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Anhydrous Solid-State Proton Conduction in Crystalline MOFs,
COFs, HOFs, and POMs
Debolina Mukherjee, Apu Saha, Subhodeep Moni, Dirk Volkmer,* and Madhab C. Das*

ABSTRACT: Strategic design of solid-state proton-conducting electrolytes for application in anhydrous proton-exchange
membrane fuel cells (PEMFCs) has gained burgeoning interest due to a spectrum of advantageous features, including higher CO
tolerance and ease in the water management systems. Toward this direction, crystalline materials like metal−organic frameworks
(MOFs), covalent organic frameworks (COFs), hydrogen-bonded organic frameworks (HOFs), and polyoxometalates (POMs) are
emerging PEM materials, offering strategic structural engineering through crystallography, thus enabling ultrahigh anhydrous proton
conductivity up to 10−2−10−1 S/cm. This Perspective highlights significant progress achieved thus far with such crystalline platforms
in the domain of anhydrous proton conduction across a wide temperature window (sub-zero to above 100 °C). Based on their
structural backgrounds, these platforms are categorized into four classes (viz. MOFs, COFs, HOFs, and POMs) with a detailed
evolutionary timeline since their emergence early in 2009. Insightful discussions with a key focus on the strategies undertaken to
attain anhydrous proton conductivity along with implementation in fuel cell technology through membrane electrode assembly are
presented. A section on “Critical Analysis and Future Prospects” provides decisive key viewpoints on those overlooked issues with
future endorsement (e.g., performance assessment with CO tolerance analysis and fuel cell test stand) for further development while
comparing them with other anhydrous platforms from both academic and industrial perspectives.

1. INTRODUCTION
Huge consumption of the global energy supply associated with
rapid urbanization, technological advancements, industrial
revolution, and population explosions has led to an abrupt
hike in the rate of energy exhaustion worldwide. Most
importantly, this rise in energy consumption is noted to be
dynamic, as emphasized in the International Energy Outlook
report from the U.S. Energy Administration in 2016 that
estimated around a 50% rise in worldwide energy consumption
in the next 30 years (by 2050).1 In order to combat such a
critical situation, a number of alternative energy sources have
emerged globally, and among them, proton-exchange mem-
brane fuel cells (PEMFCs) powered by hydrogen and oxygen
as fuels are highly promising. Such fuel cells convert chemical
energy into electrical energy and are completely detached from
the fossil fuels that are linked with the emission of toxic gases
such COx, SOx, and NOx causing environmental pollution and
harming the health of biologically diverse species.2 In
PEMFCs, solid-state proton conductors (SSPCs) play an
important role in the overall cell output efficiency by
transporting protons from anode to cathode compartments
through the proton-conducting membrane separator, which is
also known as a proton-exchange membrane or polymer electrolyte
membrane (PEM). Thus, ultrahigh proton conductivity
(preferably on the order of 10−2−10−1 S/cm) is an important
feature to make these SSPCs work as PEMs in fuel cell stacks
under varying operating conditions.3,4

Since its development in 1960, the perfluorinated sulfonated
copolymer Nafion (a product of Dupont) has served as the
industry-standard solid-state PEM material in PEMFCs,

exhibiting proton conductivity within the range of 10−2−10−1

S/cm in a narrow temperature window (70−80 °C) under
high relative humidity (95−100% RH), and branded itself as a
perfect PEM material for operation in low-temperature proton-
exchange membrane fuel cells (LT-PEMFCs) at the
commercial scale.5,6 However, several limitations, such as
continuous maintenance of high humidity levels with the aid of
external power sources, restrictions to lower operating
temperatures (<80 °C), and high cost of polymeric sheets
(the cost of Nafion 115 for a 12 in. × 12 in. × 0.005 in. sheet is
∼$956 from Sigma-Aldrich at the time of publication) due to
the requirement of perfluorination, put a set-back on its
widespread usage that interrogates the concept of sustain-
ability.6,7 Another chief detractor of this technology is the risk
of carbon monoxide (CO) poisoning of the Pt catalyst that
severely hampers the oxidation of the H2 (fuel) at the anode of
fuel cells at lower operating temperatures. CO remains present
in the H2 fuel stream as an impurity. Globally, hydrogen fuel
production (70 MMT) is accomplished by the steam
reforming of natural gas/methane (76%), coal gasification
technology (22%), and electrolysis (2%).8 The first two
processes produce a synthesis gas mixture and are followed by
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a water−gas shift (WGS) reaction to yield a H2-rich stream
containing several typical impurities, including CO, as listed in
Table 1.9,10

In addition to the above processes, steam reforming of
methanol (SRM) is a recently developed method in which the
H2 fuel is produced with fewer byproducts (only two
impurities, CO2 and CO), in the composition of H2 (74%),
CO2 (25%), and CO (1−2%).11,12 In all cases, these impurities
must be removed in order to obtain high-purity H2 for its
intended applications in fuel cells. Specifically, it is important
to note that the elimination of trace CO impurities from the
H2 stream is pertinent to hydrogen fuel cell technologies, since
even ppm levels of CO may act as a catalyst poison for the
anodic Pt catalyst and may plague the overall performance of
PEMFCs.10 For example, it has been found that, at a 100 ppm
concentration of CO, the current density of PEMFCs could
decrease by 73.76%, with severe deterioration in the cell
performance.10 This is attributed to the ease of combination of
CO impurities with the Pt catalyst through steady bond
formation. In fact, CO competes with H2 for adhering to the
catalyst surface, diminishing the reaction area between H2 and
the catalyst surface, with a consequent decrease in the current
density of the fuel cell. Another study revealed that even the
presence of 10 ppm of CO in H2 gas stream can cause a 50%
decrease in the performance of H2 fuel cells due to the close
binding of CO to the catalyst active sites that eventually lowers
the effective surface area for H2 sorption and hampers the
anodic oxidation process.9

LT-PEMFCs typically work in a maximum temperature
range of 80−90 °C under hydrous conditions (95−98% RH).
As evident from the preceding discussion, in general, at such
low working temperatures, high amounts of CO are adsorbed
on the surface of the Pt electrocatalyst that poison it. Since the
adsorption process of CO on Pt catalysts is entropically
negative, the adsorption is highly facile at lower temperatures
and disfavored at higher temperatures. Thus, the CO tolerance
of the Pt catalyst is enhanced at higher temperatures and the
rate of catalyst poisoning is reduced. Moreover, a fuel cell
operating with 40−50% efficiency at ∼85 °C is associated with
the production of huge amounts of heat (due to cathode-side
oxygen reduction reaction) that need to be liberated from the
system in order to maintain the lower working temperature.
Thus, large heat radiators and exhaust systems are required for
the operation to continue, specifically in automobile
applications.13 In addition, for the operation of these LT-
PEMFCs, an efficient water management system that can
efficiently maintain the humidity (95−98% RH) throughout
the entire duration of operation is a must that results in an
overall increase in energy investments. In fact, heat and water
management systems are the two most critical technological aspects

of PEMFC systems.14 Keeping a constant operating environ-
ment of 80−90 °C with 95−98% RH in PEM stacks (for
commercial SSPCs such as Nafion in order to attain proton
conductivity in the range of 10−1 to 10−2 S/cm) is energetically
and technically quite exorbitant, thus impeding its widespread
usage.14 These are the prime disadvantages of hydrous LT-
PEMFCs. Thus, easing one of these two operating conditions
(80−90 °C along with constant humidification at 95−98%
RH)�for example, eliminating the water management system
by using anhydrous proton-conducting membranes which
require only the temperature to be maintained�could have
a significant effect on the overall sustainability, usability, and
economic viability of PEMFC systems.
In this direction, solid-state anhydrous proton conductors

have gained significant attention, as a new sector of solid
electrolytes that can operate mostly at temperatures >100 °C
in the absence of humidity, for usage in high-temperature
proton-exchange membrane fuel cells (HT-PEMFCs). Such
anhydrous proton conductors enable the fuel cells to operate at
slightly elevated temperatures (100−200 °C), offering several
advantages such as improved catalytic activity with much
reduced CO toxicity, low electro-osmotic drag coefficient, ease
of heat management, reduced chance of water leakage, zero
energy investment for humidification, and reduced technology
costs.13 Especially, to address the problems of CO poisoning,
the higher temperature anhydrous operation in HT-PEMFCs
can be an excellent choice, since the extent of CO adsorption
(ΔH = −ve and ΔS = +ve) on the surface of the Pt catalyst is
less at higher temperatures and the Gibbs free energy for CO
adsorption continues to become less negative with increasing
temperature, which eventually results in less probable
adsorption of CO on the anode surface.11 Moreover, the
high temperature contributes toward accelerating the kinetics
of proton carriers, which notably enhances proton conductivity
values. In addition, under anhydrous conditions the water
management system becomes irrelevant since the process does
not need any additional humidification (in contrast to hydrous
conductivity where both H2 and O2 fuels need to be
humidified), thus reducing the burden of technological and
overall energy investments. All of this favors a switch to
anhydrous fuel cell technology which is environmentally as
well as economically highly sustainable and is perfect for
extensive utilization in the field of the automotive applications.
Apart from the high-temperature anhydrous conductivities

mentioned above, anhydrous proton conductivity at sub-zero
temperature is also highly desirable for the start-up of PEMFCs
in sub-ambient environment/colder climates and high-altitude
drones.15 Similar to the former case, at sub-zero conditions the
commercially available Nafion suffers from a significant drop in
its conductive performances (especially at temperatures below
0 °C) due to the highly hampered proton-transfer pathways
(multiple ice blockages in the cathode chambers under freezing
conditions) that lead to severe power loss. This urges
exploration of some alternative options as PEM materials
that could meet the requirements of sub-ambient anhydrous
proton conductivity while maintaining the materials’ stability
under the stated conditions. Anhydrous proton conduction at
or near room temperature is also desirable since constant
maintenance of high-humidity conditions during the fuel cell
operation requires an efficient water management system that
is often a huge technical barrier (especially in the context of
automotive applications) and serves as one of the bottlenecks,
besides temperature management systems, in the operation of

Table 1. Contents of Impurities in Various Hydrogen
Production Methodsa

Component Steam Reforming (%) Coal Gasification (%)

H2 94.3 87.8
CO 0.1 2.6
CO2 2.5 3.9
N2 0.2 5.0
CH4 2.9 0.01

aRepresentation of the global hydrogen production scenario with
percentages of various impurities in each production process.9
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PEMFCs. Operation of fuel cells under anhydrous conditions
at or near room temperature would require neither humidity
nor temperature control and thus could eliminate the burden
of these two technological barriers to facilitate the start-up of
fuel cells without much energy investment.
As mentioned earlier, Nafions are industrially used as PEM

materials in LT-PEMFCs under hydrous conditions, in a
constant operating environment of 80−90 °C with 95−98%
RH in PEM fuel cell stacks, maintaining a steady proton
conductivity in the range of 10−1−10−2 S/cm. However, a
significant drop in conductivity beyond 100 °C limits their
applicability as SSPCs in HT-PEMFCs. Overall, commercial
Nafion and its family are not potent in the dehydrated state and
under high-temperature operational conditions (>100 °C)
because smooth proton transfer greatly depends on the supply
of external water molecules in order to maintain the extended
H-bonding pattern. At such temperatures, water molecules
evaporate rapidly, thus resulting in disruption of the proton
conduction pathway which in turn could cause a massive
reduction in proton conductivity.
In this regard, researchers initiated the search for alternative

PEMs, the performance of which could be effectively sustained
under anhydrous conditions, and began to work on certain
inexpensive and scalable amorphous polymers. In such
polymeric systems the proton conduction does not necessarily
depend on the aqueous medium; instead, water is replaced by
other nonvolatile, high-boiling proton carriers such as
phosphoric acid/sulfuric acid or aromatic N-rich heterocycles
doped with those amorphous polymeric materials. In the mid-
1980s and 1990s, some complexes of basic polymers doped
with phosphoric acid, such as PBI/H3PO4, PEO/H3PO4, bPEI/
H3PO4, lPEI/H3PO4, c-lPEI/H3PO4, Nylon/H3PO4, PAAM/
H3PO4, PVP/H3PO4, PEO/PMMA/H3PO4, etc., were dis-
covered as a new class of solid-state anhydrous proton
conductors.16 However, they suffered from fundamental
drawbacks such as poor chemical stability, low thermome-
chanical stability, excess doping of inorganic acids responsible
for leaching, etc. Most of these acid-blended polymers typically
showed a conductivity in the range of 10−3−10−6 S/cm below
100 °C (mostly in anhydrous conditions); however, a few of
them could reach conductivity in the ultrahigh region (10−2) in
the temperature range of 165−175 °C (under hydrous
conditions).16 In fact, most of these polymeric materials
possess either amide functionalities or ether linkages in their
molecular backbones that often tend to get hydrolyzed at
higher temperatures in the presence of blended acids (H3PO4),
which worsens their chemical as well as mechanical stability
beyond 100 °C. From a practical viewpoint, anhydrous fuel
cells need to operate above 100 °C (for the reasons highlighted
earlier), and thus, such polymeric blends may not serve the
purpose of anhydrous proton conductors and are inappropriate
as SSPCs in HT-PEMFCs. However, amorphous polymers
which lack such ether/amide functionalities (e.g., polybenzi-
midazole (PBI)-based polymers) have been noted to exhibit
anhydrous conductivity performance beyond 100 °C.16 On the
other hand, only a few crystalline phosphates and phospho-
nates of tetravalent metals like Zr(IV) have been tested as
anhydrous proton conductors in the range of 10−5−10−8 S/cm,
and thus, there is not much promise in this direction.
Interested readers are referred to the book by Colomban.4

One might ask if some other popular materials like porous
zeolites or silica (which have already made their ways to
industry for certain applications) could be used as anhydrous

proton conductors. It should be noted that crystalline zeolites
were mostly studied as proton conductors in the presence of
adsorbed water (i.e., in the hydrous state) or ammonia and had
conductivities in the range of 10−6−10−4 S/cm, while
anhydrous proton conductivity could hardly be achieved with
such systems.4 The same is true for amorphous mesoporous
silica-type materials which usually show superprotonic
conductivity in the hydrous state. Similarly, inorganic
polymers, glasses, clays, and gels are mostly studied as proton
conductors in their hydrated states.4

Crystalline platforms such as metal−organic frameworks
(MOFs),6,14,17−41 covalent organic frameworks (COFs),5,42−45

hydrogen-bonded organic frameworks (HOFs),46−52 and
polyoxometalates (POMs)53−56 serve as excellent choices for
alternative SSPCs on account of their distinguished structural
features such as high surface area, diversified structural
topologies, scope of diverse functionalization, etc. Such highly
crystalline frameworks (MOFs/COFs/HOFs/POMs) allow
the pre-installation of functionalities to facilitate proton
hopping in order to attain high proton conductivities in
these materials under both hydrous and anhydrous conditions.
The crystalline nature of these materials affords straightforward
visualization of the plausible H-bonded conduction route by
virtue of X-ray analysis, which helps in analyzing the
structure−property relationship to expedite further develop-
ment in this field. Their well-defined molecular arrangements
allow detailed investigations on the H-bonded patterns,
acidities of proton donor/acceptors, dynamic properties and
prediction of proton conduction mechanisms that together
help in the understanding and tuning of the proton conduction
mechanism through molecular-level structure−function corre-
lations.
MOFs are an innovative class of crystalline porous materials

composed of metal ions/nodes/clusters coordinated by
organic linkers, and have received a lot of attention due to
their fascinating structural features like high surface area,
structural tunability, infinite scope of framework functionaliza-
tion, postsynthetic modification/guest incorporation, and
topological versatility.57,58 Inspired by such intriguing struc-
tural properties, researchers have employed them in a wide
spectrum of applications such as gas storage/separation,59−61

proton conduction in PEMs,6,17−41 chemical sensing,62−64

catalysis,65−69 energy applications,70 etc. The proton con-
duction properties of solid-state crystalline materials (MOFs/
coordination polymers (CPs)) were first reported by Kanda
and co-workers in 1979; however, the poor stability of such
materials hindered a detailed analysis of their conduction
mechanism.71 Later the field of proton conduction with
MOFs/CPs was pioneered by H. Kitagawa, S. Kitagawa, and
G. Shimizu, although these materials were noted to exhibit
conductivity only in the presence of high humidity (hydrous
conditions) and in a temperature range of 60−80 °C, making
them apt for operation in LT-PEMFCs.24−31,72−75 However,
the domain of anhydrous proton conductivity with MOF/CP-
based solid-state conductors remained completely unexplored
until 2009, when Kitagawa and co-workers reported the very
first example of crystalline anhydrous proton conductors based
on the MIL-53 family of MOFs formed through rational
encapsulation of nonvolatile, high-boiling, and amphoteric/
amphiprotic heterocycles like imidazole molecules into its
crystalline nanochannels, affording a unique assembly of guests
to improve the proton transfer even in the absence of water.28

This was followed by a series of reports on anhydrous MOF-
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based proton conductors in which the nonvolatile proton
carriers such as phosphates, high-boiling organic heterocycles,
or counter-cations were either inherently embedded into the
framework backbones or externally loaded into the micro-
channels of the frameworks to achieve distinctive packing of
proton carriers with high local/translational motion for
improved proton transportation.29,72−75 Although research on
sub-zero anhydrous conductivity in crystalline materials is still
in its infancy, a couple of examples of MOF/CP-based
materials have been reported in the literature where optimized
structural engineering of the crystalline coordination networks
allowed the materials to achieve substantial anhydrous
conductivity over a range of low-temperature conditions
(−10 to −40 °C) with complete structural retention, as will
be discussed later in the respective sections.15,74

COFs represent another crystalline platform that has
recently attracted enormous attention due to their high surface
area, porosity, scope of strategic functionalization, and high
chemical and thermal robustness.5,42−45,77−84 However, unlike
MOFs, they are built of lighter elements such as C, N, O, S, B,
and H through stable covalent bonds that result in their low
density and impart structural stability to these frameworks
featuring unique molecular architectures. Similar to MOFs,
these materials are also harnessed for diversified applications,
including electrochemical sensing, electrical conductivity,
photovoltaics, etc.77−84 COFs have shown great potential
over the past few years as another solid-state crystalline proton
conductor under both hydrous and anhydrous conditions,
being benefitted by its excellent chemical as well as thermal
stability.5 It is important to note that although reports on
COF-based proton conductors have been increasing exponen-
tially in the past four years, information on their applicability in
anhydrous conditions is quite limited (only 15 examples),
without any report on sub-zero anhydrous conductivity.
Apart from MOFs and COFs, recently HOFs have emerged

as another class of crystalline materials that possess unique
structural features such as pre-designability, ease of synthesis,
processability, and moderate porosity along with framework
tunability.46−52 Most importantly, these materials possess
inherent intermolecular H-bonded networks that naturally
hold promise in achieving high proton conductivity in hydrous
environments, as reviewed recently by Das et al.46 In 2009,
proton conduction through HOF materials was first explored
by Klapper, Müllen, and co-workers in the presence of 98%
RH, although the crystal structure was not be reported.85

Thereafter a huge gap remained until 2016, when proton
conductivity through HOF materials began to be explored
heavily, adopting a variety of design strategies.46,86−89

However, in the sector of anhydrous conductivity, these
crystalline materials are poorly explored, with reports limited
to only six examples to date, urging further improvements in
this domain. The unique assembly of hydrogen-bonded
organic struts in HOF materials functionalized with several
proton donor/acceptor moieties affords the incorporation of
various nonvolatile proton carriers, such as imidazole, H3PO4,
etc., within their channels that in turn aids the establishment of
continuous H-bonded pathways to facilitate the smooth proton
mobility associated with high proton conductivity, even in the
absence of humidity (anhydrous conditions).
POMs are basically anionic metal-oxo clusters composed of

Mo, W, V, etc. at their highest valence state, and they have
emerged as potential crystalline proton conductors in the
hydrous state owing to several exceptional features such as

controllable structures, O-rich surface, high crystallinity,
exceptional thermal stability, etc.53 The pioneering work on
POM-based proton conductors was initiated in 1979 by
Nakamura and co-workers, who revealed the pivotal role of a
large number of lattice water molecules in achieving super-
protonic conductivity with such materials.90 However, this in
turn hindered the flourishing of POM-based materials in the
domain of anhydrous proton conductivity due to the
significant loss of active proton species in the form of
crystallized lattice water molecules at elevated temperatures.
Nevertheless, residual constitutional water molecules associ-
ated with the anhydrous heteropolyacids (HPAs: conjugated
acids of POMs), even at high temperatures (∼450 °C), could
contribute significantly to the overall anhydrous proton
conduction in such frameworks.53 Most importantly, it is
noted that the anhydrous conductivity of POMs is dependent
on inherently embedded proton sources such as imidazole or
isolated H+ that are capable of maintaining non-interrupted H-
bonded matrices both under sub-ambient and above ambient
conditions.

2. SCOPE OF WRITING ON ANHYDROUS PROTON
CONDUCTION

The blossoming progress achieved in the design and
development of crystalline SSPCs have undoubtedly grabbed
immense attention from researchers in the past decades.
Impressive conductivity to the order of 10−2 S/cm could be
achieved with these crystalline framework materials, many of
which could even exhibit conductivity to the order of 10−1 S/
cm.6,39 Needless to say, in most cases the highest conductivity
was obtained at high humidity, i.e., in the hydrous state (95−
98% RH), coupled with temperatures in the range of 80−90
°C. However, achieving such high conductivity in an anhydrous
environment, particularly in a higher temperature window
(100−200 °C), would be of great interest from technical and
commercial perspectives, since at such conditions the chance
of CO poisoning is highly minimized and the use of additional
humidifier becomes irrelevant, as discussed in the previous
section, with multiple other advantages. A thorough literature
survey reveals that a number of reviews have been published
since 2020 (of course, a handful of reviews appeared before
2020 to establish a concrete foundation on proton-conducting
MOFs,3,19,22,24,32,39,91−96 though no reviews appeared for
HOFs, COFs, and POMs until the year 2020) highlighting
the significance of such crystalline materials (MOFs/COFs/
HOFs/POMs) in the domain of hydrous proton conduction
dealing with the various aspects of their basic chemistries
including designing principles, conducting media, switching
behavior, proton sources, and so on.5,6,17,18,23,34,35,46,53

However, none of these reviews focused solely on anhydrous
proton conduction within the domain of these crystalline
platforms.
Thus, a critical perspective that specifically highlights the

progress and evolution of solid-state crystalline materials
(MOFs, COFs, HOFs, and POMs) in the realm of anhydrous
proton conduction is still lacking in the literature and is highly
demanded at the same time. In this regard, in 2021 Zhang and
co-workers summarized some of their own works on
anhydrous proton conductors (7 works on anhydrous
conduction on MOFs), where they focused specifically on
the ambient to sub-ambient temperature window for
anhydrous conductivities and excluded the high-temperature
zone.15 In another contribution, Zhang and Chen et al.
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discussed 6 examples of anhydrous proton-conducting MOFs
as a sub-section in their review article.17 This survey inspired
us in the scope of writing this Perspective on anhydrous solid-
state crystalline proton conductors.
In this Perspective, we have specifically categorized the solid

crystalline anhydrous conducting materials into four classes
based on their structural origin: MOFs, COFs, HOFs, and
POMs, and detailed their evolutionary timelines starting from
the work by Shimizu and Kitagawa et al. in 2009 (Scheme 1).

The strategies adopted for imparting high conductivity to these
crystalline materials under anhydrous conditions are also
discussed in detail with reference to suitable examples and
corresponding Figures and Tables. Needless to say, the
escalating number of reports on anhydrous conductivity
attained with these materials, specifically in the past decade,
essentially necessitates a Perspective article on this topic to
underline and direct the rational designing strategies that could
induce anhydrous proton hopping in different sectors of

Scheme 1. Timeline Representing the Evolution of the Different Crystalline Platforms (MOFs, COFs, HOFs, and POMs) in
the Domain of Anhydrous Proton Conductiona

aNote that amorphous blended polymers are tested as anhydrous proton conductors; however, in most cases, minimal humidity was introduced,
and thus they may not be considered as strictly anhydrous conductors.

Scheme 2. Classification of Crystalline Materials as Anhydrous Protonic Conductors Based on Their Framework Backbones
into Four Distinct Classes: MOFs, COFs, HOFs, and POMs
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crystalline materials to help in attaining ultrahigh anhydrous
conductivity. Meanwhile, this Perspective aims to provide a
critical analysis on the existing state of knowledge on
anhydrous proton conductivity, with the challenges and
prospects offered intricately (for example, instant CO tolerance
testing and rapt potential assessment of these PEMs with fuel
cell test stands) that will surely be appealing to the wider
scientific community.

3. CRYSTALLINE SOLID-STATE MATERIALS AS
ANHYDROUS PROTON CONDUCTORS

Inspired by the superior features of solid-state anhydrous
proton conductors mentioned above, and synchronizing them
with the beneficial features of their crystalline nature, we opted
to investigate the success of solid-state crystalline proton
conductors (with a huge scope of structure−conduction
property relationship assessment) in the domain of anhydrous
proton conductivity. Based on their molecular backbones
(organic/inorganic/combination of organic and inorganic),
secondary building blocks, and framework engineering; the
crystalline anhydrous conductivity is divided into four prime
categories as mentioned below.
1. Anhydrous Proton Conduction in Metal−Organic
Frameworks (MOFs)

2. Anhydrous Proton Conduction in Covalent Organic
Frameworks (COFs)

3. Anhydrous Proton Conduction in Hydrogen-Bonded
Organic Frameworks (HOFs)

4. Anhydrous Proton Conduction in Polyoxometalates
(POMs)

Depending upon the strategies undertaken for the facile
immobilization of proton carriers onto the framework
backbones, the anhydrous proton conductivities in these
crystalline materials are classified as intrinsic, extrinsic, and
combined (combined classification applicable only for COFs)
anhydrous conductivities relating to the origin of the proton
sources: whether they are inherently pre-existing or externally
incorporated/loaded to improve the proton transfer (Scheme
2). Basically, the attainment of anhydrous proton conductiv-
ities in these crystalline platforms is based on two main pillars:
(a) Maintaining H-bonded pathways intact to facilitate smooth
proton transfer even in the absence of water molecules and (b)
Stability of materials under experimental conditions (high-
temperature thermal stability for HT-PEMFCs application;
stability below 0 °C for conductivity measurements at sub-
ambient temperature). Specifically, focusing on the first pillar,
to sustain the continuity of H-bonded pathways under
anhydrous conditions, the proton carriers need to be
incorporated in these crystalline backbones either intrinsically
(H3PO4, H2PO4−, HPO42−, Me2NH2+, H2dmbim, NH4+,−
COOH, −SO3H, ImH2+, TzH, sulfonic acid, squaric acid, or
isolated H+) or through an extrinsic loading approach (Im,
Him, Tz, His, CF3SO3H, hydroquinone (Hq), dye, organic
polymers, phytic acid, or ionic liquids such as EIMS-HTFSA,
SA-EIMS), or via a combined approach (in certain cases only
for COF materials). In the context of HOFs and POMs, only
the intrinsic approach of proton carrier installation has been
prevalent to date, leaving a huge scope for exploration on the
extrinsic approach to anhydrous proton conduction. However,
in MOFs and COFs, for which both approaches have been
extensively explored, it is pointed out that in most cases the
extrinsic strategy of proton carrier installation is associated

with low activation energies (<0.4 eV) that follows the
Grotthuss-type mechanism for smooth proton hopping.
Whereas the intrinsic strategy is associated with comparatively
higher activation energies (>0.4 eV), indicating the vehicular
mechanism of proton transfer. Despite this fact, the proton
conductivity harnessed through both strategies does enter into
the superprotonic zone, validating their effectivity in imparting
anhydrous proton conductivities in these crystalline materials.
The mentioned regime of crystalline materials is tabulated

later in Table 2 based on their structural backbones and
approaches taken to install the proton species, along with their
BET surface area, stability (chemical/thermal), conductivity
performance, proton sources (carrier/guest molecules),
temperatures at which anhydrous conductivity measurements
are done, activation energy values, forms of materials used for
conductivity measurement, and framework retention post
measurement.
For anhydrous proton conductivity measurements, crystal-

line samples are typically powdered and compacted in the form
of pressed pellets (with diameters ranging from 1 to 4 mm),
whereas membranes that have been successfully fabricated (in
some cases) must be cut into a small rectangular shape before
AC impedance analysis. The AC impedance measurements are
performed using a two-probe or four-probe method
(preferred) with an impedance analyzer over a frequency
range of 100 Hz to 10 MHz in general. To maintain the
anhydrous ambience, the measurement chambers are usually
flushed properly with dry N2 gas prior to the conductivity
measurements for eliminating the existence of even trace
quantities of moisture. The Nyquist spectra thus obtained from
the impedance measurements are fitted using specific software
for estimating the resistance values. The proton conductivities
(σ) are then evaluated using eq 1.

= L
RS (1)

where L is the thickness of the sample pellet, S represents the
cross-sectional area, and R denotes the measured impedance/
resistance. Further, the activation energies (Ea) for the proton
transport are deduced from the temperature-dependent
conductivity measurements fitted to the Arrhenius plot by
using eq 2.

=T A e E /kTa (2)

where T, A, and k are the temperature, pre-exponential factor,
and Boltzmann constant, respectively.
3.1. Anhydrous Proton Conduction in Metal−Organic

Frameworks (MOFs). Because of the broad spectrum of
intriguing structural merits such as porosity, high surface area,
structural tailorability, framework functionalization, adaptable
guest loading in pore spaces, structure−function correlatability,
and framework versatility, MOFs/CPs are extensively utilized
as high-performance SSPCs in PEMFCs. Their conductivities
are predominately noted to originate from the external water
molecules through continuous H-bonding interactions among
the water molecules that emerge from fuel cell operation under
high-humidity conditions. However, under anhydrous con-
ditions, the transport of active proton carriers and their
mobility/molecular reorientation play the most significant
roles in achieving high conductivity. Generally, nonvolatile
heterocyclic organic molecules such as imidazoles, triazoles,
tetrazoles, and benzimidazoles; high-boiling organic hydroxyls
such as hydroquinone; nonvolatile amino acids such as
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histamines; and nonvolatile inorganic acids such as H3PO4 and
H2SO4, with their conjugate anions, are used as proton carriers
to achieve anhydrous proton conduction in MOFs/CPs.
Herein, we provide a timeline (Scheme 3) that signifies the
important events in the advancements of anhydrous proton
conductivities in MOFs/CPs for a visualization by readers at a
glance.
In the current Perspective, the approaches for designing

anhydrous proton-conducting MOFs/CPs have been primarily
categorized into two distinct classes based on the origin or
immobilization of proton sources/carriers: either (1) through
pre-installation of the proton donor/acceptor species such as
imidazole/imidazolium, triazole/triazolium, benzimidazoles,
ammonium ions; high-boiling organic hydroxyls such as
hydroquinone; nonvolatile amino acids such as histamines;
or nonvolatile inorganic acids such as H3PO4 and H2SO4, with
their conjugate anions H2PO4−/HPO42−, etc. on the frame-
work backbones through metal coordination or as counter-
cations for charge compensation via direct synthesis (known as
intrinsic sources) for modulating the H-bonded pathways to
achieve intrinsic anhydrous conductivity in MOFs or (2)
through extrinsic incorporation/encapsulation of several non-
volatile guest proton carriers into the nanochannels of these
microporous frameworks through ex situ loading synthesis
procedures (known as extrinsic sources) to secure free
translational/rotation motion of the proton carriers for
attainment of superprotonic extrinsic anhydrous conductivity
in MOFs (Figure 1). It is to be noted that H3PO4, imidazole,
triazole, and benzimidazole could serve both as intrinsic and
extrinsic proton carriers, depending upon the way they are

installed into the framework (in situ and ex situ, respectively).
A critical review of these categories, along with their
significance in the context of the materials’ application as
real-time SSPCs in PEMFCs, is provided below.

3.1.1. Intrinsic Anhydrous Conductivity in MOFs. As
mentioned earlier, the strategic inherent installation of proton
carrier functionalities such as N-rich heterocycles (like
imidazoles, triazoles, tetrazoles, benzimidazoles, histamines,
etc.), phosphates (like H3PO4, H2PO4−, HPO42−), or
dimethylammonium (Me2NH2+), NH4+, formamidinium cati-
ons as charge-balancing agents into the backbones of MOFs/
CPs (through in situ or straightforward synthesis) that ensures
smooth transfer of protons even in the absence of water to
achieve stable and efficient anhydrous proton conductivity

Scheme 3. Timeline Representing the Evolution of MOFs in the Field of Anhydrous Proton Conduction since 2009

Figure 1. Illustration for the incorporation of intrinsic and extrinsic
proton carriers in the backbone of MOFs/CPs to attain anhydrous
proton conductivity and their classifications based on working
conditions and proton carrier loading/integration.
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defines this class (Figure 1). Basically, for attaining intrinsic
proton-conductive carrier concentration, acidity and structural
features play the pivotal roles. Although each of these factors
has a significant influence, structural optimization is the
dominant one that regulates the distance, dynamics, mobility,
and cooperativity for continuous proton hopping. In the
context of such structural optimization, factors such as
variation of the metal ions (for tailoring the pore aperture),
template-aided alignment control (for increasing hopping
sites), framework interpenetration (channel size tuning),
structural phase transitions, strategic pore engineering (to
facilitate the motional entropy of carriers), postsynthetic
modifications, etc. also influence the establishment of
continuous H-bonded matrices for smooth transfer of protons
via the active carrier species mentioned above under anhydrous
conditions at various working temperatures. Considering the
large number of examples of MOFs/CPs that exhibit intrinsic
anhydrous conductivity at higher temperature conditions and
also at sub-zero temperatures, here we have sub-categorized
these MOFs/CPs with intrinsic proton sources based on their
operating temperature and discussed the examples under the
following sub-classes: (a) high-temperature intrinsic anhydrous
conductivity (with working window 100 °C or beyond) and
(b) sub-ambient temperature intrinsic anhydrous conductivity
(with working window under sub-zero conditions).

3.1.1.1. High-Temperature Intrinsic Anhydrous Conduc-
tivity in MOFs. Taking advantage of the superior anhydrous
proton-transfer ability of 1,2,4-triazole (Tz) compared to
imidazole,97 in 2009 Shimizu and co-workers reported a
crystalline porous sulfonated coordination network, β-
PCMOF2 (Na3(2,4,6-trihydroxy-1,3,5-benzenetrisulfonate)),
possessing one-dimensional channels that could be loaded
with N-rich heterocycles via in situ synthesis to exhibit
anhydrous proton conduction at 150 °C.72 The hexagonal
pore channels in β-PCMOF2 are quite large (diameter ∼5.65
Å) and are beautifully decorated with oxygen atoms of
sulfonate moieties that can form effective hydrogen-bonding

matrices with guest species to improve the proton transfer.
Initially, the proton conduction property of the parent
framework β-PCMOF2(H2O)0.5 with per-sulfonated pore
walls was investigated, which revealed that a conductivity of
5.0 × 10−6 S/cm could be achieved at 30 °C; however, the
conductivity was noted to fall drastically with temperature
increment (<70 °C) to the range of 10−8 S/cm, a phenomenon
typically observed for sulfonated polymers. To resolve this
issue and achieve anhydrous superprotonic conductivity, the
guest water in the framework was replaced by superior
nonvolatile anhydrous proton-transferring agents like Tz. The
guest triazole species were loaded intrinsically into the pore
structure of MOF via a straightforward in situ direct synthesis
procedure (that is why this is categorized as an intrinsic
approach) that in turn yielded β-PCMOF2(Tz)x (where x
represents different loadings: x = 0.3, 0.45, 0.6). AC impedance
analysis with the guest-loaded samples revealed an improved
conductivity beyond 100 °C when compared to the unloaded
hydrated framework. Ultimately, at 150 °C, the intrinsically
triazole-incorporated framework achieved the maximal con-
ductivity of 5.0 × 10−4 S/cm with an optimum stoichiometric
loading of x = 0.45. Further, in order to understand the
mechanism of anhydrous proton conduction in β-PCMOF2-
(Tz)0.45, the activation energy was calculated to be 1.8 eV at
the lower temperature range, 50−90 °C, and 0.56 eV at higher
temperature range, 80−150 °C, which could be correlated well
with the enhancement in proton mobility at higher temper-
atures. However, as the MOF material contains sodium ions as
charge-balancing units, the overall conductivity could have
some ionic contribution from this species as well, which needs
to be analyzed further.
With an aim to install multiple anhydrous proton-

conducting species onto a single crystalline platform, in 2012
Kitagawa and co-workers reported the intrinsic proton
conduction in a Zn2+-based coordination polymer, {[Zn-
(H2PO4)2(TzH)2]n}, with coordinated orthophosphates and
triazole units that displayed conductivity >10−4 S/cm at 150

Figure 2. (a) Illustration of template effects on the crystal structure and proton conduction pathways in 1 and 2. (b) Arrhenius plot for anhydrous
proton conduction in 1 (denoted by solid circles, temperature range 30−190 °C) and 2 (denoted by solid squares, temperature range 90−150 °C).
(c) Proton-hopping pathway by virtue of rotation in monodentate H2PO4− and HPO42− in 1. Reproduced with permission from ref 74. Copyright
2014, Royal Society of Chemistry.
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°C under anhydrous conditions without any additional guest
support.73 The framework contained 2D sheets stacked across
the crystallographic c-axis composed of Zn2+ metal nodes
bridged via a triazole ligand (TzH) and axially monocoordi-
nated with orthophosphate that participates in the intra- as well
as interlayer H-bonding. Moreover, the triazole ligand also
possesses acidic protons which additionally form interlayer H-
bonding across the crystallographic ab plane. Although the
framework contained a high density of proton carriers in the
interlayer space, the optimal interval of acidic protons
emerging from the appropriate positioning of coordinated
phosphates accounted for the facile proton transfer. Addition-
ally, the bridging TzH ligands afforded the ideal positioning of
phosphates to make all the acidic protons H-bonded, to
facilitate smooth proton transfer to achieve superprotonic
conductivity of 1.2 × 10−4 S/cm at 150 °C under anhydrous
conditions. An activation energy of 0.60 eV indicated vehicular
hopping of protons over long ranges. Moreover, to validate the
intrinsic nature of the conductivity, impedance tests on a single
crystal showed an in-plane conductivity of 1.1 × 10−4 S/cm,
whereas the out-of-plane conductivity value was noted to be
2.9 × 10−6 S/cm. This affirmed the anisotropic proton
diffusion and proved the intrinsic origin of the proton
conductivity.
Besides installation of multiple proton carriers of high

melting and boiling points onto the crystalline platforms as
discussed in previous examples, one should pay attention to
the thermal stability of the host framework as well, which is a
critical issue for their implementation as proton conductors in
anhydrous HT-PEMFCs. Along this line, Kitagawa and co-
workers proposed a template-directed strategy to create
proton-conductive dynamic hydrogen-bonded pathways in
the coordination frameworks under anhydrous conditions
with varying thermal stability.74 Two zinc-based coordination
networks, namely, [Zn(H2PO4)2(HPO4)]·(H2dmbim)2 (1)

and [Zn(H2PO4)2(HPO4)]·H2dabco (2), were synthesized
that possessed one-dimensional anionic coordination chains
composed of Zn2+ and phosphate units with the cationic
templates H2dmbim+ (protonated 5,6-dimethylbenzimidazole)
and H2dabco2+(diprotonated 1,4-diazabicyclo[2.2.2]octane) as
charge balancing agent for 1 and 2, respectively (Figure 2a).
The mutual π−π stacking among the close-packed plate-
shaped H2dmbim+ units in 1 induces thermal stabilization up
to 190 °C, whereas the lack of any such type of interactions
among the spherically shaped H2dabco2+ units in 2 causes it to
be unstable beyond 160 °C. Thus, the anhydrous conductivity
of 1 was measured at 190 °C; it exhibited superprotonic
conductivity of 2 × 10−4 S/cm with an activation energy of
0.66 eV (Figure 2b) that remained constant for over 3 h. In
contrast, 2 exhibited much lower conductivity (8 × 10−8 S/
cm) at 160 °C with its activation energy being as high as 1.2
eV. Such a difference could be primarily ascribed to the
different cationic templates used in 1 and 2 that significantly
controlled and directed the alignment of the H-bonded
networks. The assembly of H2dmbim+ cations in 1 commands
the alignment of 1D zinc phosphate chains (with rotatable and
H-bonded monodentate phosphates) by bridging the adjacent
frameworks to facilitate smooth and effective proton hopping
across the crystallographic a-axis (Figure 2c). However, in the
case of 2, the shape and size of the cationic template forces the
assembly on 1D chains in an interdigitated manner containing
isolated monodentate phosphates that lack H-bonding
interactions, thereby resulting in poor conductive performance.

3.1.1.2. Sub-ambient Temperature Intrinsic Anhydrous
Conductivity in MOFs. To achieve anhydrous proton
conductivity under sub-zero temperatures for fuel cell start-
up under freezing conditions, specifically in the cold countries,
MOFs/CPs possessing inherent proton carriers with enhanced
motional entropy could be an excellent choice. To execute this,
in 2016 Xiang and co-workers reported three isostructural

Figure 3. (a) Asymmetric unit of FJU-25-Fe. (b) View across the crystallographic a-axis with the H-bonding mediated through templated
imidazole cations. (c) Proton conduction mechanism in FJU-25-Fe. (d) Arrhenius plot for anhydrous conductivity in the temperature range from
−10 to 90 °C. (e) Nyquist plots of three frameworks at 90 °C. Reproduced with permission from ref 98. Copyright 2016, American Chemical
Society.
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metal-phosphate-based CPs, FJU-25-X ([ImH2][X-
(HPO4)2(H2O)2], X = Al/Ga/Fe), templated with imidazole
cations (ImH2), through rational tuning of the metal nodes
based on their size.98 The frameworks contained corrugated
anionic layers of metal phosphates built from alternating layers
of XO6 octahedra (X = metal ions) and PO4 tetrahedra with
charge-balancing imidazole cations occupying the interlayer
spaces (Figure 3a, b). These protonated imidazolium cations
are in turn involved in the formation of multiple hydrogen
bonds with the orthophosphate moieties that give rise to an
intrinsic smooth array of H-bonded matrices appropriate for
facile proton transfer (Figure 3c). Thus, proton conductivity
was measured under anhydrous conditions in a wide
temperature range from −10 to +90 °C through AC
impedance analysis. Interestingly, it was noted that at −10
°C, the intrinsic proton conductivity of FJU-25-Fe was the
highest (5.15 × 10−5), followed by FJU-25-Ga (1.16 × 10−5)
and FJU-25-Al (1.88 × 10−5), and at 90 °C under anhydrous
conditions, FJU-25-Fe/Ga/Al exhibited superprotonic con-
ductivities of 5.21 × 10−4, 1.80 × 10−4, and 1.30 × 10−4 S/cm,
respectively. The higher conductivity of FJU-25-Fe as
compared to its analogous counterparts could be nicely
correlated with the size of the metal nodes that regulate the
density of packing of imidazolium cations (ImH2+) per unit
cell and thus eventually control the free dynamic motion of
these carriers for their facile transfer in attaining high
anhydrous conductivities. The activation energies were
calculated to be 0.22, 0.25, and 0.20 eV for FJU-25-Fe/Ga/
Al, nicely attributable to the Grotthuss mechanism of proton
conduction, signifying smooth proton hopping (Figure 3d,e).
While protonated imidazole and monohydrogen phosphate

were assimilated into the MOF structures (discussed above) to

impart anhydrous proton conductivity, dimethylammonium
cations could serve the same purpose as demonstrated in two
anionic In(III)-based MOFs, namely FJU-16 ([(CH3)2NH2]-
[In(L)]·2.5DMF·2H2O) and FJU-17 ([(CH3)2NH2][In(L)]·
4.5DMF·16H2O), with different degrees of interpenetration
and containing the dimethylammonium cations in the pore
spaces as protonic species.99 Although both FJU-16 and FJU-
17 possess similar net structures, the former contains 4-fold
interpenetrations with reduced pore sizes (8.35 Å × 11.09 Å,
across a-axis) and smaller solvent-accessible void volume
(36.45%), whereas the latter contains 2-fold interpenetrations
with comparatively larger pore channels (20.02 Å × 25.92 Å
across the c-axis) and a solvent-accessible void volume (73.8%)
responsible for the accumulation of higher numbers of counter-
cationic (Me2NH2)+ protonic guests in the square-shaped
channels. AC impedance measurements were performed over a
broad temperature window (−40 to 100 °C) under anhydrous
conditions. Both frameworks exhibited reasonably high
intrinsic conductivity at temperatures as low as −40 °C
under anhydrous conditions, with values of 2.90 × 10−6 and
9.13 × 10−5 S/cm for FJU-16 and FJU-17, respectively. The
highest conductivity achieved by FJU-16 was 1.25 × 10−3 S/
cm at 80 °C, whereas FJU-17 exhibited an ultrahigh
superprotonic conductivity of 1.08 × 10−2 S/cm at 100 °C,
both under anhydrous conditions. Activation energies of 0.38
and 0.29 eV were calculated for FJU-16 and FJU-17,
respectively, which are indicative of the Grotthuss mechanism
of continuous proton hopping. The enhanced intrinsic
conductivity and lower activation energy achieved with FJU-
17 (2-fold interpenetrated) compared to FJU-16 (4-fold
interpenetrated) could be ascribed to the larger available
spaces with abundant confinement of proton carriers

Figure 4. (a) Packing of imidazole molecules in their bulk solid state. (b) Imidazole molecules accommodated in the nanochannels of 2 (2@Im)
through strong host−guest interactions that deter their mobility. (c) Imidazole molecules accommodated in the nanochannels of 1 (1@Im)
without strong interactions, allowing for faster mobility. Reproduced with permission from ref 28. Copyright 2009, Nature Publishing Group. (d)
Structural encapsulation of [Al(μ2-OH)(1,4-ndc)]n (1) with imidazole and histamine. (e) Nyquist plots for 1@Im. (f) Nyquist plots for 1@His.
Reproduced with permission from ref 29. Copyright 2011, WileyVCH.
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(Me2NH2+) in the former case, which imparts the potential for
faster migration of protons in achieving ultrahigh super-
protonic conductivity under anhydrous conditions. Thus, the
work highlights that controlling the interpenetration degree
could be highly effective to tune the anhydrous proton
conductivities of the frameworks.

3.1.2. Extrinsic Anhydrous Conductivity in MOFs. As
discussed above, the pre-installation of proton donor/acceptor
moieties appended to framework backbones is undoubtedly an
excellent strategy to achieve anhydrous conductivity. However,
this sort of framework designing is quite unpredictable and is
associated with complications in the synthetic procedures of
ligands. In this regard, frameworks with nonvolatile guest
molecules extrinsically loaded (such as inorganic acids: H3PO4
and H2SO4; aromatic heterocycles: imidazoles, triazoles, and
tetrazoles; organic hydroxyls; etc.) into the porous channels of
MOFs/CPs have essentially exhibited high conductive
performance, as evident from Table 2. In fact, the
incorporation of these proton carrier molecules into the
nanochannels imparted their unique assemblage through
preferential interactions with host frameworks that enhances
their rotational or translation local motions and improves the
proton-transfer kinetics. Moreover, these channels afford the
desirable working space for free movement of the carriers with
high mobility and appropriate packing to achieve improved
conductivity at high temperatures. Besides, in certain cases,
proton-conductive polymers such as sulfonated polyether ether
ketone (SPEEK), poly(vinylphosphonic acid) (PVPA), poly-
benzimidazole (PBI), etc. are integrated with the MOF
materials, which helps in the establishment of continuous
hydrogen-bonded pathways and triggers smooth proton
transportation for improved conductivity under anhydrous
conditions.94 Hence, the extrinsic anhydrous conductivity is
sub-categorized into two classes: (a) extrinsic loading of
nonvolatile species in MOFs and (b) extrinsic integration with
proton-conducting polymers in MOFs.

3.1.2.1. Extrinsic Loading of Nonvolatile Species in MOFs.
This particular class encompasses the external incorporation/
loading of nonvolatile species such as inorganic acids (like
H3PO4), N-rich aromatic heterocycles (like triazoles, tetra-
zoles, benzimidazoles and histamines), or organic molecules
(like cyclohexanol, butanol, hydroquinone, etc.) that can
participate and aid proton diffusion even in the absence of
water to achieve anhydrous conductivity. Employing this
strategy, in 2009 Kitagawa and co-workers first proposed the
approach of guest encapsulation in porous aluminum
coordination polymers (PCPs), where the nonvolatile proton
carrier imidazole molecules were externally incorporated into
the framework nanochannels through tuned host−guest
interactions to achieve anhydrous conductivity at 100 °C or
beyond. In this regard, two analogous porous frameworks,
[Al(μ2-OH)(1,4-ndc)]n (1) and [Al(μ2-OH)(1,4-bdc)]n (2),
with similar pore size (∼8 Å) but different pore shapes and
surface potentials, were synthesized.28 When the guest
imidazole molecules were installed extrinsically into these
frameworks, they suffered unique types of packing/assembly
potentiated through the nanochannel surface of these PCPs
(Figure 4a−d). Under anhydrous conditions, 1@Im exhibited
a proton conductivity of 2.2 × 10−5 S/cm (Figure 4e) achieved
at 120 °C, whereas the second framework 2@Im, despite
containing a higher loading of imidazole units, exhibited a
much lower proton conductivity value (1.0 × 10−7 S/cm) with
a comparatively larger activation energy (0.9 eV) relative to

1@Im (0.6 eV). The higher conductivity of 1@Im (2 orders of
magnitude higher conductivity) as compared to 2@Im could
be correlated to the difference in dynamic motion of imidazole
units in the pore channels based on varying host−guest
interactions. The nanochannels of 1 (Figure 4d) exhibited
steric hindrance on account of the bulky naphthalene rings
(lining the pore spaces) that deterred interactions among the
hydrophilic μ2-OH/carboxylate moieties of 1 with the polar
guest imidazole molecules and allowed the proton carrier
imidazole molecules to move freely in the pore channels,
resulting in the higher anhydrous proton conductivity of 1@
Im. molecules. In contrast, the absence of such bulky
hydrophobic moieties in 2 prompted the surface-exposed
hydrophilic polar sites (μ2-OH/carboxylate) to interact
strongly with the polar imidazole guest molecules, resulting
in framework shrinkage, decelerating the mobility of imidazole
molecules (hindering their free translational/rotational move-
ment), and leading to poor proton conductive performance in
2@Im. Thus, the work highlighted the significance of fine-
tuning of the pore spaces in the PCPs to house appropriate
pore environments to provide optimum mobility to the
encapsulated guest molecules in order to achieve superior
proton conductivities. After that publication appeared in 2009,
a series of other reports based on extrinsic loading of
nonvolatile carriers for achieving high-temperature anhydrous
conductivity were subsequently published.
As a continuation of the work discussed above on guest

encapsulation in PCPs, the same group in 2011 again
fabricated another composite with compound 1 as a porous
support, while the optimized nanochannels being extrinsically
encapsulated by the nonvolatile histamine molecules as proton
carriers to generate 1@His.29 The anhydrous proton
conductivity of 1@His was noted to increase linearly from
3.0 × 10−5 S/cm at room temperature to 1.7 × 10−3 S/cm at
150 °C (Figure 4f). Strikingly, at 150 °C the proton
conductivity of 1@His was almost 100 times that of 1@Im
at 120 °C. While investigating the large differences in the
conductivity performances of 1@His than 1@Im, it was noted
that the proton carrier concentrations, structural packing and
conformations of proton carriers in the pore channels, and
intermolecular H-bonding among the amine groups and
imidazole rings in histamines were responsible for the
increased anhydrous proton conductivity of 1@His compared
to 1@Im. Moreover, the proton transportation in 1@His
occurred with an activation energy of 0.25 eV (remarkably
lower than the 0.6 eV for 1@Im), signifying a Grotthuss
mechanism of proton hopping that allowed for the intra-
molecular proton transfer due to molecular reorientation in
histamine, unlike that of imidazole molecules. Thus, the work
highlights the replacement of imidazole units with histamine
proton carriers as a beneficial tool to attain high anhydrous
proton conductivity in MOFs with lower activation energy,
inciting further research in this domain through extrinsic
encapsulation of other nonvolatile amino acids in the MOF
channels. However, pre-functionalization of the framework
backbones with histamine moieties (intrinsic pre-installation of
histamines) could be an interesting strategy since in that case
concerns about leaching stemming from external loading
would be totally eliminated.
Besides nonvolatile N-rich heterocycles, high-boiling organic

hydroxyls such as hydroquinone (Hq), cyclohexanol (Ch), and
butanol (Bu) possesses excellent potential for proton donation
as well as acceptance and could also serve as efficient proton
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carriers under anhydrous conditions. Along this direction,
Zhang and co-workers loaded a variety of organic hydroxyl
guest protonic species extrinsically in a flexible MOF,
[Zn3(tz)2(bdc)2]n (FJU-31), that showed anhydrous proton
conduction over a wide temperature range from sub-zero to
125 °C.100 The framework skeleton was composed of
trinuclear {Zn3(COO)4} units doubly bridged by triazole
ligands to give one-dimensional rods of {Zn3(COO)4(tz)2}
that are connected to four phenyl rings of bdc linkers to
achieve a 3D flexible framework with rhombic channels across
the crystallographic c-axis that showed large breathing up to
65% upon loading of guest molecules during the transition
from the closed pore to open pore phase (Figure 5a). These
extrinsic organic hydroxyl units provide continuous H-bonded
pathways for proton transfer under anhydrous conditions and
attained conductivities of 3.24 × 10−6 and 1.17 × 10−6 S/cm
for FJU-31@Hq and FJU-31@Ch, respectively, under sub-
zero (−40 °C) conditions. Importantly, the conductivity value
of FJU-31@Hq remains higher than those of FJU-31@Ch and
FJU-31@Bu over the whole temperature range, in accordance
with the pKa values of the hosted hydroxyls (pKa for Hq, Ch,
and Bu = 9.85, 17, and 18, respectively). Thus, hydroquinone,
with the lowest pKa value, exhibits a comparatively higher
tendency for proton hopping that eventually resulted in higher
proton conductivities. The conductivity of FJU-31@Hq
increased sequentially with the temperature, and ultimately at
125 °C, the conductivity value stepped into the superprotonic
region, at 2.65 × 10−4 S/cm under anhydrous conditions
(Figure 5b). Besides high conductivity, FJU-31@Hq exhibited
a low activation energy of 0.18 eV, signifying the Grotthuss
mechanism of proton transfer (Figure 5c) mediated through
high-boiling organic hydroquinone moieties units with pKa
values even lower than those of the nonvolatile N-rich
heterocycles. Hence, that work confirms flexible MOFs are
excellent hosts for extrinsically encapsulating various organic
proton carriers to achieve high anhydrous proton conductivity
with remarkable low activation energy barriers.

3.1.2.2. Extrinsic Integration with Proton-Conducting
Polymers in MOFs. Apart from achieving ultrahigh con-
ductivity, robustness, thermal stability and mechanical
endurance of PEM materials play significant roles in
determining their practicality to operate under anhydrous
conditions in fuel cells. Hence, the development of composite
membranes through extrinsic integration of MOF materials
(that act as nanofillers with adaptable loading) with proton-
conducting polymers such as PBI, SPEEK, PVPA, etc. has
upgraded these materials’ conductive performance (owing to
the combined effects of individually incorporated proton
carriers in the crystalline materials and the polymeric matrices)
along with enhancing the overall stability of the PEM materials
to achieve two aims at once. In this regard, Compan and co-
workers reported three composite membranes formed through
the integration of PBI with Zn2+-based ZIF-8, Co2+-based ZIF-
67, and their combination, i.e., a binary mixture of ZIF-8 and
ZIF-67 (ZIF-mix), externally doped with H3PO4 to improve
proton transfer through increased carrier concentration.101 As
expected, after polymeric integration, the thermal stability of
the materials was enhanced and the materials could be used as
PEMs up to 250 °C. After the integration of ZIFs with the
polymeric matrix of PBI, the proton transportation of all the
composite membranes were enhanced as compared to that of
the pristine ZIFs and PBI. Interestingly, at 200 °C, the
conductivity achieved with PBI@ZIF-67 (4.1 × 10−2 S/cm)
was higher than that of PBI@ZIF-8 (3.1× 10−2 S/cm), which
could be ascribed to the higher affinity of phosphates toward
the Co2+ metal ions as compared to the Zn2+ metal ions.
Finally, the binary composite PBI@ZIF-mix achieved a
conductivity of 9.1 × 10−2 S/cm at 200 °C, which signifies
the synergistic promotion of conductivity through mutual
cooperation between the PBI and the ZIF-mix. In order to
investigate the mechanism, the activation energies were
calculated to be 0.34, 0.31, and 0.20 eV for PBI@ZIF-8,
PBI@ZIF-67, and PBI@ZIF-mix, respectively, which implies a
Grotthuss mechanism of proton transportation in all three
cases. In fact, the multiple H-bonded matrices existing among

Figure 5. Representation of rhombic channels in FJU-31 during degassing (closed pore) and after organic hydroxyl loading (open pore). (b)
Nyquist plot for temperature-dependent anhydrous conductivity in FJU-31@Hq. (c) Activation energy plots for FJU-31@Hq, FJU-31@Ch, and
FJU-31@Bu. Reproduced with permission from ref 100. Copyright 2016, Royal Society of Chemistry.
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the PBI polymeric chains, the imidazole rings of the ZIFs, and
H3PO4 assisted the continuous proton hopping from one site
to another, which eventually resulted in ultrahigh super-
protonic conductivity at 200 °C under anhydrous conditions.
Thus, the work investigates the further research scope on
MOF-based polymeric membranes capable of operation in a
broad temperature window while maintaining the anhydrous
conditions.
Besides benzimidazole-based organic polymers, proton-

conducting sulfonated polymers such as sulfonated poly(ether
sulfone) (SPES) could induce anhydrous proton conductivities
in MOF materials. Along this line, in 2018 Zhiani and co-
workers reported a SPES-MOF composite membrane doped
with phosphoric acid as an ultrahigh anhydrous superprotonic
conductor in the high-temperature window.102 An amino-
functionalized Cr-MIL-101 (Cr-MIL-101-NH2) was anchored
onto the flexible aryl ether backbone of the SPES polymer via
the Hinsberg reaction to form cross-linked bonds that not only
resulted in a high thermal stability of the membrane (390 °C)
but also increased its mechanical stability (in terms of high
tensile strength and elongation at break), making it appropriate
as a PEM material in real-time fuel cells. In the SPES
backbone, the attached MOFs created some proton-hopping
channels uniformly filled with −NH2 and −SO2NH groups
that form strong hydrogen bonds with the externally doped
phosphoric acid (PA) units, resulting in a continuous proton
conduction pathway. The proton conductivity of the PA-doped
membrane thus fabricated was 4.1 × 10−2 S/cm when
measured at 160 °C under anhydrous conditions. Moreover,
the proton-transfer activation energy was calculated to be 0.21
eV, which signified a Grotthuss mechanism of proton jumping
among the continuously hydrogen-bonded phosphate units
and −SO2NH moieties of the polymeric backbones and
manifested that the successful treatment of MOFs with
commercial polymers could guarantee their application in
future HT-PEMFCs.
3.2. Anhydrous Proton Conduction in Covalent

Organic Frameworks (COFs). COFs represent an emerging
class of functional nanostructures that possess a unique
combination of several intriguing features such as highly

ordered crystalline structures, high surface area, pore space
tunability, low mass density, etc.42−45,77−84 Basically, they are
the metal-free counterparts of MOFs, formed via covalent
linking of lighter elements (such as B, C, N, and O) in a
periodic manner to form chemically as well as thermally stable
2D/3D structures. In addition, their high tolerance over a wide
acidic as well as basic pH range, water retention capability,
high processability, and excellent compatibility with the
polymeric matrices (on account of its organic background
for membrane fabrication in membrane electrode assembly
(MEA) construction) definitely count among the several
superior features that provided sufficient reason for researchers
to explore COF materials in the field of proton conductivity.
Moreover, the existence of multiple covalent bonds in COF
backbones makes them mechanically stable as well for film/
membrane fabrication. However, it was not until 2014 when
the proton conductive properties of these COF materials were
explored by Banerjee and co-workers.103 Since then, a series of
reports have arrived on the utilization of these COF materials
as excellent superprotonic conductors, approaching even the
ultrahigh conductivity 10−2−10−1 S/cm range in certain cases.5

Nevertheless, although a bunch of reports have been published
on proton conduction through COFs under hydrated
conditions, reports on anhydrous proton conduction are
comparatively limited. A timeline of the origin and develop-
ment of COF materials in the field of anhydrous conductivity
is provided in Scheme 4 for rapid visualization. Importantly,
although two review papers have been published summarizing
various examples of COFs for proton conduction under
hydrous condition,5,43 a critical review highlighting anhydrous
proton conductivity with in COF materials is high in demand
to provide future direction to researchers for exploring this
aspect of anhydrous proton conductivity in COF-based
materials for their real-time applicability in anhydrous fuel
cells.
Akin to the cases of MOFs, for achieving anhydrous proton

conduction through COFs, the strategies can be sub-divided
into three classes on the basis of proton immobilization,
namely, intrinsic proton conductivity in COFs, where the
carrier species such as −SO3H are either inherently installed

Scheme 4. Timeline Representing the Evaluation of COFs in the Field of Anhydrous Proton Conduction since 2014
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into the framework backbones or the proton carriers (such as
nonvolatile heterocycles or acids) are in situ doped during the
synthesis procedures, which has been largely unexplored to
date; extrinsic proton conductivity in COFs, where nonvolatile
proton carriers like PA, phytic acids, imidazoles, triazoles, and
proton-conducting ionic liquids (PIL) are externally loaded
into the nanoporous crystalline channels of the framework to
achieve superprotonic anhydrous conductivity; and combined
proton conductivity in COFs, where the mutual cooperation of
both intrinsic and extrinsic approach is synchronously used to
achieve anhydrous conductivity. In the context of anhydrous
proton conductivity with COFs, to date the majority of
published reports have utilized the extrinsic conductivity
approach, where rational encapsulation/loading of nonvolatile
proton bearers into the nanochannels of COF materials
resulted in ultrahigh conductivities. A few reports have
manifested intrinsic anhydrous proton conduction through
pre-installed framework functionalization (−SO3H only) in
COFs, whereas others revealed that adopting a combined
approach, i.e., cooperative harmony of intrinsic proton sources
with extrinsically loaded proton carriers and their mutual
interplay, aided the achievement of high anhydrous con-
ductivity (Figure 6).

3.2.1. Intrinsic Proton Conductivity in COFs. This
particular class involves the intrinsic pre-installation of various
proton-donor/carrier functionalities (such as sulfonate moi-
eties or nonvolatile superacids) into the covalent backbones of
COFs through direct synthesis procedures that can ensure
stable H-bonded proton-conducting pathways in anhydrous
conditions. Usually, these groups remain appended (uncoordi-
nated) inside the pore apertures, which not only increases the
acidity of the pore channels but also aids in enhancing the
carrier concentration as well as the kinetic mobility of protons,
in turn triggering efficient proton conductivities.
Along this line, an intrinsic −SO3H-functionalized COF

material named TpPa-SO3H, with periodically arranged
−SO3H groups flanking the hexagonal channels, was developed
by Banerjee and co-workers in 2016.104 The presence of a
continuous array of proton-conducting/hopping sites in the
COF backbone helped in maintaining an extensive H-bonded
pathway even in the absence of any external humidity, and thus

made TpPa-SO3H perfectly suited for studying the anhydrous
proton conductivity. The material displayed a proton
conductivity of 1.7 × 10−5 S/cm under anhydrous condition
at 120 °C, thereby making it an inventive example of
anhydrous intrinsic proton-conducting COFs.
Apart from the intrinsic framework functionalization strategy

mentioned above, in situ doping of nonvolatile proton carriers
in the pore channels of COFs is another exciting strategy
whereby intrinsic proton conductivity could be harnessed.
Hence, a series of covalent triazine framework membranes
(CTF-Mx) having an intrinsically doped high-boiling super-
acid, trifluoromethanesulfonic acid (TFSA), with different
quantities of N-methyl-4-piperidone contents was developed
by Ma and co-workers in 2021.105 The materials possessed
unique structural features on account of strong electrostatic
interactions as well as acid−base interactions among the CTF
and TFSA that imparted high mobility to proton carriers to
improve anhydrous proton conductivity in free-standing
membranes. These COF membranes were identified as CTF-
M2 to CTF-M6, based on the sequential increase in the
content of piperidones in the parent framework that imparted
flexibility to the membranes. Among the CTFs, CTF-M5
offered the highest proton conductivities within a broad
temperature range under anhydrous conditions (1.21 × 10−3

S/cm at −40 °C and 3.24 × 10−2 S/cm at 160.15 °C). Such
high superprotonic conductivities even at sub-zero temper-
atures could be attributed to the high piperidone content
leading to a greater absorption of TFSA molecules via acid−
base interactions. The spontaneous migration of protons in the
TFSA-doped CTF-Mx was further supported through DFT
calculations that revealed a reduction in the proton
dissociation energy of TFSA by 1.14 eV (from 4.68 eV in
pristine TFSA to 3.54 eV in TFSA-doped CTF). This suggests
a weak interaction between the −SO3CF3− anion and triazine
ring in the CTF skeleton (CTF···H·SO3CF3 interaction),
resulting in free migration of protons and contributing toward
excellent anhydrous superprotonic conduction. Furthermore,
the activation energy (Ea) of CTF-M5 was the lowest (Ea =
0.11 eV) among all the TFSA-doped CTF-Mx. The reduced
activation energy in CTF-M5 emerged from the strong acid−
base interaction between the TFSA and the N atoms of
piperidine rings that provided enormous basic sites for smooth
proton transfer via the Grotthuss mechanism of proton
conduction. Thus, the work represents the first example
where in situ-doped proton carriers (TFSA and N-methyl-4-
piperidone) played a significant role in achieving ultrahigh
anhydrous proton conductivity in triazine-based COFs (CTFs)
employing the intrinsic proton conductivity approach over a
wide temperature range, which broadens the scope for further
explorations on such intrinsic proton-conducting COF-based
membranes.

3.2.2. Extrinsic Proton Conductivity in COFs. The presence
of pre-installed nonvolatile proton carrier functionalities into
the COF backbones is undoubtedly an excellent strategy to
achieve anhydrous conductivity, as mentioned earlier;
however, such structures are highly difficult to synthesize and
require arduous synthetic treatments. External incorporation of
various nonvolatile species such as H3PO4 (PA), phytic acids,
N-rich heterocycles (triazole, imidazole), or their combination
into the pore channels of the COFs could help in establishing
continuous H-bond matrices that aid facile proton hoping with
low activation energy barriers in anhydrous conditions.

Figure 6. Representation of COFs with nonvolatile proton carriers
incorporated inside the framework intrinsically, extrinsically, or via a
combined approach for anhydrous proton conduction.
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Anhydrous proton conduction across the mesoporous
channels of crystalline TPB-DMTP-COF through external
incorporation of nonvolatile N-rich heterocycles like triazole
and imidazole into the pore spaces of COF was reported by
Jiang and co-workers in 2021.106 The parent COF (TPB-
DMTP-COF) exhibited a high BET surface area of 2072 m2
g−1 with a pore volume of 1.34 cm3/g that exhibited poor
conductive performance (∼10−12 S/cm). However, when the
organic proton carrier triazole species were externally loaded
(180 wt%) into the pore channels COF, the material (trz@
TPB-DMTP-COF) exhibited superprotonic conductivity of
1.1 × 10−3 S/cm at 130 °C under anhydrous conditions with a
low activation energy barrier of 0.21 eV, implying a Grotthuss
type of continuous proton hopping through triazole moieties in
1D mesoporous channels. Eventually, this triazole-loaded COF
performed better than the state-of-the-art triazole-loaded
βPCMOF-2 under the same conditions. The material was
further investigated through extrinsic loading of proton carrier
imidazole moieties (with a maximum loading of 164%) into
the pore spaces of the framework through vapor diffusion
methods to generate im@TPB-DMTP-COF. It is interesting
to note that im@TPB-DMTP-COF exhibits a 4 times superior
conductivity of 4.37 × 10−3 S/cm at 130 °C as compared to
trz@TPB-DMTP-COF with similar activation energies. The
superior proton conductivity performance of the imidazole-
loaded framework as compared to the triazole counterpart
could be attributed to the lower concentration of protons in
the triazole, with lone pairs on its two N atoms, that decreases
the charge carrier concentration as well as mobility, resulting in
its slightly lower conductivity as compared to the imidazole
molecules, with only one lone pair-containing N atom. The
work highlights the importance of extrinsic heterocycle guest
(nonvolatile proton carriers) encapsulation as an effective tool
to attain superprotonic conductivity with low activation
energies under anhydrous conditions in mesoporous COFs
materials.
Apart from the nonvolatile heterocycle guest loading

discussed above, external doping of PA is considered as an
efficient strategy to achieve anhydrous conductivities due to its
nonvolatile nature (boiling point 158 °C) with high proton
mobility that results in extended H-bonded networks
stemming from three ionizable −OH bonds, which guarantee
uninterrupted proton hopping even at anhydrous conditions.
In this direction, Du and co-workers developed a series of
COFs, TPB-COF (with a benzene core), TPT-COF (with a
triazine core), and TPB-TPT-COF and TPT-TPB-COF
(combinations of benzene and triazine cores), through
variation of the numbers and chemical positions of triazine
units and explored their anhydrous proton conductivities after
extrinsic incorporation of H3PO4 inside the channel walls to
yield H@COFs.107 Although the parent COFs exhibited nearly
insulating behavior due to the absence of proton carriers, the
proton conductivities of 18% H3PO4-loaded COFs were noted
to increase with a gradual rise in temperature from 100 to 160
°C. Comparing the conductivities of two frameworks (TPB-
and TPT-COFs), the 10 times higher proton conductivity of
18% H@TPT-COF than that of 18% H@TPB-COF could be
attributed to the higher surface area, highly exposed pore
spaces, and larger pore volume of the former as compared to
the latter. H@TPT-COF exhibited a conductivity of 8.84 ×
10−5 S/cm at 160 °C with 18 wt% H3PO4 that increased to
9.34 × 10−3 S/cm at 150 °C with increasing H3PO4 loading up
to 65 wt%, eventually stepping into the ultrahigh superprotonic

region with a conductivity of 1.27 × 10−2 S/cm at 160 °C.
Thus, the superprotonic conductivity was found to be directly
proportional to the increasing temperature and H3PO4
concentration. This 3-fold increment in conductivity could
have resulted not only because of the additional proton sources
from impregnated H3PO4 but also due to the perfect alignment
of exposed triazine-N sites inside the 1D nanochannels, which
facilitated the formation of a dense H-bonding network along
the z-direction. Moreover, the framework 65% H@TPT-COF
exhibited a low activation energy (0.17 eV), which is indicative
for the Grotthuss mechanism of proton transportation, which
correlates with the continuous and smooth proton hopping.
DFT calculations revealed that H3PO4 is stabilized by both the
imine and N atoms of the triazine core in TPT-COF and
suggested strong binding interactions between H3PO4 and
triazine-N atoms (energy of −37.4 kJ mol−1) through N···H−
O interactions. Besides high proton conductivity, durability of
performance is also an important prerequisite. H@TPT-COF
showed durability for 100 h at 160 °C and thus offered a high-
temperature proton transport system by harnessing the
anhydrous extrinsic proton conductivity approach. Although
the strategy of phosphoric acid doping in COFs is quite
interesting for the enhanced conductivity with minimal
activation energies, the technique of external doping of
inorganic acids is always associated with concerns about
leaching of loaded acids that might hamper the proton
conduction pathway, and these need to be critically analyzed
before confirming the materials’ practical utility.

3.2.3. Combined Proton Conductivity in COFs. At times,
the isolated employment of an intrinsic or extrinsic strategy
might not be the best option to impart the desired ultrahigh
proton conductivity to the COFs under anhydrous conditions.
As mentioned earlier, the customary practice for the develop-
ment of proton-conducting materials depends on the charge
carrier concentration and the availability of continuous proton-
hopping sites. Hence, to accelerate the conductivity under
anhydrous conditions, synchronous cooperation of intrinsic as
well as extrinsic properties in a single COF system through a
combined approach might be an excellent alternative, as
demonstrated by Banerjee and co-workers in 2016.104 The
group had developed a sulfonate-functionalized framework,
TpPa-SO3H, that exhibited a conductivity of 1.7 × 10−5 S/cm
under anhydrous conditions at 120 °C (as discussed previously
in section 3.2.1). However, the conductivity performance of
that material did not step into the “superprotonic” zone. To
improve the scenario, two other frameworks�one with
pyridine functionalization (TpPa-Py) and the other with
both pyridinic (basic site) and sulfonic acid functionalities
(acidic site) (TpPa-SO3H-Py)�were synthesized.105 How-
ever, neither of them exhibited significant conductivities under
the aforementioned anhydrous conditions. Hence, the hybrid
COF TpPa-SO3H-Py was extrinsically impregnated with
highly nonvolatile phytic acid molecules (even less volatile
than H3PO4) to generate phytic@TpPa-(SO3H-Py), combin-
ing the aspects of both intrinsic and extrinsic proton sources,
and achieved superprotonic conductivity of 5 × 10−4 S/cm at
120 °C. The intrinsic proton sources (−SO3H) allowed the
protonation of pyridines that resulted in the formation of
pyridinium (−C5H3NH+) and sulfonate (−SO3−) pairs inside
the TpPa-(SO3H-Py) backbone. Further, the extrinsic loading
of phytic acid molecules inside the hexagonal channels of
COFs enhanced the carrier concentration in the framework to
improve the proton hopping with enhanced mobility, achieving
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superprotonic conductivity with a low activation energy of 0.16
eV that revealed smooth proton conduction via the Grotthuss
mechanism. The work highlights the significance of synchro-
nous interplay among intrinsic and extrinsic proton sources to
achieve combined proton conductivity that served as an
effective strategy to attain superprotonic anhydrous con-
ductivity in the COFs.
Besides nonvolatile organic/inorganic acids and/or N-rich

heterocycles, ionic liquids such as [dema]HSO4, [dema]-
H2PO4, and [PSMIm][HSO4] are also interesting candidates
as nonvolatile proton carriers for anhydrous proton con-
ductions. Along this line, Yan and co-workers developed a fully
sulfonated porous COF material, namely TB-COF [TpBD-
(SO3H)2], with a high density of free −SO3H groups and
extrinsically incorporated a protic ionic liquid (PIL), 1-methyl-
3-(3-sulfopropyl)imidazolium hydrogensulfate ([PSMIm]-
[HSO4]), inside the TB-COF to develop PIL-TB-COF
(Figure 7a).108 The framework PIL-TB-COF exhibited an
anhydrous proton conductivity of 2.21 × 10−3 S/cm at 120 °C,
which is 15 times higher than that of the parent framework

TB-COF (1.52 × 10−4 S/cm) at 120 °C (Figure 7b,c). This
significant enhancement in the conductivity value could be
attributed to the combined increment in the proton sources
from intrinsically aligned free −SO3H groups along with the
extrinsically loaded −SO3H groups from PILs ([PSMIm]-
[HSO4]) that concurrently assist the establishment of
continuous H-bonding pathways for facile proton transfer
(Figure 7d).
Further, the material exhibited an activation energy of 0.30

eV, attributed to the faster proton migration between the
incorporated proton-defect sites i.e., −SO3−/HSO4−. More-
over, PIL-TB-COF exhibited almost constant proton con-
ductivity performance over 72 h without any leakage of PIL,
proving the excellent durability of this material. This work
again highlighted that the cooperative participation of intrinsic
as well as extrinsic proton sources in COFs can give rise to
significant improvements in the conductive performances
under anhydrous conditions through the combined proton
conductivity approach and validated the encapsulation of

Figure 7. (a) Synthesis scheme for TB-COF and PIL-TB-COF. (b) Nyquist plots for TB-COF at different temperatures. (c) Nyquist plots for
PIL-TB-COF at different temperatures. (d) Illustration of proton transfer in PIL-TB-COF. Reproduced with permission from ref 108. Copyright
2022, Royal Society of Chemistry.
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porous ionic liquids as essential tools to impart anhydrous
proton conductivity in COFs.
3.3. Anhydrous Proton Conduction in Hydrogen-

Bonded Organic Frameworks (HOFs). Apart from the
crystalline platforms like MOFs and COFs, HOFs represent a
novel class of functional crystalline networks that are
assembled from organic molecular tectons through medium/
strong noncovalent intermolecular hydrogen-bonding inter-
actions.46−52 As H-bonding constitutes an essential component
in building HOFs and the fundamental criterion for achieving
high proton conductivity in solid-state PEMs is the existence of
continuous H-bonded networks, hence it is obvious that these
materials offer great promise for providing ultrahigh con-
ductivity by virtue of intrinsic H-bonded matrices. The scope
for diverse functionalization of organic building blocks in
HOFs allow the accommodation of proton carrier guests
(H2O, Im, NH3, etc.) in their channels/interlayer spaces by
virtue of well-defined H-bonding interactions with the
functionalized organic struts that eventually result in the
generation of continuous H-bonded matrices.46 Moreover,
other advantages such as simple synthesis via crystallization,
solution processability, easy healing and regenerability due to
the self-adaptable reversible nature of H-bonds (dynamic and
flexible), and low-density features broaden its scope for as
lightweight SSPCs. Although about a dozen HOFs have been
explored for proton conductivity in hydrated conditions
(operation under high relative humidity), to date not much
work has focused on the domain of anhydrous conductivity,
and remained underexplored due to the materials’ poor
thermal/chemical stabilities. In fact, only seven reports on
anhydrous conductivity through HOFs are known to date. As
mentioned earlier, to achieve anhydrous conductivity, the
incorporation/encapsulation of nonvolatile proton carrier
guest species that can maintain the continuous H-bonded
networks even in the absence of water is necessary. So far,
species such as squaric acid, H3PO4/H2PO4−, imidazole,
glutamic acid, and succinic acids have been explored as the
anhydrous proton carriers in HOFs. Most importantly, it
should be mentioned that in HOFs, to date proton conduction
has solely relied on intrinsic proton sources with inherent
dynamic H-bonded networks (Figure 8). In this section, we
focus on some of the rare HOF materials that exhibited
substantially high conductivity in anhydrous conditions.
In 2012, a discrete work on anhydrous proton conduction

with four squaric acid derivatives by Venkataraman and co-

workers marked the beginning of investigations into anhydrous
conductivity with HOF-based materials.109 In the context of
anhydrous conduction, proton carriers play the pivotal role
since the ease of dynamic movement of these carrier molecules
through diffusive pathways significantly influences the
conductivity. Hence, the proton carriers preferentially ought
to exist in two or more tautomeric forms and must contain
acidic protons that could be easily donated. Squaric acid (3,4-
dihydroxycyclobut-3-ene-1,2-dione, 4) exists in multiple
tautomeric conformations and possesses proton donor as
well as acceptor sites that facilitate the formation of extended
H-bonded networks and long-range proton translocation. Four
different derivatives of this squaric acid, namely methyl (4a), n-
butyl (4b), tert-butyl (4c), and phenyl (4d), were synthesized,
and their anhydrous conductivities were explored. The
nonsubstituted parent squaric acid was noted to exhibit
negligible conductivity, attributed to its constrained reorienta-
tion that represents the rate-limiting step in anhydrous
conduction. For the methyl and phenyl derivatives (4a and
4d) the conductivities were also very poor (∼10−8 S/cm even
at 160 °C). However, for 4b and 4c, the conductivities were
noted to be 2.2 × 10−5 and 2.3 × 10−3 S/cm at 120 °C with
activation energies of 0.643 and 0.415 eV, respectively. The
superior conductivity of the tert-butyl derivative (4c) as
compared to the n-butyl derivative (4b) could be correlated
with the existence of ordered intrinsic H-bonding tetrameric
chains in 4c under high-temperature conditions, unlike 4b, in
which only dimeric H-bonded units are present, as established
from a wide-angle X-ray scattering (WAXS) experiment.
As seen from previous studies on MOFs and COFs,

imidazoles and phosphoric acids are extensively used as proton
conductors mostly by extrinsic incorporation onto pores.
Dekura, Mori, and co-workers took a different approach to
crystallize these two proton-conducting species together into a
single HOF platform, namely, the phosphoric acid imidazolium
dihydrogen phosphate (1) framework.110 The O−H···O
hydrogen bonds among the H2PO4 and H3PO4 molecules
give rise to [H5P2O8]− units that are again hydrogen bonded to
each other to form an overall 3D hydrogen-bonded structure
with 1D pore channels across the crystallographic a-axis
(Figure 9a−c). These channels are inhabited by ImH+ cations

that form strong N−H···O hydrogen bonds with phosphate
networks. The 1D ladder-like H-bonded chains along with
uniform H-bond lengths in the phosphate networks are noted
to be primarily responsible for the isotropic superprotonic
anhydrous conductivities of 1.15 × 10−3 and 1.31 × 10−3 S/cm
across the crystallographic a- and c-axis, respectively, at 351 K

Figure 8. Representation of intrinsic incorporation of nonvolatile
proton carriers in the backbone of HOFs to attain anhydrous
conductivity. Extrinsic loading of protonic species in HOFs is yet to
be realized.

Figure 9. (a) Representation of the 3D hydrogen-bonded phosphate
network in 1. (b) Intrinsically incorporated orientationally disordered
ImH+ cations. (c) Crystal structure of 1 across the crystallographic a-
axis at 286.6 K. Reproduced with permission from ref 110. Copyright
2022, Wiley VCH.
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under anhydrous conditions. The encapsulated imidazolium
cations underwent 3D dynamic molecular motions (as
established from SCXRD, DSC, and solid-state NMR) that
indirectly accelerated the protons’ movement through the
phosphate networks to hasten the conduction mechanism. It is
important to note that imidazolium cations possess small sizes
with permanent electric dipole moments on the N−H species,
and their electrostatic potential promotes the depolarization of
H-bonded networks in 1. In fact, when the protons migrate,
significant rotation of the ImH+ cations aids the establishment
of transient N−H···O interactions with the phosphate
networks that decrease the potential barrier, for enhanced
proton conduction. In addition, other factors such as the
differences in pKa values between H3PO4 (pKa = 1.97) and
ImH+ (pKa = 6.99) and the molecular rotation of ImH+ also
assist in achieving anhydrous conductivity in such HOF-based
materials.
Apart from using molecules with inherent tautomeric forms

containing acidic protons (the first example of squaric acid-
based HOF) and assimilating two or more proton-conducting
species into a single HOF platform (the second example under
HOF category), HOFs constructed from zwitterionic mole-
cules could be potential anhydrous conductors, taking into
account their strong H-bonds among the tectons. In this
direction, Liang, Zhang, and co-workers constructed three new
proton-conducting HOFs, HOL, HOL-H2O, and HOL-
DMSO, based on a 4-aminobenzenesulfonic acid (4-ABS)
moiety as the molecular tecton, that exhibited guest-dependent
anhydrous superprotonic conductivity (Figure 10a).111 Single-
crystal structure analysis of HOL displayed a parallel
arrangement of all 4-ABS molecules in a head-to-tail manner
that generates a layered-type structure via both intra- and
interlayer strong H-bonding interactions (N−H···O) between
the protonated amino (−NH3+) group of one 4-ABS and the
deprotonated sulfonic acid (−SO3−) group of the other.

However, in the cases of HOL-H2O and HOL-DMSO, the
guest solvent molecules (H2O and DMSO) are respectively
incorporated inside the layered network, that in turn assists the
interlayer H-bonding interactions (Figure 10b−e). The
Nyquist plot of HOL shows only a large semicircle in the
higher frequency region, suggesting poor proton conductive
performance (7.08 × 10−9 S/cm at 60 °C). Although fast
proton transfer can occur in HOL through −NH3+ and SO3−
species in the same layer, the restricted rotational motion of
SO3− and its subsequent locking through a H-bonding
confinement effect between consecutive layers hinder proton
movement and results in poor conductivity. For HOL-H2O,
temperature-dependent proton conduction analysis revealed a
gradual increase in proton conduction with increasing
temperature from 1.42 × 10−7 S/cm at 30 °C to 7.07 ×
10−6 S/cm at 60 °C due to faster proton dissociation and
transfer from −NH3+ to water molecules to form H3O+, which
acted as a vehicle to transport the protons to the subsequent
−SO3− via the continuous H-bonded network with a much
higher activation energy of 1.16 eV. However, in the case of
HOL-DMSO, superprotonic conductivity as high as 1.15 ×
10−3 S/cm was achieved at 30 °C, which was further enhanced
to reach the ultrahigh superprotonic region at 100 °C (2.21 ×
10−2 S/cm) with a much lower activation energy of 0.40 eV
(Figure 10f,g). The higher anhydrous conductivity associated
with the lower activation energy was ascribed to the separation
of adjacent 4-ABS layers by DMSO molecules that decreased
the hydrogen-bonding confinement of SO3− and facilitated
smooth proton transfer from −NH3+ via C3-rotation to the
adjacent −SO3−.
3.4. Anhydrous Proton Conduction in Polyoxometa-

lates (POMs). POMs are well-known polynuclear metal-oxo
clusters that are widely recognized for their structural diversity,
structural tunability, and excellent thermal stability.53−56

Recently, POM-based materials have emerged as exceptional

Figure 10. (a) Superprotonic conduction attained through aggregation of 4-ABS molecules in HOL, HOL-H2O, and HOL-DMSO with gradual
increments of interlayer spacing. H-bonded networks in (b) HOL, (c) HOL-H2O, and (d) HOL-DMSO. (e) Proton hopping by rotation of
sulfonic acid groups in HOL-DMSO. (f) Temperature-dependent Nyquist plots for HOL-DMSO under anhydrous conditions. (g) Activation
energy for anhydrous proton conduction in HOL-DMSO, HOL-H2O, and HOL. Reproduced with permission from ref 111. Copyright 2023,
American Chemical Society.
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SSPCs in the hydrous state due to the large number of
associated crystallized lattice water molecules.53 Owing to their
highly crystalline nature, similar to MOFs, COFs, and HOFs,
structure−function relationships could be established for
POMs, which are advantageous for further exploration of
such materials. Motivated by the combined effect of excellent
thermal stability and superprotonic conductivity in the hydrous
state, this class of materials have also been studied recently for
their applicability toward anhydrous proton conductivity. In
case of POMs, so far, anhydrous proton conductivity arises
mostly because of coordinated water molecules attached to the
cationic charge-balancing agents or intrinsically incorporated
imidazole/imidazolium molecules or from the structural acidic
protons present even at high temperatures (Figure 11).

However, only a handful of reports could be found on
POM-based anhydrous SSPCs; thus, significant attention is
needed for further development of POMs in the domain of
anhydrous proton conduction.
Considering the significant role of free structural protons in

anhydrous conductivity, a cobalt-containing hetero-polyoxo-
niobate, 1-purple (H9KNa2(H2O)10[Co(H2O)2(SiNb18O54)]·
15H2O) was reported by Sun, Zheng, and co-workers in 2019
that exhibited a superprotonic conductivity of 1.01 × 10−3 S/
cm under hydrous conditions.112 Upon heating at 60 °C, 1-
purple was gradually converted into another polymorph,
dehydrated 1-blue, with liberation of the coordinated and
lattice water molecules (Figure 12a,b). The proton con-
ductivity of 1-blue was investigated at room temperature under
anhydrous conditions, and the initial conductivity value was
6.34 × 10−6 S/cm (Figure 12c). This anhydrous proton
conductivity of 1-blue could result from the long-range H-
bonding networks between free structural protons and bridging
as well as terminal oxygens of the polyoxoniobate unit, which
helped to form smooth proton conduction pathways under
anhydrous conditions. However, the anhydrous conductivity of
1-blue could not be measured at higher temperatures because
of irregular impedance data in the Nyquist plots, suggesting
complete destruction of the H-bonding pathway inside the
crystal. Overall, although the anhydrous conductivity is not in
the superprotonic region, the work highlighted the significant
role of free structural protons in achieving anhydrous proton
conduction in POM-based materials.
Besides MOFs and COFs, sub-zero anhydrous proton

conduction could also be achieved for POMs as well. A 3D
Keggin-type POM composed of {Mo4.55V7.45PO40}10.45− anions
and (H2O)0.3@K6(H2O)12 clusters with the chemical formula
[(H2O)0.3@K6(H2O)12]H4.45[PV7.45Mo4.55O40]·11H2O ex-
hibited anhydrous proton conductivity even at temperatures
as low as −50 to −1 °C under a dry nitrogen environment

Figure 11. Representation of proton carriers intrinsically installed into
native POMs for anhydrous proton conduction. Color code: yellow,
hydrogen; red, oxygen; blue, nitrogen; gray, carbon; pink, heteroatom;
cyan, metal ions.

Figure 12. (a) 2D layer in 1-purple along the a-axis. (b) Digital photographs of the chromic response (purple to dark blue) observed for 1-purple
with controlled thermal treatment (60 °C, 1 min) and revival of the original color (dark blue to purple) on rehydration. (c) Nyquist plots for 1-
blue at room temperature. Reproduced with permission from ref 112. Copyright 2021, Royal Society of Chemistry. (d) Packing diagram of Keggin-
type {Mo4.55V7.45PO40}10.45− anions (cyan balls) and (H2O)0.3@K6(H2O)12 clusters (green balls) for 1. (e) Connection mode among the
polyoxoanion and the (H2O)0.3@K6(H2O)12 cluster. (f) Nyquist plots in the temperature range 249−272 K for 1. Reproduced with permission
from ref 113. Copyright 2019, Royal Society of Chemistry.
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(Figure 12d,e), as demonstrated by Ren and co-workers.113

Although the material exhibited insulating behavior at
temperatures below −26 °C, when the temperature increased
to −24 °C, the anhydrous conductivity was measured to be
6.90 × 10−7 S/cm. Subsequently, the conductivity was
progressively enhanced as the temperature increased and
reached 3.36 × 10−6 S/cm at −1 °C under anhydrous
conditions (Figure 12f). This significant increase in anhydrous
conductivity with the rise in temperature could be attributed to
facile dissociation of the coordinated water molecules in the
[(H2O)0.3@K6(H2O)12]6+ cluster, which allowed for the faster
movement of protonic species (such as dissociated acidic
protons from coordinated water and free structural protons) at
higher temperatures. The Arrhenius plot revealed an activation
energy of 0.44 eV, indicating the vehicle mechanism of proton
transport with H3O+ as proton carriers that dominated proton
conduction even at sub-zero temperature within the range
from −24 to −1 °C. Though the material inaugurated the
exploration of anhydrous proton conductivity at sub-zero
temperature in POMs, there is still huge room for improve-
ment to reach the ultrahigh superprotonic region and meet the
criteria for industrial implementation.
As discussed earlier, the large dependence of proton

conductivity on the hydration level of heteropolyacids
(HPAs) as a function of temperature and/or humidity not
only imposes significant influence on the conductivity value
but also affects the mechanism of proton transportation, which
is essentially dependent on the number and orientation of
protonic sources/carriers present alongside the POM anion.
However, an interesting approach to overcome this limitation
in anhydrous conditions could be attained by harnessing the
advantage of inherent Brönsted acidity of HPAs, where
complete transfer of the structural acidic protons to the
anionic bases can occur feasibly to generate the salt hydrate.
Toward this direction, Martinelli and co-workers designed a
new POM-based SSPC, Imid3WP·nH2O, where the proton
transfer occurred from 12-tungstophosphoric acid to the
imidazole moieties that acted as intrinsically installed proton
acceptors (Figure 13a).56 The Arrhenius plot exhibited a
gradual increase in proton conductivity from ∼10−9 to ∼10−6

S/cm with a rise in temperature from −50 to 20 °C (Figure
13b), which could be attributed to the vehicular mechanism

(Ea = 0.50 eV) of proton conduction via four H2O molecules
present in the salt hydrate (Imid3WP·4H2O), as observed
from the TGA results. However, upon a further increase in
temperature, it was noted that the proton conductivity
decreased to ∼10−7 S/cm at 145 °C. This could be ascribed
to the generation of a pseudoanhydrous state with only ∼2
lattice water molecules per Keggin unit (Imid3WP·2H2O).
Along with proton conductivity, the activation energy also
decreased from 0.50 eV at 20 °C in Imid3WP·4H2O to 0.26
eV at 145 °C in Imid3WP·2H2O. This observation was
correlated to the faster proton-hopping events via strong H-
bonding interactions between the imidazolium cation and free
imidazole with the assistance from residual structural water
molecules and Keggin WP anions. This in turn contributed
towards lowering the activation energy barrier for proton
transport within imidazoles and water molecule, as supported
by solid-state NMR spectra, MD simulations, and DFT study.
Thus, the work not only depicted the role of water present in
anhydrous POMs to significantly enhance the overall rate of
proton movement, but also opened up new directions for
further exploration of POM and N-heterocycle-based salts
toward smooth anhydrous proton conduction with a lowered
energy barrier.

4. CRYSTALLINE ANHYDROUS PROTON
CONDUCTORS IN REAL-TIME IMPLEMENTATION
VIA MEMBRANE ELECTRODE ASSEMBLY

As mentioned earlier, anhydrous proton conduction beyond
100 °C is highly important for upholding the environmental
and economic sustainability of fuel cell technologies, enabling
the fuel cells to function with increased efficiency. In PEMFCs,
the MEA is considered the chief component (the heart of the
fuel cell), consisting of solid electrodes (anode and cathode)
along with solid-state electrolyte materials (known as proton
exchange membranes, PEMs). The proton-conducting solid-
state electrolyte (PEM) is sandwiched between the two
electrodes (by heat pressing methods) to help in trans-
portation of protons from the anode to cathodes. In the anodic
compartment, the fuel (H2) is provided which get oxidized to
protons and diffuse through the membrane material (PEM) to
meet the oxidant (oxygen or air) at the cathodic compartment.
There, the protons react with O2 and receive the electrons that

Figure 13. (a) Keggin unit of the 12-tungstophosphoric acid, H3WPA, and imidazole in its neutral form. (b) Arrhenius plot of the proton
conductivity measured for the salt hydrate Imid3WP·nH2O (red filled circles) upon heating and subsequent cooling. Reproduced/adapted from ref
56. Available under CC-BY 4.0, published 2021, American Chemical Society.
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were separated from the fuel during oxidation to produce water
as the reaction product. Finally, the fuel cell’s performance is
evaluated on the basis of the open-circuit voltage (OCV),
obtained from the I−V plot in terms of maximum current
density and power density. Thus, the cell potential is
maintained and current is drawn from the cell, producing
electricity which can be used for further applications
(automotive applications). PEMFCs are highly fascinating on
account of their sustainability (only water is produced as
product) and socio-economic securities. Hence, for successful
validation and to check the real-time potential of PEMs,
evaluation of their performance as solid-state electrolytes in
practical MEAs under anhydrous conditions is necessary. In
the current section, examples of proton-conducting crystalline
materials whose practical potential has been examined in
MEAs are discussed.
Although a handful of MOFs/CPs are noted to exhibit

anhydrous proton conductivities, some of them even in the
range of 10−1−10−2 S/cm, utilization of MOFs in PEMFCs as
practical solid electrolyte separators needs to be validated
widely. Among the 39 examples of MOFs and MOF-based
membranes tabulated in Table 2, so far, only 8 of them have
been deployed in MEA construction for practical validation
under actual (H2/O2) fuel cell conditions. For example, in
2009 Shimizu and co-workers reported an in situ triazole-
incorporated framework, β-PCMOF2(Tz)0.45, that exhibited
superprotonic conductivity of 5.0 × 10−4 S/cm when operated
at 150 °C under anhydrous conditions (discussed previously in
section 3.1.1.1).72 The powdered sample was sandwiched in
between two electrodes for fabrication of the MEA in a H2/air
fuel cell. Surprisingly, the framework exhibited a very high
maximum OCV of 1.18 V at 100 °C that was constantly
maintained for 72 h. However, the OCV values were decreased
with further increments of temperature to 120 and 140 °C

(noted to be 0.93 and 0.77 V, respectively), attributed to
phenomenon of fuel crossover.
Along the same line, as mentioned in section 3.1.1.1, in 2012

Kitagawa and co-workers reported two zinc-based CPs,
{[Zn(H2PO4)2(TzH)2]n}

73 and [Zn(HPO4)(H2PO4)2]-
(ImH2)2,

75 that exhibited superprotonic anhydrous conduc-
tivity values of 1.2 × 10−4 and 2.5 × 10−4 S/cm at 150 and 130
°C, respectively. The real-time potentiality of both of these
materials were validated through MEA formation and electro-
motive force (EMF) measurements in a H2/air cell to
determine the direct current (DC) conductivity. Detailed
analysis showed that maximum OCV values of 0.65 and 0.75 V
were obtained for {[Zn(H2PO4)2(TzH)2]n} and [Zn(HPO4)-
(H2PO4)2](ImH2)2 at 25 and 150 °C, respectively, under
anhydrous conditions. Moreover, the fuel cell performances
were maintained for 1 h, validating their practicality.
Likewise, in 2014 Kitagawa and co-workers manifested the

practical potentiality of a benzimidazole-templated anhydrous
superprotonic zinc-based CP, {[Zn(H2PO4)2(HPO4)]·
(H2dmbim)2} (mentioned section 3.1.1.1),

74 through MEA
construction with pelletized samples, and the EMF was
measured in a H2/air fuel cell, displaying a maximum OCV
value of 0.95 V, achieved at temperature as high as 190 °C.
Although the OCV values was less than the theoretical
maximum of 1.14 V at 190 °C under 1 atm, the value being on
the higher side signified that fuel crossover was not dominant.
In 2018, Wang and co-workers reported a Zr-based CP,

{(NH4)3[Zr(H2/3PO4)3]} (ZrP), possessing NH4+ counter-
cations that helped establish 1D infinite H-bonded pathways
and served the role of being intrinsic proton carriers at the
same time (Figure 14a,b).114 The framework ZrP achieved an
anhydrous intrinsic superprotonic conductivity of 1.45 × 10−3

S/cm even at 180 °C (Figure 14c), comparable to some of the
best-performing anhydrous crystalline proton conductors.

Figure 14. (a) Crystallographic packing of ZrP viewed across the c-axis, where yellow octahedra represent ZrO6 and blue tetrahedra signify PO4
units. (b) View of anhydrous proton-hopping pathway mediated through H2/3PO4 units and NH4+ ions. (c) Nyquist plot for anhydrous proton
conduction with ZrP at 180 °C. (d) Schematic representation of a H2/O2 fuel cell with pelletized ZrP as solid-state electrolyte in PEMFCs. (e)
Fuel cell performance plots where solid and hollow spheres represent current−voltage and current−power measurements, respectively. Reproduced
with permission from ref 114. Copyright 2018, American Chemical Society.
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Inspired by the material’s high stability coupled with the
existence of inherent proton sources, the pelletized sample was
deployed in real-time H2/O2 fuel cells to evaluate ZrP as a
solid-state electrolyte (Figure 14d). The EMF measurements
exhibited a maximum OCV value of 0.72 V at 180 °C and
afforded a high power density of 12 mW cm−2 even at such a
high temperature. Moreover, a steady current density was
constantly maintained for 15 h, validating the real-time
potentiality of the material in actual HT-PEMFCs (Figure
14e).
In the very same year 2018, Zang and co-workers reported a

binary MOF-based polymer composite formed through a
unique combination of −SO3H-functionalized (UiO-66-
(SO3H), A) and basic −NH2-functionalized (UiO-66(−NH2),
B) isomorphous MOFs with an inexpensive and nontoxic
polymer matrix, chitosan (CS), adorned by amino and
hydroxyl functionalization, and investigated its high-temper-
ature anhydrous conductivities. This extrinsic integration of
the polymer with a binary mixture of acidic and basic UiO-66
MOFs (with optimized loading of 15 and 6 wt% for MOFs A
and B, respectively) aided the establishment of continuous H-
bonded chains that were responsible for the attainment of
anhydrous conductivity of 3.78 × 10−3 S/cm at 120 °C.
Further, to validate the practicality of this dual co-filled MOF
membrane composite (CS/A-6+B-15), it was employed as a
solid-state conductor in a real H2/O2 fuel cell which exhibited
an OCV of 1.0 V along with a power density of 10.6 mW cm−2

under the stated conditions.115

On a similar note, Zhiani and co-workers in 2018 fabricated
a PA-doped MOF−polymer composite membrane, SPES-Cr-
MIL-101-NH2, that exhibited an ultrahigh superprotonic
conductivity of 4.1 × 10−2 S/cm at 160 °C under anhydrous
conditions. To authenticate the practical potentiality of this
membrane in real-time anhydrous fuel cells, its polarization
curve and power density were also measured at 160 °C. The
SPES-MOF membrane exhibited an OCV value of 0.92 V
along with a peak power density of 238 mW cm−2 and a
maximum current density of 899 mA cm−2, which hinted at
negligible gas permeability or fuel crossover.102

Recently, in 2020 Lan and co-workers synthesized a zero-
dimensional H-bonded nickel cluster, NNU-66a, that exhibited
superprotonic conductivity under anhydrous conditions,
discussed in section 3.1.1.1. Inspired by the material’s excellent
chemical and thermal stability, NNU-66a was fabricated into a
flexible membrane with PVDF (NNU-66a@PVDF) as the
polymeric binder that imparted high elastic modulus, tensile
strength, and mechanical robustness to the membrane. The
employment of the developed membrane in a H2/O2 fuel cell
showed a maximum OCV of 0.7 V with a maximum power
density of 1.43 mW cm−2, validating the potentiality of the
material for usage in real-time intermediate-temperature
anhydrous PEMFCs. In addition, the performance of the fuel
cell had good stability, authenticating its real-time potential-
ity.116

In the context of practical implementations, although a
couple of COFs have been deployed as solid-state electrolytes
in real-time PEMFCs under hydrous conditions, the domain of
anhydrous conductivity in practical fuel cells with COFs as
PEM materials have remained completely unexplored to date,
except for a report by Banerjee and co-workers who
synthesized two COF materials, PA@TpBpy-ST and PA@
TpBpy-MC, solvothermally and mechanochemically through
extrinsic loading of phosphoric acids (PAs). These materials

attained ultrahigh conductivities of 1.98 × 10−3 and 2.5 × 10−3

S/cm, respectively, at 120 °C in the absence of humidity. Such
high conductivities could be attributed to the abstraction of
protons of the PA by the bipyridine units, that eventually
resulted in the formation of an extensive H-bonded network
among the H2PO4− units and protonated bipyridinium
moieties. Further, these COFs were explored as solid-state
conductors in real H2/O2 fuel cells through MEA construction
with powdered samples, exhibiting maximum OCVs of 0.66 ±
0.02 and 0.9 V for PA@TpBpy-ST and PA@TpBpy-MC,
respectively, at 50 °C under anhydrous conditions. Increasing
the flow rate of the reactant gases before cell polarization
caused a further increment in the OCV from 0.90 to 0.92 V for
PA@TpBpy-MC, eventually resulting in a maximum current
density of 29 mA cm−2 with a high power density (7 mW
cm−2), ascertaining the fuel cell completion and proton
conductive nature of the COF.117

Similarly for HOF materials, real-time potentiality checks
through practical fuel cell applications under anhydrous
conditions are completely underexplored. It is surprising to
note that, even though HOFs are easily processable, they have
never been integrated with polymers for membrane fabrication
to evaluate their practicality in MEA.
Coming to the POM materials, although native POMs have

never been assembled for MEA construction, on being
integrated with polymers they have successfully exhibited fuel
cell performance. For example, Li and co-workers recently
prepared a POM-polymer hybrid, PN2-PA, by combining a
ternary hybridized polymer network containing poly(terphenyl
piperidine) (PTP), polyvinylpyrrolidone (PVP), and a Keggin-
type POM, H3PW12O40 (PW), which exhibited an ultrahigh
anhydrous superprotonic conductivity of 5.51 × 10−2 S/cm at
160 °C upon PA adsorption.118 This ultrahigh anhydrous
superprotonic conductivity of the resulting polymer membrane
could be attributed to the fast proton-hopping events from PA
to PW through the strongly electrostatically bound PTP as well
as the PVP polymer backbone under high temperature
anhydrous conditions. This membrane also exhibited excellent
thermal stability (until 160 °C) and offered a high break
strength of 7.0 ± 0.8 MPa, along with a storage modulus of 72
MPa. This enhanced mechanical strength and thermal stability
could be accredited to the PTP backbone of the polymer
membrane, which favor practical utilization of the polymer
hybrid in PEMs. Considering its comprehensive performance
in terms of both mechanical stability and proton conductivity,
the real-time efficiency of the membrane was tested. Hence, a
high-temperature PEM fuel cell was fabricated using the PN2-
PA membrane. Under non-humidified H2/air conditions, the
PN2-PA membrane offered an OCV above 0.85 V and a
maximum power density of 273.6 mW cm−2 at 160 °C, which
signified the importance of polymer hybridization for real-time
implementation of the proton-conducting POMs under
anhydrous conditions.

5. CRITICAL ANALYSIS AND FUTURE PROSPECTS
Although several milestones remain in the advancement of
crystalline MOFs, COFs, HOFs, and POMs materials in the
domain of anhydrous proton conductivity, there is still enough
room for improvements in the different crystalline platforms to
achieve high conductivity even in the absence of externally
supplied humidity, i.e., anhydrous conductivy. Hence, certain
critical insights into these materials are discussed in the
following sections that necessitate further upgrades to expedite
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future research in this field along with practical realizations of
such anhydrous conducting materials onto PEMFC technology
(Scheme 5).

5.1. Importance of Intrinsic over Extrinsic Conduc-
tivity. Though dozens of MOF materials have been explored
as anhydrous proton conductors (specifically for HT-
PEMFCs) in the past decade, it is noted that greater efforts
were invested in the construction of MOFs with externally
incorporated guest molecules (protonic species) by employing
the second approach of MOF-based “extrinsic anhydrous
conductivity”, as evident from Table 2. Although the extrinsic
guest loading/integration approach is well adopted in the
literature, often these materials are susceptible to leaching of
proton carrier molecules under high-temperature conditions
(specifically for inorganic acids such as H3PO4, H2SO4, etc.)
due to the weak host−guest interactions, which significantly
reduces their potentiality and urges a switch back to intrinsic
sources of proton conductivity, i.e., the first approach,
“intrinsic anhydrous conductivity”, with reduced chances of
leaching. However, at the same time it is also noted that, in
most of the MOF-based intrinsic conductors, the activation
energy is quite on the higher side, indicating the vehicular
mechanism, whereas those with extrinsic proton sources
usually display activation energies less than 0.4 eV that in
turn hint at smooth hopping of protons following a Grotthuss
mechanism. In order to maintain a balance in such a double-
edged sword situation, strategic designing of MOF materials
with abundant intrinsic proton sources affixed to the
framework backbone at optimized positions for facilitating
smooth proton hopping with lower energy barriers is
absolutely necessary in the development of leach-free, efficient
anhydrous PEMs. In this context, the exploration of proton
conductivities on MOFs with intrinsically pre-installed
phosphonate moieties (possessing free −POH groups)
adorning the framework backbone is indeed a nice strategy
to harness the proton shuttling intrinsically. Strikingly,
although a number of MOFs with phosphonate moieties
containing free −POH groups have been explored to
determine their proton conduction (some even explored at
temperatures higher than 100 °C) under hydrous conditions,
as recently reviewed by Shimizu, Zheng, and co-workers,119

unfortunately none of them exhibit proton conductivity under
anhydrous conditions (in the complete absence of relative
humidity). Even those frameworks for which conductivity is

measured at temperatures higher than 100 °C typically require
high relative humidity (∼95% to 98% RH) to exhibit proton
conduction performance. Thus, it is utterly unfortunate to note
that, despite possessing enormous potentiality, none of these
frameworks with free −POH group (as proton sources) could
transfer protons under anhydrous conditions, and this leaves
huge scope for further exploration of intrinsic anhydrous
proton conductors in MOF-based SSPCs. Along this line, two
other phosphonate-based MOFs, namely, (Me2NH2)[Eu-
(L)]76 and LiBr@(H3O)[(UO2)4(2pmb)3(H2O)3]·0.5H2O
(LiBr@1),120 were introduced by Zang and Zheng, respec-
tively. Although both of these frameworks exhibited proton
conduction performance (1.25 × 10−3 S/cm at 150 °C for
(Me2NH2)[Eu(L)] and 1.55 × 10−1 S/cm at 110 °C for
LiBr@1) under pure anhydrous conditions (without any
humidity), the phosphonate units were completely deproto-
nated in both cases, and no free −POH moieties were available
in either of the cases. In the first case, the Me2NH2+ ion acted
as the main proton donor species that interacted with
uncoordinated O atoms from adjacent phosphonate groups
to form N−H···O hydrogen-bonding interactions, whereas in
the second case LiBr-encapsulated water was the chief proton
carrier under higher temperature anhydrous conditions.
Compared to MOFs, where significant development has

been achieved despite certain indispensable drawbacks, the
domain of COF materials is comparatively less explored in
terms of anhydrous conductivity (limited to only 22 examples
to date). Akin to the earlier case, the extrinsic approach of
proton conduction through externally loaded guest molecules
is quite predominant here as well. As a matter of fact, only two
COF materials are reported to date that can exhibit intrinsic
conductivity under anhydrous conditions (TpPa-SO3H and
CTF-M5). Extrinsic doping with inorganic acids, particularly
H3PO4 (PA), is quite common in the case of COFs, that in
turn could be associated with leaching concerns and might
severely hamper the materials’ performance in the fuel cells.
Although postsynthetic modification/functionalization could
be an important tool under extrinsic anhydrous conductivity
approaches, in order to develop the desired COFs free from
leaching of protonic species, the challenges associated with the
non-uniform distribution of functionalized proton carriers
cause it to lack the reliability factor and demands further
improvements in the development of ex situ linkage of proton
carrier moieties to the organic backbones of COFs. It is
surprising to note that, to date, only −SO3H-functionalized
organic precursors have been deployed to develop intrinsic
COF-based proton conductors. To widen the scope of intrinsic
anhydrous conductivity in COFs, rationalized installation of
potential proton donor functionalities such as −COOH,
−PO3H2, or proton carriers as intrinsic proton sources onto
the organic backbones (motifs) could be an excellent choice
that remains completely unexplored to date, though really
challenging. Specifically, COFs with −COOH groups
appended to the framework backbones are highly promising
as intrinsic proton-conducting materials for usage in PEMFCs.
In fact, the −COOH-functionalized COF (COOH-COF-2)
has been shown to be a superprotonic conductor (2.6 × 10−3

S/cm) when measured at high temperature (353 K) under
high-humidity conditions (98% RH).121 However, unfortu-
nately, so far, such −COOH-containing COF materials have
not been explored along the direction of anhydrous proton
conduction, which thus demands further investigation. It is
suspected that these −COOH-flanked COF materials would

Scheme 5. Illustration of Critical Scopes for Further
Improvement in the Domain of Anhydrous Crystalline
Proton Conductors
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be excellent candidates for achieving intrinsically high
superproton conductivity in COFs, even under anhydrous
conditions, and could eliminate the leaching concerns
associated with the extrinsically doped COF materials.
Apart from the 2D COF materials, 3D COFs are also highly

promising for their diversified pore structures that could
facilitate efficient proton transportation via well-directed pore
channels. Moreover, such structures could assist the accom-
modation of extrinsically incorporated proton carriers in the
pore channels to facilitate the smooth transfer of protons even
in the absence of humidity (under anhydrous conditions).122

3D COFs could be advantageous in holding the extrinsically
incorporated protonic species, compared to its 2D counter-
parts, through pore confinement and thus could eliminate the
leaching issue of protonic guests to some extent. Despite
possessing such fascinating structural features, 3D COFs are
underexplored in the domain of proton conduction applica-
tions. However, recently a 3D COF material encapsulated with
etidronic acid (etidronic acid@COF-300) was fabricated into
a membrane that exhibited a superprotonic conductivity of
0.650 S/cm at 90 °C under 100% RH.122 Unfortunately, this
material did not exhibit proton conduction under anhydrous
conditions. In the context of anhydrous proton conductivity,
recently Zheng and co-workers reported a thiadiazole-based 5-
fold-interpenetrated 3D COF material (NUST-28) that
exhibited anhydrous proton conductivity of 8.4 × 10−2 S/cm
at 120 °C post phosphoric acid doping.123 It is quite striking to
note that, to date, only one 3D COF material (NUST-28) has
been noted to serve as an anhydrous PEM material, and thus
huge research investments are deserved for further exploration
on these materials as efficient future anhydrous proton
conductors.
HOFs and POMs are highly less explored in the domain of

anhydrous proton conductivities, with so far only 7 reports on
HOFs and only 5 reports on native POMs. For both of them,
the anhydrous proton conductivities mostly rely on a few
intrinsic sources such as nonvolatile inorganic acid like H3PO4;
organic acids like squaric acid and succinic acid; N-rich
heterocycles like imidazole/imidazolium cations, etc. Thus, a
large number of unexplored nonvolatile organic/inorganic
species such as N-rich heterocycles like triazoles, tetrazoles,
histamines, benzimidazoles, etc. or organic acids such as triflic
acid, phytic acid, etc. could be incorporated in these
frameworks either intrinsically (preferred) or through extrinsic
methods to achieve anhydrous superprotonic conductivities.
Moreover, in situ incorporation of ionic liquids such NAPI,
EIMS, HTFSA, etc. into the channels of these unexplored
crystalline platforms could also result in attaining high
anhydrous conductivities.
Interestingly, in the majority of anhydrous extrinsic proton-

conducting materials (specifically COFs), phosphoric acid
(PA) is used as the main dopant (16 out of total 22 reports),
which could be ascribed to the proton relay or switching
mechanism in neat liquid PA being responsible for attaining
such high proton conductivity.124 Moreover, the strong,
polarizable hydrogen bonds (three free −OH groups) in PA
produce coupled proton motion, with noticeable protic
dielectric response, that aids in the establishment of frustrated
networks of extended H-bonded matrices, resulting in
ultrahigh superprotonic conductivities, even under anhydrous
conditions. In fact, the proton mobility in PA is comparable to
that of the aqueous systems with a higher degree of self-
dissociation, giving rise to increased concentrations of intrinsic

proton carriers (7%) as compared to the water (1.0 × 10−5%).
Moreover, recently, in 2022, Jiang and co-workers reported
exceptionally high anhydrous conductivity (1.91 × 10−1 S/cm
at 160 °C) in porous COFs (H3PO4@TPB-DMeTP-COF)
having hexagonal mesopores extrinsically impregnated with
continuously H-bonded PA molecules.125 It is important to
mention that their work attained the highest anhydrous
conductivity value thus far achieved by any crystalline materials
and/or composites and exceeded the conductivity achieved by
commercial Nafions under hydrous conditions.6 However, the
intrinsic incorporation of these PA molecules (with continuous
hydrogen-bonded arrays) into the crystal structures of these
materials (MOFs, COF, HOFs, and POMs) is still unexplored
and might be an interesting approach with high potentiality.
The intrinsic pre-installation should not only enhance the
inherent conductivities and assist the structure−function
correlation (through structural visualization) but also reduce
the chances of acid leaching at the electrodes and should
contribute toward a decreased risk of fuel crossover that
typically affects the output voltages (OCV) in real H2/O2 fuel
cells.
5.2. Mechanical Stability. In the context of anhydrous

conductivity, the thermal as well as mechanical stability of the
solid-state electrolytes plays a pivotal role since it affects the
performance of the materials under practical/real-time high-
temperature ambiences (>100 °C). Despite significant
improvements that have been achieved in enhancing the
thermal stability of MOFs, the issues of enhancing the
mechanical stability have not received sufficient considerations
to date. In fact, during pellet preparation and fuel cell
operation, the samples typically undergo cyclical stress/strain
and mechanical pressures that makes the mechanical properties
as essential concern when fabricating real-time PEM materials.
To ameliorate the situation, organic linkers functionalized with
linear alkyl polymeric chain can be utilized to fabricate new
types of MOFs with upgraded mechanical properties. More-
over, the integration of these MOF materials with various
polymers is an important tool to enhance their mechanical
stability under high-temperature conditions. Hence, the in situ
incorporation of linear polymers such poly(vinyl) alcohol
(PVA), polyaniline (PA), poly(acrylic acid) (PAA), etc. within
the channels of MOFs should not only assist the continuous
proton hopping intrinsically but also boost the MEA
performance by enhancing the mechanical stability. Here, it
is important to mention that COF materials definitely score
over MOF materials in this respect, since they possess higher
thermal as well as mechanical stability while maintaining
excellent conductivities at the same time, making them
appropriate for real-time usage. That is the advantage being
“all-organic”, suitable for easy processing in thin films or
membranes. However, HOFs are made of simple molecular
tectons and generally noted to exhibit poor mechanical
stability due to the weak and flexible H-bonding interactions
which eventually lower they stability even below than that of
MOFs (built of coordinative framework interconnectivities).
To address this issue, fabricating multicomponent-based HOFs
through strategic selection of two types of molecular tectons,
one with polymer functionalization and the other containing
rigid organic backbones (restricting their free rotations) that
are capable of forming strong and directional H-bonds along
with several supramolecular interactions, could be a reliable
option. In addition, the integration of HOF materials with
organic polymers to form the mixed matrix membranes
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(MMMs) could also be an effective option to enhance their
mechanical endurance. Similarly for POMs, the integration of
heteropolyacids (conjugate acids of POMs) with one or
multiple proton-conducting polymers might improve their
mechanical properties even under high-temperature anhydrous
conditions. This has become evident from a recent report in
2022 by Li and co-workers, where the integration of a Keggin-
type POM (H3PW12O40 (PW)) with two types of organic
polymers, (poly(terphenyl piperidine) (PTP), polyvinylpyrro-
lidone (PVP), not only offered excellent anhydrous con-
ductivity but also demonstrated high mechanical stability, with
a break strength of 7.0 ± 0.8 MPa and a storage modulus of 67
MPa, suggesting that both agents impart excellent mechanical
durability on POM platforms.118

5.3. Durability. This is an important criterion that
underlines the potentiality of these materials for successful
real-time implementation as PEMs. In the majority of cases,
there exists a trade-off between the high conductivity and the
durability, a critical issue that needs to be considered for
underlining the viability of such materials as real-time
anhydrous conductors. Most of the MOFs that exhibit high/
ultrahigh superprotonic anhydrous conductivities do suffer
from the durability issues. As a matter of fact, the durability
factor has not been investigated properly for the majority of
MOFs in the domain of anhydrous conductivity both at high
temperatures and at sub-ambient conditions, and whenever it
was examined they exhibited poor durability. For example, in
2012 Kitagawa and co-workers reported [Zn(HPO4)-
(H2PO4)2](ImH2)2 that exhibited superprotonic conductivity
of 2.5 × 10−4 S/cm at 130 °C for only 12 h but not beyond
that. Similarly, in another report by the same group in 2014, a
templated framework, [Zn(H2PO4)2(HPO4)]·(H2dmbim)2,
was shown to exhibit a conductivity of 2 × 10−4 S/cm that
could be retained only for 3 h. Again, Liu and co-workers in
2022 reported NNU-66a, which showed anhydrous con-
ductivity of 1.94 × 10−3 S/cm at 180 °C that was perceived for
roughly 24 h. The general lack of enough efforts to analyze/
enhance the poor durability index of these frameworks under
anhydrous conditions is a major obstacle that significantly
hampers their real-time applications. The rational design of
frameworks with strong coordination networks, adopting
different strategies such as choosing organic ligands with
hydrophobic backbones, insertion of pillars flanked with
proton carrier functionalities via pore space partition (splitting
a large channel into a number of smaller one) for framework
stabilization, an interpenetration approach, or constructing the
frameworks in accordance with Pearson’s HSAB principle,
might contribute toward enhancing the durability in perform-
ance of MOFs. Thus, long-term durability testing could be a
regular practice to move MOFs a step forward for practical
implementation in fuel cell technology, as was recently
demonstrated by us with a 1D framework showing consistent
conductivity for 5 days under extreme fuel cell operation
conditions.14

In the context of COFs, although the durability factor is less
explored, a phosphoric acid-doped COF material, H3PO4@
TPB-DMeTP-COF, exhibited ultrahigh conductivity as high as
1.91 × 10−1 S/cm under anhydrous conditions at 160 °C with
durability maintained for 20 h, which in turn again questioned
these materials’ survival ability.125 Another recent report in
2022 by Du and co-workers studying H@TPT-COF revealed
high-temperature ultrahigh anhydrous conductivity (1.27 ×
10−2 S/cm at 160 °C) that could be retained for 100 h.107

Thus, it successfully balanced the trade-off between high
conductivity and durability, which urges further development
in COF materials for enhanced framework robustness through
strengthening of the covalent linkages, pre-orientation of
organic building blocks through efficient locking linkages by
manupulating the inherent properties of organic precursors like
steric tuning, hydrophobic engineering, etc. that could
maintain a balance between high conductivity and durability.
It is of no surprise that, to date, the durability has never been

investigated for the less explored HOFs and POMs as
anhydrous proton conductors. Thus, strategic designing of
stable HOFs with robust hydrophobic organic backbones like
hexaphenylbenzene (HPB), metal-free porphyrin units, etc.
and functionalizing them with strong and well-aligned H-
bonding motifs such as diaminotriazinyl (DAT), −PO3H2,
−SO3H, −COOH, and −NH2 via single-component/multi-
component synthesis strategies could be an excellent approach
to enhance the robustness, viability, and eventual durability of
these materials. In the case of POMs, the only way to enhance
the durability is by polymeric integration to obtain hybrid
composites of heteropoly acids that could help in attainment of
high conductivities with enhanced durability.
5.4. Membrane Fabrication. To satisfy the practical

agenda of PEM materials in the domain of anhydrous fuel cells,
balancing the critical trade-off among mechanical strength,
chemical robustness, and thermal stability with high proton
conductive performance is absolutely necessary. It is noted that
although polymers such as PBI, SPEEK, PVPA, PES, SPES, etc.
are highly flexible and processable and possess remarkable
mechanical strength with thermal stability, they often suffer
from poor proton conductive performances and are associated
with leaching problems. Hence, the strategic integration of
these polymeric matrices with crystalline materials (as fillers)
for the formation of MMMs would serve as an excellent
alternative, since it would combine the advantages of both the
polymeric matrix and the inorganic crystalline materials for
detailed structural guidelines. In the past decade, such sorts of
composite membranes have been repeatedly synthesized
through rational integration of tunable porous materials,
specifically MOFs and COFs, with proton-conducting
polymers such as SPEEK, PVPA, PEI, PBI, etc. to achieve
significant improvements in the overall stability (chemical as
well as mechanical) along with upgraded proton conductivities
under hydrous conditions.94 However, in the domain of
anhydrous proton conductivity, the design and investigation of
these MMMs as PEM materials is quite rare and limited to
very few reports, specifically with MOFs only. For example, as
mentioned earlier, Compan and co-workers synthesized a
hybrid membrane based on PBI and a zinc/cobalt bimetallic
ZIF (PBI/H3PO4-ZIF-mix), the oxidative, thermal, and
mechanical stability of which (with enhanced elongation at
break and material toughness) got significantly enhanced after
the membrane fabrication and attained ultrahigh superprotonic
anhydrous conductivity of 9.1× 10−2 at 200 °C, comparable to
that attained by with Nafion under hydrous conditions at lower
temperatures (∼85 °C).101
However, with the COF materials, despite containing

organic backbones, the concept of membrane fabrication is
still unexplored. Nevertheless, Jana and co-workers in 2023
reported a COF membrane composite with PBI as polymeric
matrix that resulted in the formation of a stable membrane, m-
PBI-P@MCOF-10%, with high thermal, mechanical, as well as
oxidative stability and ultrahigh anhydrous superprotonic
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conductivity (2.33 × 10−2 S/cm at 160 °C).126 This should
instigate further advanced research on COF materials as
nanofillers in MMMs for achieving anhydrous conductivity. In
the context of HOFs, it is highly surprising that, although these
materials are highly processable and purely organic in nature,
they have never been integrated with proton-conducting
polymers for membrane fabrication to achieve high proton
conductivities. Moreover, as stated before, membrane for-
mation with HOFs could significantly enhance their thermal as
well as mechanical endurance, making them potential solid-
state conductors in anhydrous fuel cells. Coming to POM
materials, they were also noted to be integrated with the
polymers or polymeric mixtures to fabricate membranes that
could be utilized directly in fuel cells. For example, Jiang,
Xiang, and co-workers in 2010 assembled a VIM-30 wt%
HPW/MCM-41 composite membrane by combining
H3PW12O40 (abbreviated as HPW) and mesoporous MCM-
41 silica,127 which exhibited ultrahigh superprotonic anhydrous
proton conductivity of 4.5 × 10−2 S/cm at 150 °C, accredited
to the continuous and smooth proton-transfer pathway via the
Keggin-type HPW cluster inside the mesoporous silica
structure.125 However, one should be looking for the
preparation of a defect-free membrane, which is challenging
but required for better performance in PEMFCs.
In the context of fuel cell applications, it was noted in the

previous section that only in three cases (NNU-66a@PVDF,
CS/A-6+B-15, and SPES-SO2NH-Cr-MIL-101) MOF-based
membranes were used for MEA construction, and in all the
other eight cases (five MOFs/CPs, two COFs, and one POM)
the powdered samples were either sandwiched between the
electrodes or installed in the electrode setup in the form of
pellets. However, these pellets are not defect-free (in fact, it is
too difficult to make them defect-free). Although such studies
on pellet-based MEAs could provide us a clue toward future
directions, they essentially could not assess the true potential
of those MEAs. Ideally, the MEAs should be in the form of
films or membranes (as thin as possible) without any defects.
Hence, fabrication and deployment of thin films or membranes
based on these crystalline materials (MOFs, COFs, HOFs, and
POMs) are highly encouraged for evaluating the actual
potential of these materials as PEMs in the fuel cells.
5.5. CO Tolerance Testing on PEMs and Scope of

Improvements. Fuel processing is an aspect of utmost
importance that determines the future of the fuel cell
technology and its widespread global deployments. As

mentioned earlier, at lower temperatures, CO (present as an
impurity in H2 gas streams) binds strongly with the active sites
of the catalysts (Pt-CO), which inhibits H2 gas streams from
reaching the catalyst surface at the anode side and causes
remarkable deterioration in the fuel cell performance by virtue
of CO toxicity or CO poisoning effects. However, such
poisoning effects could be immensely reduced at higher
temperatures since the thermodynamics of CO adsorption are
highly disfavored at such conditions. In 2014, Li and co-
workers investigated the effect of CO poisoning on traditional
solid-state polymer electrolytes in the temperature range from
125 to 200 °C and assessed that the increment of temperature
is associated with enhanced CO tolerance.128 Although HT-
PEMFCs exhibit superior performance in terms of CO
tolerance, the increased working temperature might damage
the cell components because of the high electrochemical
potential and increased rate of carbon corrosion.129,130 Hence,
it is necessary to determine the optimum temperature at which
the highest performance could be secured. In this regard,
Devrim and co-workers in 2018 investigated the effects of
temperature (140−200 °C) and poisoning impurities (CO) on
the operation of a fuel cell with a PA-doped PBI membrane as
the electrolyte material.129 In the temperature variation
experiment, it was noted that, at 0.6 V constant potential,
the current density increased from 0.29 Å/cm2 at 140 °C to
0.52 Å/cm2 at 200 °C (Figure 15a). Thus, it again became
evident that, at higher operational temperatures, the PEMFCs
performed better on account of enhanced electrode kinetics;
however, at such working conditions the lifetime of the cell was
decreased. Hence, considering the inevitable deformation of
the cell connections and gaskets at higher temperatures, the
operational temperature of the fuel cell was optimized to 160
°C, which would meet both ends in achieving higher CO
tolerance as well as attaining increased cell performance with
minimal deformations. Next, to interrogate the effects of CO
on its performance at the optimized temperature (160 °C), the
HT-PEMFCs were fed with varying concentrations of CO (1−
5 vol%) in the anode gas stream. According to the performance
curve obtained at 0.6 V, it was noted that the current density
decreased from 0.33 to 0.31, 0.29, and 0.25 Å/cm2 for H2
streams containing 0, 1, 3, and 5 vol% of CO, respectively
(Figure 15b). Thus, with increase in the volume percentage of
CO, the current densities progressively showed decreasing
trends. As can be seen from Figure 15b, although at lower
current densities the effect of CO poisoning is not much

Figure 15. (a) Effect of working temperature on operation of HT-PEMFCs. (b) Effect of CO contents on HT-PEMFCs operating at 160 °C under
anhydrous conditions. Reproduced with permission from ref 129. Copyright 2018, Elsevier.
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pronounced, at higher current densities the active sites of the
catalysts become insufficient for the electro-oxidation of H2 at
the anode, which eventually experiences a pronounced
performance drop. After careful analysis, it was noted that
increasing the CO concentration beyond 3 vol% caused a
marked decrease in the cell performance, associated with such
types of traditional amorphous organic solid-state polymer
electrolytes.
In the context of crystalline proton-conducting MOFs,

COFs, HOFs, and POMs as anhydrous electrolyte materials in
HT-PEMFCs (as discussed in this Perspective), strategic
screening of operational temperature (in the high-temperature
window) and detailed assessment of the effect of CO
impurities on the membranes’ effective performance (current
density) could be an innovative approach to discover the actual
durability of fuel cells to minimize the deformation on the cell
components, PEMs, cell connections and gaskets under
operational conditions. Such rational testing with these
crystalline anhydrous electrolytes (MOFs, COFs, HOFs, and
POMs) in PEMFCs by varying the concentrations of CO
impurities in the H2 gas at the optimized operation
temperature would give us an idea about the extent of CO
toxicity and the CO tolerance of the membrane materials made
out of those particular crystalline platforms.
5.6. Performance Evaluation of Anhydrous Proton

Conductors with Fuel Cell Test Stands. Fuel cell test
stations are important for research and development purposes,
since they can replicate the real-world operational conditions
through careful regulation of the environmental factors
(temperature, humidity), alter gas (fuel) compositions, and
examine the long-term durability/longevity of PEMs through
accelerated stress testing and cyclic experiments etc. before
they are actually utilized for regular operation in large units.
Ideally, in PEMFC test stations the following factors are
primarily evaluated: (i) gross performance of fuel cells
(including I−V characteristics and power outputs), (ii)
durability and lifetime testing, (iii) environmental testing
(including temperature and humidity controlling), (iv) fuel
and oxidant supply testing (with flow and pressure
controllers), (v) data acquisition and monitoring, and (vi)
safety and protection assessment (leak detection and
emergency shutdown). Although quite a few companies
could provide such large setups, integrating all the testing
units into portable bench management of PEM fuel cells would
aid research and university educational programs.173,174 The
anhydrous proton-conducting crystalline materials with im-
pressive conductivities in the ultrahigh superprotonic regions
discussed in this Perspective could thus find a way to be
implemented practically after assessment of their performances
with such testing systems, with the anticipation of a smooth
transition from academia to industry.
5.7. It Is Important to Address the Question, “How

dry is anhydrous?”. From the applied viewpoint, anhydrous
fuel cells should operate at temperatures well above 100 °C
without any need for humidification. This is mostly in order to
overcome the CO adsorption issue at elevated temperatures to
combat the dilemma of CO toxicity and to simplify the water
management system during cyclic operations, in addition to
several other advantages as pointed out in the Introduction
section. For example, as stated therein, polymeric blends like
PBI/H3PO4, PEO/H3PO4, PEI/H3PO4, Nylon/H3PO4, PEO/
PMMA/H3PO4, etc. were used as anhydrous proton
conductors earlier, though the reported conductivities were

mostly below 100 °C within the range of 10−3−10−6 S/cm,
ascribed to their chemical as well as mechanical instability
beyond 100 °C.16 In another report, PBI/H3PO4 blends were
considered as HT-PEMs within a temperature range of 60−
200 °C; however, minimal humidity (in the range of 5−30%
RH) was applied to attain such superprotonic conductiv-
ities.175 Thus, these blends may not be considered as absolute
anhydrous proton conductors. It is essential to report the
drying processes of the SSPCs before deploying them in
anhydrous proton conduction measurements (for example, dry
glovebox, molecular sieves, Ar/N2 atmosphere, vacuum drying,
drying at elevated temperature, etc.). Also, when anhydrous
conductivity measurements are carried out below 100 °C, care
must be taken in introducing inert gases into the measurement
chambers in order to eliminate traces of humidity.
In the context of crystalline regimes, a certain number of

MOF-based reports prevail in the literature where good proton
conductive performance was attained at high temperatures in
the presence of high relative humidity. For example, in 2017,
Stock et al. reported a 3D porous Al-MOF (Al-MIL-68-Mes)
that exhibited a proton conductivity of 1.1 × 10−5 S/cm in the
simultaneous coexistence of high temperature (130 °C) as well
as high humidity (100% RH).176 Likewise, they reported a Ga-
based MOF revealing a conductivity of 1.0 × 10−3 S/cm at 130
°C, accompanied by high relative humidity (100% RH).177

Along the same line, Vivani and co-workers reported a Zr-
based phosphonate MOF that exhibited high-temperature
proton conductive performance (1.0 × 10−3 S/cm at 140 °C)
in the presence of 95% RH.178 Nevertheless, it is important to
mention that all the examples discussed, tabulated, and
analyzed in this Perspective typically exhibit proton con-
ductivities under absolute anhydrous conditions in all the
temperature domains (including high temperature as well as
low to intermediate temperature). For example, as mentioned
earlier, in 2016, Zhang, Xiang and co-workers reported an
imidazole-templated framework, FJU-25-Fe, that exhibited
conductivities of 5.15 × 10−5 and 1.30 × 10−4 S/cm at sub-
zero (−10 °C) and at high temperature (90 °C) under purely
anhydrous conditions through N2 flushing into the measure-
ment chamber to remove the existence of even trace
moisture.98 Along the same line, in 2022, Dekura, Mori, and
co-workers reported a 3D phosphate-based HOF (1) that
exhibited an intermediate temperature (77 °C) superprotonic
conductivity of 1.31 × 10−3 S/cm across the crystallographic c-
axis solely under anhydrous conditions.110 Needless to say, a
majority of the materials discussed here show anhydrous
conductivity at temperatures above 100 °C, but only a few
materials report anhydrous conductivity at intermediate and
sub-zero temperatures.

6. COMPARATIVE ANALYSIS OF FOUR TYPES OF
CRYSTALLINE ANHYDROUS PROTON
CONDUCTORS

In this section, we intend to analyze and compare the four
types of crystalline platforms�MOFs, COFs, HOFs, and
POMs�discussed in this Perspective to evaluate their overall
performances in the domain of anhydrous proton conduction.
Considering the total number of literature reports so far
published on anhydrous proton conduction, the maximum
number of reports have mostly focused on MOFs (39),
followed by COFs (22), whereas the reports on HOFs (7) and
POMs (5) are significantly less in number, leaving a huge
scope for further exploration (Figure 16a,b). For anhydrous
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proton conductivity measurements, the temperature domain is
highly crucial since it plays an essential role in evaluating the
practicality of SSPCs under different ambiences. It is pointed
out that, although MOFs, COFs, and POMs witnessed
anhydrous proton conductive performances from sub-zero to
high-temperature conditions, HOFs typically exhibits anhy-
drous proton conductivity from the intermediate to high-
temperature domain, which in turn limits their practicality in
the context of sub-zero anhydrous proton conduction. Further,
considering the highest anhydrous conductivity achieved so far,
COFs (σ = 3 × 10−1 S/cm) and MOFs (σ = 1.55 × 10−1 S/
cm) run ahead of HOFs (σ = 8 × 10−2 S/cm), whereas POMs
(σ = 1 × 10−5 S/cm) significantly lag behind from the other
three crystalline platforms, which thus creates another huge
scope for further improvements. Graphical comparisons of the
performances of these materials with key structural features are
depicted in Figure 16.
Overall, these frameworks possess some inherent pros and

cons those need to be taken into consideration while designing
anhydrous proton conductors, as listed below:
6.1. MOFs. Pros. They possess high structural tunability

and fascinating framework architectures, leading to superior
design ability as intrinsic anhydrous proton conductors with the
aid of detailed structural elucidation for plausible proton
conduction pathways through single-crystal X-ray analysis.
Moreover, MOFs exhibit permanent porosity with high surface
area that allow for extrinsic loading of nonvolatile/high-boiling
proton carriers into the pore spaces through well-established
postsynthetic modification procedures, that in turn facilitate
the smooth hopping of protons in the absence of humidity.
Further, in order to validate the real-time practicality of these
materials in anhydrous fuel cells, a handful of MOFs have been
successfully deployed as PEM materials in MEA construction
and yielded excellent output voltages (OCV values), as evident
from the literature reports (8 reports).

Cons. Typically, due to the presence of coordination bonds
in MOFs, they exhibit poor mechanical strength when
compared to that of COFs (built of stronger covalent
bonds). On a similar note, MOFs are generally noted to
exhibit moderate durability for anhydrous proton conduction
measurements (with the maximum durability achieved to date

being 24 h), which is indeed a drawback and needs some
improvements. In addition, the high porosity of MOFs makes
them susceptible to the problem of fuel crossover, that in turn
can reduce the efficiency of proton conduction.
6.2. COFs. Pros. They are amenable to controllable

synthesis strategies with structural predesignability and
tailorable functionalities that are beneficial for effective
fabrication of proton-conducting COFs.
Akin to MOFs, they are also porous, with high surface area

that allows for extrinsic loading of nonvolatile proton carrier
guests to improve proton transfer under completely anhydrous
conditions. Further, COF skeletons are built of strong covalent
bonds that improve their thermochemical stability as well as
mechanical strength, a criterion essential for MEA con-
struction. Moreover, COF-based PEMs exhibit comparatively
better durability (with maximum 100 h durable performances
being achieved to date) with respect to the other three
crystalline architectures (MOFs/HOFs/POMs). Besides,
COFs, being purely organic in nature, are highly compatible
with organic polymers for membrane fabrication as well. In the
context of MEA construction under anhydrous conditions,
COFs are moderately explored, with literature reports limited
to 2 examples to date.

Cons. It is difficult to get the single crystals in COFs
(compared to MOFs and HOFs); hence, the detailed
structural elucidation for visualization of plausible proton
conduction pathways is often difficult. In the context of
anhydrous proton conduction in COFs, although extrinsic
loading strategies (nonvolatile carriers) are heavily explored,
the strategy of attaining superprotonic anhydrous proton
conductivities with intrinsic proton sources is left underex-
plored. In addition, because of extrinsic impregnation of
proton carriers (nonvolatile and high-boiling), sometimes they
suffer from weak host−guest interactions, leading to external
leaching of loaded guest proton carriers. Further, COFs are
highly porous in nature and thus are prone to the problem of
fuel crossover which can reduce the overall performance of
HT-PEMFCs.
6.3. HOFs. Pros. Due to the rich library of organic synthons

available in the literature (with functionalized proton donors,
acceptors, and hopping sites), HOFs offer fascinating structural

Figure 16. (a) Checkbox depicting the overall performance of the MOFs, COFs, HOFs, POMs with all essential features in the domain of
anhydrous proton conduction. (b) Comparison of crystalline platforms based on the number of published reports, maximum anhydrous proton
conductivity achieved and durability.
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diversities. H-bonding constitutes an essential component in
building HOF skeletons, and the fundamental feature for
attaining high proton conductivity in SSPCs is the presence of
continuous H-bonded networks; hence, it is obvious that they
offer great promise for providing ultrahigh conductivity by
virtue of their intrinsic H-bonded matrices. Moreover, they can
be scaled up easily under mild synthesis conditions, offer
feasibility for growth of bigger single crystals for structural
elucidation, and possess healing properties as well. Akin to the
COFs, being made of pure organic backbones, HOFs also have
high compatibility toward organic polymers and thus offer an
easy way to construct PEMs, though they are not well-explored
to date.

Cons. They suffer from stability issues due to the weak and
flexible nature of H-bonding interactions. One of the major
drawbacks of HOF material is their very poor mechanical
stability (as compared to MOFs and COFs), which could be
improved by integrating them with polymers, although the
aspect of membrane fabrication with HOFs remains surpris-
ingly unexplored to date. Durability could be another critical
issue (none of the anhydrous proton-conducting HOFs
exhibited durability to date) that requires improvement. In
addition, HOFs tend to crystallize in different polymorphs at
the same time, which can induce problems with phase purity in
HOF synthesis. Unfortunately, none of the HOF materials
have been tested in real-time potentiality checks through MEA
construction under anhydrous conditions, which thus leaves a
huge scope for further exploration and investigation.
6.4. POMs. Pros. Similar to the other three crystalline

platforms, POMs also possess a highly structurally tunable
nature with oxygen-rich exterior interfaces that facilitate the
spontaneous long-range transfer of the intrinsic structural
protons, which is indeed important to achieve superprotonic
conductivity. The most exciting factor about POMs is their
aqueous medium synthesis, which not only follows green
chemistry principles but also leads to occupation by a high
number of proton sources inside the cavities (e.g., organic
azoles, inorganic acids, etc.). Moreover, the huge number of
strong metal−oxygen bonds provides enormous thermal
stability, thus fulfilling one of the major prerequisites of
anhydrous proton conductors.

Cons. The major challenge for POMs as anhydrous proton
conductors lies in the retention of the intrinsic proton source,
lattice water, within the framework, which is prone to be
liberated at higher temperatures. To improve the water
retention capacity at higher temperatures, integration of
POMs with polymers/plasticizers is being explored; however,
from the anhydrous perspective, there is still huge room for
further exploration. Similar to HOFs, durability of anhydrous
POMs is another critical factor that is mostly under-
appreciated. It is also very surprising that, despite their well-
resolved single-crystal structures, exploration of the proton
conduction pathways via SC-XRD is very limited (as in most
cases structural protons such as the protons in HPA units that
are responsible for conduction are difficult to locate in a
difference Fourier map), and there has been none in the
anhydrous scenario. Thus, further research could be progressed
toward these directions. Among the very few reports on
anhydrous proton-conducting POMs, one has been tested via
MEA construction; however, it is still in the infancy stage and
thus requires extensive propulsion for real-time implementa-
tion in anhydrous fuel cells.

Thus, it is noted that although all the crystalline materials
have their respective advantages as well as disadvantages
(challenges), from an overall outlook (Figure 16a,b) it is
evaluated that so far MOFs and COFs have proven themselves
as the most promising ones (based on the comparison chart
and performance graph), whereas the HOFs and POMs
(possessing immense potential as SSPCs) leave a huge scope
for further exploration and improvement in the domain of
anhydrous proton conduction.

7. CONCLUSION
On a concluding note, in this Perspective we have summarized
the exponential progress made with the crystalline platforms in
the domain of anhydrous proton conduction, that are divided
into four categories�MOFs, COFs, HOFs, and POMs�
based on their structural backbones and framework engineer-
ing. In order to acquire high anhydrous proton conductivities,
all the crystalline platforms (MOFs/COFs/HOFs/POMs)
must fulfill two prior criteria: (a) They must maintain highly
extended H-bonded networks offered by proton carriers (other
than water molecules). In order to maintain the proton
conduction route completely intact for facile proton migration
under anhydrous condition, the intrinsic pre-installation or
extrinsic incorporation of various nonvolatile, high-boiling
proton carriers such as heterocyclic organic molecules like
imidazoles, triazoles, tetrazoles, and benzimidazoles; high-
boiling organic hydroxyls like hydroquinone; nonvolatile
amino acids such as histamines; or nonvolatile inorganic
acids or their conjugate bases such as H3PO4, H2PO4−,
HPO42−, and H2SO4 inside the pores of the framework
backbone is highly crucial that plays a pivotal role for
improving proton transfer even in the absence of water
molecules. (b) The given material must be stable under the
experimental measurement conditions.
The handful of crystalline materials that have been fabricated

based on the above-mentioned prior criteria have been noted
to attain conductivities ranging from the superprotonic region
(≥10−4 S/cm) up to the ultrahigh superprotonic zone (≥10−1

S/cm) under anhydrous conditions in the past decade and thus
proved themselves as excellent alternatives to the traditionally
used state-of-the-art Nafion or PBI/H3PO4 polymers that
mostly work under hydrous conditions. As can be seen from
Table 2, many of these crystalline materials exhibit anhydrous
conductivities in the range of 10−2−10−1 S/cm, which can also
be achieved with Nafion but only in its hydrous state. When it
comes to comparisons with other anhydrous proton-conduct-
ing materials, not many materials appear in the picture to be
compared. However, as stated in the Introduction section, only
a few H3PO4-blended amorphous polymers and crystalline
phosphates/phosphonates of tetravalent metals like Zr(IV)
have been tested as anhydrous proton conductors, with typical
conductivities in the range of 10−3−10−6 S/cm below 100 °C
and 10−5−10−8 S/cm above 100 °C. This clearly shows the
great potential of crystalline MOFs, COFs, HOFs, and POMs
as anhydrous proton conductors for plausible usage as PEMs in
the near future, largely solving the bottleneck issue of water
management systems in Nafion-based hydrous PEMFCs. We
have provided a clear timeline representing the evolution of
MOFs as crystalline anhydrous proton conductors since the
first report in 2009 by Shimizu and Kitagawa et al., followed by
the subsequent rise of anhydrous proton conductive HOFs,
COFs, and POMs in 2012, 2014, and 2019, respectively.
However, considering the arrival of a relatively larger number
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of reports on anhydrous proton conductivities, specifically with
MOFs and COFs, two separate timelines regarding their
individual advancements to date are also provided for quick
visualization by readers. The crystalline MOFs and COFs are
further sub-divided into “intrinsic” and “extrinsic” anhydrous
conductivities based on the origin and installation of proton
sources and/or proton carriers that are responsible for
continuous proton hopping to yield high conductivities.
Moreover, for MOFs, the intrinsic anhydrous conductivities
are further categorized based on their working temperature
(sub-zero temperature, i.e. −10 to −40 °C, and high
temperature, ∼100 to 200 °C), whereas the extrinsic
conductivity in MOFs is also sub-classified based on the
incorporation/integration of nonvolatile proton sources/
carriers or proton-conducting polymers. In the context of
HOFs and POMs, they are primarily noted to exhibit intrinsic
anhydrous conductivity and attract much more attention for
being utilized on practical scales. All the developed crystalline
anhydrous conductors are summarized and tabulated in Table
2, based on the strategies adopted for proton conduction as
well as other prominent features such as working conditions,
activation energies, stability (thermal and chemical), etc. that
are cooperatively responsible for attaining ultrahigh anhydrous
conductivity in these materials. So far, the H3PO4@TPB-
DMeTP-COF reported recently, in 2024, by Jiang and co-
workers has exhibited the highest conductivity of 3.1 × 10−1 S/
cm at 160 °C, achieved by extrinsic encapsulation of H3PO4
into the nicely tuned pore spaces of a COF, which in turn
draws special attention to the role of phosphoric acid as a
proton source/carrier under anhydrous conditions, ascribed to
its quick proton relay and switching mechanism. Among the
MOFs and their composites, the extrinsic LiBr-encapsulated
MOF LiBr@(H3O)[(UO2)4(2pmb)3(H2O)3]·0.5H2O
achieved the highest ultrahigh superprotonic anhydrous
conductivity of 1.55 × 10−1 at 110 °C. Thus, such MOF-
integrated polymeric materials offer huge potential to replace
the state-of-the-art Nafion for utilization on the commercial
scale as well by satisfying the practical agenda for PEM
materials (Nafion shows such a magnitude of conductivity
under 80−85 °C and at 95−100% RH). Toward further
progress in this research field, some of the crystalline materials,
such as a few MOFs, COFs, and POMs, have been explored in
the fabrication of MEAs for practical potentiality checks.
Although significant achievements have been made in this
research field, still many challenges and underdeveloped issues
remain unexcavated that demand higher attention for future
advancements in this field. Specifically, as discussed in the
previous section, CO tolerance is an important factor that
critically affects fuel cell performance; however, measures to
investigate the CO tolerance as well as to assess the fuel
upgradation require prior attention to justify the sustainability
of these crystalline anhydrous conductors. Similarly, perform-
ance assessments must be carried out with these anhydrous
conductors as PEMs in benchtop fuel cell test stands in
laboratories, as highlighted. Thus, encouraged by the terrific
progress in the domain of anhydrous proton conductivities, it
is reasonable to trust that these crystalline platforms shall
definitely attract more and more attention in the near future
and will surely motivate researchers to put extensive efforts
into fixing the issues critically discussed herein to make allow
them to be implemented as anhydrous PEMs in PEMFC
technology.
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Hanna, G.; Zorlu, Y.; Yücesan, G. Semiconductive Microporous
Hydrogen-Bonded Organophosphonic Acid Frameworks. Nat.
Commun. 2020, 11, 3180.
(87) Chand, S.; Pal, S. C.; Pal, A.; Ye, Y.; Lin, Q.; Zhang, Z.; Xiang,
S.; Das, M. C. Metalo Hydrogen-Bonded Organic Frameworks
(MHOFs) as New Class of Crystalline Materials for Protonic
Conduction. Chem. − Eur. J. 2019, 25, 1691.
(88) Wang, Y.; Yin, J.; Liu, D.; Gao, C.; Kang, Z.; Wang, R.; Sun, D.;
Jiang, J. Guest-tuned Proton Conductivity of a Porphyrinylphosph-
onate-Based Hydrogen-Bonded Organic Framework. J. Mater. Chem.
A 2021, 9, 2683.
(89) Sun, Y.; Wei, J.; Fu, Z.; Zhang, M.; Zhao, S.; Xu, G.; Li, C.;
Zhang, J.; Zhou, T. Bio-Inspired Synthetic Hydrogen-Bonded Organic
Frameworks for Efficient Proton Conduction. Adv. Mater. 2023, 35,
No. 2208625.
(90) Nakamura, O.; Kodama, T.; Ogino, I.; Miyake, Y. High-
Conductivity Solid Proton Conductors: Dodecamolybdophosphoric
Acid And Dodecatungstophosphoric Acid Crystals. Chem. Lett. 1979,
8, 17.

                                    
                                

5550

https://doi.org/10.1002/anie.201604534
https://doi.org/10.1002/anie.201604534
https://doi.org/10.1002/anie.201604534
https://doi.org/10.1016/j.ccr.2022.214524
https://doi.org/10.1016/j.ccr.2022.214524
https://doi.org/10.1021/acsaem.9b02381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b02381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b02381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CS90059F
https://doi.org/10.1039/C4CS90059F
https://doi.org/10.1021/cr300014x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300014x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202207197
https://doi.org/10.1002/adfm.202207197
https://doi.org/10.1002/adfm.202207197
https://doi.org/10.1016/j.ccr.2017.09.027
https://doi.org/10.1016/j.ccr.2017.09.027
https://doi.org/10.1016/j.ccr.2017.09.027
https://doi.org/10.1021/acs.accounts.1c00328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.3c00892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.3c00892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.3c00892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jece.2023.110528
https://doi.org/10.1016/j.jece.2023.110528
https://doi.org/10.1016/j.jece.2023.110528
https://doi.org/10.1039/C6CS00930A
https://doi.org/10.1039/C6CS00930A
https://doi.org/10.1002/anie.202100643
https://doi.org/10.1002/anie.202100643
https://doi.org/10.1002/smll.202309281
https://doi.org/10.1002/smll.202309281
https://doi.org/10.1002/smll.202309281
https://doi.org/10.1002/smll.202309281
https://doi.org/10.1016/j.mtcata.2024.100051
https://doi.org/10.1016/j.mtcata.2024.100051
https://doi.org/10.1016/j.mtcata.2024.100051
https://doi.org/10.1002/chem.202400375
https://doi.org/10.1002/chem.202400375
https://doi.org/10.1021/acs.inorgchem.4c01565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.4c01565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.4c01565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.4c01565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2023.144340
https://doi.org/10.1016/j.cej.2023.144340
https://doi.org/10.1246/bcsj.52.3296
https://doi.org/10.1246/bcsj.52.3296
https://doi.org/10.1246/bcsj.52.3296
https://doi.org/10.1038/nchem.402
https://doi.org/10.1038/nchem.402
https://doi.org/10.1021/ja304693r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4TA01261E
https://doi.org/10.1039/C4TA01261E
https://doi.org/10.1021/ja301875x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja301875x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CS01027H
https://doi.org/10.1039/D0CS01027H
https://doi.org/10.1039/C8CS00376A
https://doi.org/10.1039/C8CS00376A
https://doi.org/10.1038/natrevmats.2016.68
https://doi.org/10.1038/natrevmats.2016.68
https://doi.org/10.1021/acs.accounts.0c00386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aal1585
https://doi.org/10.1126/science.aal1585
https://doi.org/10.1039/C9CS00911F
https://doi.org/10.1039/C9CS00911F
https://doi.org/10.1039/C9CS00884E
https://doi.org/10.1039/C9CS00884E
https://doi.org/10.1039/D0CS01569E
https://doi.org/10.1039/D0CS01569E
https://doi.org/10.1002/anie.200902116
https://doi.org/10.1002/anie.200902116
https://doi.org/10.1038/s41467-020-16977-0
https://doi.org/10.1038/s41467-020-16977-0
https://doi.org/10.1002/chem.201805177
https://doi.org/10.1002/chem.201805177
https://doi.org/10.1002/chem.201805177
https://doi.org/10.1039/D0TA07207A
https://doi.org/10.1039/D0TA07207A
https://doi.org/10.1002/adma.202208625
https://doi.org/10.1002/adma.202208625
https://doi.org/10.1246/cl.1979.17
https://doi.org/10.1246/cl.1979.17
https://doi.org/10.1246/cl.1979.17


(91) Yoon, M.; Suh, K.; Natarajan, S.; Kim, K. Proton Conduction in
Metal−Organic Frameworks and Related Modularly Built Porous
Solids. Angew. Chem., Int. Ed. 2013, 52, 2688.
(92) Li, A.-L.; Gao, Q.; Xu, J.; Bu, X.-H. Proton-Conductive Metal-
Organic Frameworks: Recent Advances and Perspectives. Coord.
Chem. Rev. 2017, 344, 54.
(93) Sadakiyo, M.; Yamada, T.; Kitagawa, H. Hydrated Proton-
Conductive Metal−Organic Frameworks. ChemPlusChem. 2016, 81,
691.
(94) Escorihuela, J.; Narducci, R.; Compañ, V.; Costantino, F.
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