
molecules.”® The material achieved a maximum conductivity
of 1.25 x 10°* S em™" at 100 °C under 98% RH, with an
endothermic dissociation process of H'(H,0),, clusters yielding
an activation energy of 0.82 eV. Lun and coworkers synthesized
four polynuclear coordination polymers with POM coordination
into the pores, one of which was a copper-based MOF with
trinuclear Cus(OH) subunits (Fig. 3(a) and (b)).>* This Cu-MOF
exhibited the highest proton conductivity with the value of
3.05 x 107> S em™ " at 25 °C and 98% RH, with high thermal
(retaining its structure up to 300 °C) and hydrolytic stability.
By the way, increasing the temperature to 85 °C resulted in
an increased proton conductivity with the value of 2.57 x
107" S em™ %, and the subsequent incorporation of Nafion into
the Cu-MOF under the same conditions further increased
the conductivity up to 1.28 x 107> S em ™', implying that the
synergetic interaction between MOFs and Nafion allows the
formation of reconfigurable hydrogen bonds, which enhance
proton transfer.

First envisioned as heterogeneous catalysts for hydrolysis of
esters, Liu and colleagues evaluated NENU-3 (HKUST-1 loaded
with phosphotungstic acid) as a proton-conducting material.>”
The introduction of H3;PW;,0,, improved the retention of
water molecules in the pores of HKUST-1, even at 90 °C.
Consequently, proton transfer was facilitated, and the activa-
tion energy was reduced to 0.41 eV in NENU-3 (vs. 0.69 eV in
HKUST-1), and conductivity increased to 4.76 x 107> S cm ™" at
90 °C under 70% RH (refer to the fact that the conductivity of
pristine HKUST-1 was 1.08 x 10~ ® S em™ " under same conditions).
Inspired by these results, authors sought to further improve the
conductivity of NENU-3 by exchanging Cu-coordinated water
molecules with isonicotinic acid (Ina), which could act both as a
proton donor and H-bonding acceptor, as pictured in Fig. 3(c).

Chem. Commun., 2025, 61, 3582-3600 | 3585
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(a) View of the 2D organic—inorganic composite layer with hydrophilic cavities from the "ABAB" packing arrangement of the metal-Schiff-base

cations and 1D organic—inorganic anionic chains along the ac plane. Cu, O, Si, N and W are represented as cyanine, red, green, blue and yellow,
respectively. Reproduced with permission from ref. 49, Copyright 2014, Wiley, VCH. (b) View of the 3D [{Cu(Hbpdc)(H50),}»{PM15040}" " unit with 1D the
hydrophilic channels (pink circles) along the a axis. Reproduced with permission from ref. 51, Copyright 2013, Wiley, VCH. (c) The structure of the 1D
chain in 1; and the view of the 3D framework structure in 1. Polyhedral codes: WOg, blue; POy, yellow. (d) Nyquist plots for 1 at different temperatures at

98% RH; reproduced with permission from ref. 52, Copyright 2021, Royal Society of Chemistry.

Proton conductivity in NENU-3-Ina reached 1.81 x 10 *S cm ™"
at 90 °C under 70% RH, and its E, was 0.36 eV. Later, when
instead of Ina, imidazole (Im) was loaded in NENU-3 to give
Im@NENU-3, conductivity improved by an order of magnitude
1.82 x 1072 S em™* at 90 °C under 70% RH, which could be
maintained up to 12 h, as investigated by Ye and coauthors.>®
Notably, they found that the strategy followed for loading the
Im had a huge effect on the conductivity of the resulting
material, as schematized in Fig. 3(d). When Im was loaded
in a pristine NENU-3, with water molecules coordinated to
the Cu center to obtain ImM@NENU-3, it resulted in a high

3586 | Chem. Commun., 2025, 61, 3582-3600

concentration of free imidazole molecules in the pores. Thus,
the proton conductivity was two orders of magnitude higher
than that of Im-loaded activated NENU-3 (Im-Cu@NENU-3a),
where Im was coordinated to Cu centers and in a lesser amount
than Im@NENU-3. This result manifested that forming an
extended H-bond network (promoted by a high concentration
of free imidazole and water molecules, as illustrated in
Fig. 3(e)—(j)) was indispensable to reach good proton conductiv-
ities. Although the conductivity of In@NENU-3 was higher
than that of previously reported NENU-3-Ina, the activation
energy of In@NENU-3 was slightly higher (0.57 eV).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Summary of the structure of NENU-530: (a) ball-and-stick representation of the packing arrangement of staggered 2D sheet-like structure in
NENU-530. (b) The 3D framework of NENU-530. Reproduced with permission from ref. 54, Copyright 2016, Wiley, VCH. (c) Schematic of the proton-
conducting pathway constructed by POMs, Ina and water molecules arranged alternately in the nano-channels. Reproduced with permission from
ref. 55, Copyright 2014, Royal Society of Chemistry. (d) Comparison of the one- and two-step synthesis of the proton conductors Im@(NENU-3) and Im-
Cu@(NENU-3a), and their corresponding proton conductivities. BTC ligand and the paddle-wheel Cu, units in Im-Cu@(NENU-3b) (e) and NENU-3 (f).
The cuboctahedral cage B in Im-Cu@(NENU-3b) (g) and NENU-3 (h) are fabricated by the BTC ligands and the Cu, units, and with the different pore
spaces and window sizes with much more free imidazole molecules inside the pore spaces of NENU-3. (i) Speculative pathway of the proton conduction
for Im-Cu@(NENU-3a) based on single crystal X-ray data showing the actual positions of the absorbed water molecules within the structure.
(j) Schematic view of the possible proton-conductive pathways in Im@(NENU-3). Water molecules are shown in violet or red. Red arc arrows show
the protons hop along hydrogen-bonding networks. Red dashed arrows represent transport of protons through self-diffusion of protonated water.
(Guest molecules and H atoms are omitted for clarity.) Reproduced with permission from ref. 56, Copyright 2017, American Chemical Society.

The inclusion of POMs in Cu-MOFs has resulted in moder- proton-conduction pathway. However, its moisture retention
ate enhancement of proton conductivity, as summarized in ability is enhanced by its high hydrophilicity and water capture
Table 1. No significant differences in structure and proton- ability, and it conducts enhanced proton conductivity in rela-
conducting properties were observed between these com- tively low humid conditions and high temperatures. Notably,
pounds, implying that metal in the POM is irrelevant to its both compounds retained water molecules up to 100 °C;

Table 1 Summary of proton-conductivities of Cu-MOFs incorporating POMs

Material c(Sem™) E, (eV) Temperature (°C) % RH Ref.
[{Cus(L),(H,0),{Cu(dmf),(SiW;,040)}-9H,0],* 5.94 x 10°* 0.32 100 98 49
Cuz;Mo,P, 2.2 x 107° 0.23 28 98 50
[H{Cu(Hbpdc)(H0),}»(PM0;50.40)-nH,0],, 1.25 x 1073 1.02 100 98 51
[H{Cu(Hbpdc)(H,0),}2(PW,,040)-nH,0], 1.56 x 1072 1.02 100 98 51
P
[{Cu,(dpdo),{H(H,0),5(CH;CN),,}(PW1,040)31) 1.25 x 10~* 0.82 100 98 53
NENU-3 476 x 107° 0.41 90 70 55
NENU-3-Ina 1.81 x 10 0.36 90 70 55
HKUST-1 1.08 x 10°° 0.69 90 70 55
Im@NENU-3 1.82 x 1072 0.57 90 70 56

4 L = N,N'-bis[(2-hydroxy-3-methoxyphenyl)methylidene]hydrazine hydrate.

This journal is © The Royal Society of Chemistry 2025 Chem. Commun., 2025, 61, 3582-3600 | 3587
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however, activation energy was exceptionally high (1.02 eV)
among the POM-Cu-MOFs reviewed. The insertion of POMs in
Cu;(BTC), (BTC = benzentricarboxylate; also referred to as
HKUST-1) to produce NENU-3 improved its proton conductivity;
however, the best values were obtained for NENU-3 loaded with
additional H-bond-forming entities like isonicotinic acid (Ina)
or proton carriers like imidazole (Im). Of the eight materials,
only IN@NENU-3 was evaluated for long-term proton conduc-
tivity (12 hours), successfully demonstrating its structural sta-
bility by using PXRD measurements.

2.2. Incorporating protic guest molecules

Encapsulation of guest molecules was one of the strategies
explored to study and enhance proton conductivity in MOFs.
Our group reported a conceptual example that proton conduc-
tivity could be tuned by changing the coordinating solvent
molecules at Cu(n) centers in HKUST-1.>” While protic solvent
molecules residing in the pores of HKUST-1 typically form a
simple H-bond network without proton conduction, coordinating
water molecules at Cu centers trigger forming the H-bond net-
work to transfer protons and thereby transform it into a con-
ductive one. Although water is generally a poor proton donor, its
acidity increases when coordinated to a transition metal center,
enabling it to donate protons to pore-filling protic solvent mole-
cules such as methanol (MeOH), as shown in Fig. 4(a) and (b).
Consequently, the conductivity of H,O-loaded HKUST-1 (H,0-HK)
reached 1.5 x 107> S cm™ " at room temperature under a MeOH
atmosphere. Moreover, the acidity of the coordinated molecules
plays a decisive role in proton conduction: low-acidic solvent
molecules (MeOH or EtOH) do not provide sufficient protons to
impact conductivity significantly (Fig. 4(c)).

Building on this concept, Khatua and coworkers explored
the effect of various guest molecules in the pores of MOFs. They
employed a Cu(1)-MOF with a V-shaped flexible terpyridine-
based linker [{(C44H4509Cu,l,),} O (DMF)(MeCN)] and loaded
different molecules such as H,O, MeOH, dimethyl sulfoxide
(DMSO), N,N’-dimethylformamide (DMF), diethylamine (DEA),
nitrobenzene (NB), 1,4-dinitrobenzene (DNB), pyridine (py),
and 1H-1,2,4-triazole (tz).”® Under anhydrous conditions, the
conductivity was negligible without guest molecules. However,
conductivity improved significantly under humid conditions
(95% RH), exceeding 10> S em™ " for several combinations,
including  [{(C44H4500Cu,15),} D W(H,0)(DMF)],  [{(C14H4500-
Cu,l,),} ONB], [{(C44H4506CU,1,),} DDNB],  [{(CasH,504Cu,-
L).opyl, and [{(C44H4g00Cu,L,),} otz]. The highest values
were observed for [{(C44Ha300Cu,l,),} D (H,0)(DMF)] (1.89 x
1072 S em ™! at 65 °C) and [{(C44Hys00CU,1,),} Dtz] (2.89 x
107 S em ™! at 80 °C) (Fig. 4(d)).

The correlation between proton conductivity and the species of
solvent molecules highlights the importance of H-bonds, particu-
larly involving water molecules, in achieving high conductivity.
Zhang and colleagues proposed that a MOF with linkers contain-
ing a high proportion of oxygen (O) and nitrogen (N) atoms could
retain adsorbed water molecules even at reduced RH, thereby
maintaining good conductivity.>® The authors prepared an ionic
Cu-based MOF using 4-carboxypyrazole (Cpz) as a linker,
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Fig. 4 (a) Illustrations of the HKUST-1 structure in a two-dimensional
view along the (100) direction. (b) HKUST-1 nodes with the Cu-
paddlewheel environment and qualitative representations of proton trans-
fer from Cul(i) centers coordinated with water and ethanol. (c) Proton
conductivities of H,O-HK, pristine-HK, EtOH-HK, MeCN-HK, MeOH-HK,
and bulk MeOH under a MeOH or n-hexane atmosphere as indicated.
Reproduced with permission from ref. 57, Copyright 2012, American
Chemical Society. (d) Bar diagram representation of the proton conduc-
tivities of the activated complex [1] and its guest-incorporated adducts.
Reproduced with permission from ref. 58, Copyright 2016, Wiley, VCH.

specifically NH,[Cu;(OH)(C4H,N,0,);] (hereafter CuCpz), an anio-
nic framework built from Cus(pn;-OH) bridges connected by Cpz
linkers (Fig. 5(a)-(c)). This framework could absorb up to 385
water molecules per unit cell at 25 °C due to the presence of
hydrophilic atoms (Cu(m), O, and N) and counter cations (NH,").
Remarkably, during desorption, water contents remained at 385
water molecules per unit cell until the relative humidity dropped
to 40%. The conductivity of CuCpz reached 2.45 x 10> Scm ' at
100% RH, and it only decreased to 1.26 x 10> S cm™ ' when RH
was lowered to 43%. Notably, to achieve 1.26 x 107 ° S cm™ " at
43% RH, CuCpz needed to be saturated with water before

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Schematic diagrams of CuCpz. (a) Cus(us-OH) clusters in CuCpz;
(b) accessible window apertures of the cage structure; and (c) unit cell. All
NH,* ions in the pore and the hydrogen atoms of the ligands are omitted
for clarification. The Cu, O, N, and C are shown in cyan, red, blue, and gray,
respectively. (d) Proposed holding effect scheme of the hydrophilic atoms
in the CuCPz pores for enhancing the proton conductivity at reduced RH.
Reproduced with permission from ref. 59, Copyright 2022, American
Chemical Society. (e) Tunnel in the 3D anionic [Cuz(mtz)4]~ framework
of 1 with schematic guest water molecules. Red and purple balls present O
and H atoms, respectively. The green, yellow bar highlights the proton
pathway. Reproduced with permission from ref. 64, Copyright 2021,
American Chemical Society.

reducing the RH. When the RH was directly set to 40% from a dry
state, conductivity was significantly lower at only 1 x 10" °Sem ™,
indicating that the abundance of hydrophilic atoms created a
robust H-bond network that helped retain water molecules as
humidity levels decreased (Fig. 5(d)).

Due to the small size of guest molecules relative to the large
pore space, substantial disorder among the filling molecules
was observed, making it challenging to establish clear correla-
tions between conductivity and interactions among guest mole-
cules, the host framework, and proton carriers. To improve the
molecular ordering within the framework, the addition of
functional groups to the linker that can form strong H-bonds
with water molecules in the pores is a viable approach. For
example, Gil-Hernandez and colleagues utilized a mesoxalate

This journal is © The Royal Society of Chemistry 2025
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linker to build two anionic Cu-MOFs [(H30){Cu,(Hmesox)s-
(H,0),}-9H,0], and [(NHy)¢(H30)o.4{Cu,(Hmesox)s(H,0),}-
11H,0], (mesox = mesoxalate), which contains carboxylate and
hydroxyl groups to stabilize water molecules.®® In these frame-
works, conductivity arose from cations (H;0" and NH,") located in
the pore space alongside crystallized water molecules. Despite the
presence of different cations, the conductivity did not significantly
differ between these materials: both showed nearly identical proton
conduction behavior, reaching maximum conductivity at 23 °C
under 100% RH (6.5 x 10> S cm™ ') and decreasing by three orders
of magnitude after heating to 85 °C, in which conditions water loss
occurred, disrupting the H-bond network.

In a subsequent study, Gil-Hernandez and coworkers investi-
gated the impact of different cations on the proton-conducting
properties of three new mesoxalate-based Cu-MOFs: (H;0)-
[Cug(Hmesox)s(H,0)sCl]-8H,0, (NHMe,) 4(H30)0.6[Cus(Hmesox)e-
(Hy0)6Cl-:8H,0, and (enH,)y.s(enH); s[Cus(Hmesox);(mesox)-
(H0)6Cly5]Cly 55.25H,0 (NH,Me, = dimethylammonium, enH,,
enH = ethylenediammonium).®® Unlike their previously
reported materials, the conductivity of all three new MOFs
increased as the temperature increased up to 80 °C, showing
the highest conductivity (1.87 x 107> S cm™ ") at 80 °C under 95%
RH for (enH,)y.s(enH), s{Cus(Hmesox);(mesox)(H,0)eCly5]Clo s
5.25H,0. This improvement in conductivity was attributed to three
main factors: (1) a greater number of coordinated water molecules
compared to the other two compounds; (2) stronger interactions
between crystallized water molecules and the framework, which
assists in retaining water molecules at higher temperatures; and
(3) in (enH,)y15(enH); s[Cus(Hmesox);(mesox)(H,0)sClo 5]Clo 5+
5.25H,0, the mesoxalate was fully deprotonated, supplying an extra
proton carrier to maintain charge neutrality and thereby, resulting
in proton carriers three times more than in (H;O)[Cuo(Hmesox)e-
(Hy0)6Cl]-:8H,0 and (NH,Me;)o.4(H30)0 6| Cug(Hmesox)s(H,0)sCl]:
8H,0. These findings highlight the importance of both the number
and nature of proton carriers in determining conductivity.

Improving the concentration and ordering proton carriers
further enhances conductivity.°®®” One effective approach
involves incorporating biomolecules, such as amin