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PROGRESS AND POTENTIAL Aqueous batteries have emerged as a promising energy-storage technology
due to their inherent safety, low cost, and environmental friendliness, making them appealing for security-
and cost-sensitive energy-storage applications. While metallic cations, such as Li*, Na*, and Zn?*, are typi-
cally regarded as the charge carriers in the existing aqueous batteries, there is arising interest in understand-
ing the role of non-metallic charge carriers in battery performance. Insights into the behavior of protons are of
special importance due to their general participation in the charge-transport processes at both electrodes
and electrolytes. This review provides a comprehensive retrospective of the previous investigation on proton
dynamics during electrochemical energy storage, highlighting the importance of hydrogen-bond networks,
as well as the concerted proton-transfer modes therein. The underlying mechanisms could serve as a bridge
between proton chemistry and the practical design of aqueous batteries.

SUMMARY

Aqueous batteries are promising energy-storage devices due to their high safety, large capacity, and low
cost. Recent studies have revealed significant proton involvement in aqueous batteries, even in
non-acidic environments, attributed to the unique proton-transfer mode via hydrogen bonds in water.
This review summarizes proton storage in solid electrodes and generalizes the impact of proton transfer
on aqueous batteries from conceptual insights to practical examples. The specialized storage mode for
protons as charge carriers is introduced, and the principles for electrode-material selection are
proposed. Then, two distinct proton-transfer mechanisms are discussed, and the strategies to enhance
aqueous-battery performance are analyzed. These strategies include reinforcing proton transfer in elec-
trode materials for higher capacity and faster rates and impeding proton transfer in electrolytes and
interfaces to reduce side reactions and expand the electrochemical stability window. Contradictions in
proton-tuning strategies across different components are illustrated through detailed cases. This review
addresses the general phenomena and challenges related to proton storage and transfer in rocking-
chair-type aqueous batteries, aiming to inform the future design and utilization of protons in energy-stor-
age systems.

INTRODUCTION

Energy storage and utilization have been integral to human
development. The first application of electrical energy, namely
voltaic pile, was in the form of an aqueous battery, introduced
by Volta in 1800. In the following years, numerous aqueous bat-
teries, such as nickel-cadmium (Ni-Cd)," nickel-metal hydride
(Ni-MH),”> and lead-acid batteries,® have been successfully
developed and commercialized, significantly transforming soci-
etal production and lifestyles. Recently, the pinnacle of
rechargeable battery technology has been achieved with
lithium-ion batteries (LIBs) utilizing non-aqueous electrolytes.*
These non-aqueous batteries have surpassed aqueous batteries
by higher output voltage and stability in long-term cycles. Never-
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theless, some combustion and explosion incidents highlight the
safety hazards of LIBs due to their organic solvents, which
remain an unresolved issue (Figure 1A). In comparison, the
intrinsic non-flammability of aqueous batteries presents a signif-
icant advantage. The research into aqueous batteries continues
with vigor due to their lower cost, reduced toxicity, and greater
safety, especially for safety-sensitive applications such as wear-
able devices and large-scale energy-storage systems.*® Build-
ing on the success of LIBs, some rocking-chair-type aqueous
batteries have been developed, including sodium-ion batteries”
and zinc-ion batteries,® offering promising alternatives in the en-
ergy-storage landscape.’

The aqueous proton battery has been recognized as a prom-
ising battery system. Protons, having the same electric charge
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as lithium ions but with a much smaller radius and significan-
tly lower weight, can provide a promising opportunity to
deliver higher specific capacities for the cathode materials
(Figure 1B). Furthermore, under suitable conditions, proton mo-
tion follows a unique mechanism, which is intricately related to
hydrogen bonds (H-bonds) and behaves differently from other
ions."" It results in an ultrahigh diffusion rate that is beneficial
to the high-rate performance of batteries. As a consequence,
proton batteries may present higher capacity and better rate
performance than other aqueous candidates. These advan-
tages have motivated researchers to explore proton-based
battery systems. Recent studies have also demonstrated that
protons and the associated H-bonds play a crucial role in clas-
sical aqueous batteries.'? In some cases, excess protons may
result in electrode corrosion and HER, which will deteriorate the
stability and efficiency of the battery, while, in others, the
participation of protons in charge-discharge cycling may
enhance the capacity. The contribution of protons has been
somewhat underestimated due to an incomplete understand-
ing of the underlying mechanisms. Therefore, comprehensive
understanding and harnessing the potential of protons repre-
sent a crucial direction for the future development of advanced
aqueous batteries.

In recent decades, advancements in computational methods
and detection techniques have progressed dramatically,
providing opportunities to delve deeper into the study of protons’
behaviors."® For instance, it took nearly a century to visualize
H-bonds after the concept was first proposed.' Just 9 years
afterward, scientists can manipulate H-bonds between water
molecules and clearly identify the transformation of different hy-
droniums.’® Additionally, emerging clues have indicated the
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Figure 1. Opportunities and development
of proton batteries
um (A) Increasing demand for large-scale energy-
E mmm storage devices with high safety.
(B) Comparison of ionic mass and radius for pro-
ton and other charge carriers.'®
(C) Publication trends of aqueous battery and
proton battery in the 21st century.

involvement of H-bonds and protons in
aqueous batteries. We are currently
benefiting from technological dividends
and market incentives, making it an
opportune time to realize the potential of
proton-based batteries (Figure 1C). How-
ever, the behavior of protons in aqueous
batteries is complex, which arises from
the flexibility of proton-transfer mecha-
nisms and the diversity of H-bond struc-
tures in all battery components.'® The
nearly energy-free Grotthuss-type proton
motion can sometimes improve the ca-
pacity and durability of batteries, but
may on the other hand deteriorate the
performance if it is not properly de-
signed.'” Given the lack of a comprehen-
sive review on H-bonds and proton motion in aqueous-battery
systems, this work aims to fill that gap and provide a thorough
understanding of these phenomena in the context of aqueous
batteries. It should be noted that, here, we focus on LIB-like
battery systems featuring insertion/extraction mechanism with
inorganic electrode materials rather than systems that convert
protons into hydrogen gas and metal hydrides. To the best of
our knowledge, such LIB-like systems characterize simpler
physicochemical models, higher conversion efficiencies, and
better compatibility with existing LIB manufacturing processes.
Therefore, in this paper, we regard proton reduction as an unfa-
vorable factor, although this phenomenon may be essential for
other battery systems.

This review summarizes the key issues of proton storage and
transport in aqueous batteries. We first analyze the difference
between protons and other ions as charge carriers and interca-
lated ions and put forward the design principle for proton-stor-
age materials. Next, we introduce the structure of H-bonds
and water, which are important to the analysis of the proton’s
behavior, and describe in detail two types of proton motion—
the Grotthuss mechanism and the vehicle mechanism—to pro-
vide intuitive insights. We then discuss the influence of
H-bonds and proton motion on various components of the bat-
tery, including the electrode, electrolyte, and their interfaces, us-
ing specific case studies. Our goal is to present a comprehensive
overview of how proton manipulation affects the capacity, rate
performance, and durability of aqueous batteries. Finally, we
offer perspectives on the performance optimization of future
aqueous batteries. This review aims to inspire a deeper under-
standing of protons and to serve as a design guideline for
advanced aqueous batteries.
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PROTON BONDING MECHANISMS AND TRANSPORT
MODES

Protons and the corresponding bonding properties

A proton, in other words, a hydrogen atom stripped of its elec-
tron, has the smallest radius and lightest weight among all ions
(Figure 1B). It is one of the simplest systems in physics. Re-
searchers aim to exploit its small and light characteristics to
develop proton batteries in a manner similar to LIBs. However,
the storage behavior of protons differs significantly from that of
traditional metal cations. The most notable difference is the
way protons bond with other elements. The proton storage in-
volves intercalation into the solid active material and the forma-
tion of chemical bonds with negative ions in the crystal frame-
work, typically oxygen (O) in most cases. The H-O bond is
more covalent compared to bonds between O and other charge
carriers, such as LiO and Na-O, which are more ionic.'®'"® Such
H-O covalent bonds correspond to the saturation character of H
element, which means that one proton can only form a single
strong chemical bond with one O ion. The H-bond may also be
formed but it is much weaker, as discussed in the next section.
This precludes the formation of a consecutive and robust struc-
ture between protons and O ions. Therefore, protons cannot act
as pillar ions to reinforce the crystal structural stability, unlike the
behavior of Li ions in layered cathodes (Figure 2A; note that the
ionic radii are not precisely accurate in these schematic dia-
grams).”® Protons will hang on the O ions, typically serving as in-
terstitials (Figure 2B). Moreover, the position of bonded protons
is not rigidly fixed, in sharp contrast with the situation for other
charge carriers, such as the [LiOg] octahedron. The coordination
of protons is quite flexible being affected by the local chemical
environment. In most literature, the direction of the bond is ne-
glected and the H-O- structure is generally considered as the
hydroxy ion.

interphase electrolyte
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Figure 2. Comparison of bonding property
between protons and other charge carriers
(A) Classical layered material with TM-O ionic
bond in structure, and lithium ion can form Li-O
jonic bond in Li-O polyhedron.

(B) Similar layered material with TM-O ionic bond
for proton battery, but protons can only form co-
valent bond with O, incapable of building a poly-
hedron.

Further protonation would induce cata-
strophic consequences because the H-O
bonds for the O element can be saturated
by excess protons. In some circum-
stances, over-protonation weakens the
transition metal (TM)-O bond, leading to
the detachment of TM and O ions and
the collapse of the original structure.
This phenomenon can be considered as
» the corrosion of the oxides, especially in
low-pH environments or discharged

- state. For instance, classical cathode

materials in LIBs experience structural

distortion and capacity fading when pro-
tons are intercalated instead of Li ions. Given the fact that most
proton batteries are designed in acid electrolyte with high proton
concentrations, the electrode materials become more prone to
corrosion and capacity fading after cycling. In addition, the
acidic environment may also corrode and disintegrate the
metallic current collector as well as other accessories, which
complicates the battery design.

Water, H-bonds, and protons
The most prominent characteristic of aqueous batteries is, of
course, the presence of water. Water exists not only in the liquid
electrolyte but also in some of the solid electrode materials. The
influence of water on battery performance is largely achieved
through proton transfer and intercalation. On one hand, as a text-
book-level reaction, water can ionize into protons and hydroxide
ions, thus serving as a source of protons. On the other hand, pro-
ton transfer occurs via an efficient mechanism facilitated by the
H-bonds in water. Therefore, the H-bonds and their topological
networks are crucial for proton regulation. '°

H-bond is a well-established intermolecular force character-
ized by a weak attraction between a hydrogen atom (H) and a
highly electronegative atom possessing a lone pair of electrons
(Figure 3A). The electronegative atom covalently bonded to the
hydrogen atom acts as a proton donor, typically nitrogen (N), ox-
ygen (O), or fluorine (F). The lone pair-bearing atom, on the other
hand, functions as a proton acceptor. This interaction is often
depicted as D-H---A, where D/A represents the proton donor/
acceptor atom, H signifies the hydrogen atom, and the dotted
line (---) indicates the H-bond. The study of H-bonds has a rich
history, dating back to the 1920s with the identification of
weak bonds in water. Since then, extensive research has been
conducted across various scientific disciplines, including phys-
ics, chemistry, and biology, to elucidate the role of the H-bond
and its associated phenomena. Notably, H-bond is not restricted
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to a specific phase; it exists in solids, liquids, and even gases.
Examples include proteins, water (H>O), and hydrogen fluoride
(HF) gas. The iconic double-stranded DNA structure is primarily
stabilized by a network of H-bonds. The recognition of H-bond’s
ubiquity stems from two key factors: the inherent tendency of
protons to attract electrons and the widespread presence of
the D-H---A arrangement in nature. This fundamental interaction
plays a critical role in various chemical and biological processes,
solidifying its status as a universal principle.

The strength of an H-bond serves as a quantitative measure of
the attractive interaction. This value significantly influences the
physical and chemical properties of a material, as well as the
behavior of associated electrochemical reactions. Traditionally,
during the time of Pauling, H-bond was primarily considered an
electrostatic interaction, stronger than van der Waals forces but
significantly weaker than covalent bonds. Recent research, how-
ever, suggests that extremely strong H-bonds can almost reach
the strength of covalent bonds, implying a more intricate atomic-
level mechanism. Generally, H-bond strength ranges from less
than 1 kcal/mol to over 40 kcal/mol, depending on the electroneg-
ativity of both the donor and acceptor atoms. Weaker H-bonds are
typically observed when the proton donor and acceptor exhibit
lower electronegativity, such as C-H and P-H bonds acting as do-
nors and © bonds functioning as acceptors. In these cases, the
length of the H-bond (i.e., the D-A distance dp,) is typically greater
than a specific value. Moderate H-bonds usually have a dpa
exceeding 2.7 A and often involve a covalent D-H bond. Strong
H-bonds, conversely, are characterized by shorter dpa distances.
These can be identified by a red shift in the characteristic vibra-
tional frequencies for the covalent D-H bond (typically around
3,000 cm™" at room temperature). Short H-bonds (SHBs) can
induce a super-harmonic motion of the protons, enabling their
near-barrierless transfer. Our research group has proposed a
model for SHBs within ionic covalent organic framework mem-
branes (ICOFMs) functionalized with —-SO3zH groups. By manipu-
lating the density of these sulfonate groups on the iCOFM’s hexag-
onal unit, diverse H-bond networks can be constructed.”’ It was
demonstrated that reducing the H-bond distance to 2.5 A can
achieve an ultrahigh proton conductivity of 1,389 mS cm~".

Early investigations into H-bonds heavily focused on aqueous
systems. The ubiquity of water as a solvent and its intriguing

4 Matter 8, June 4, 2025

paltfa el SJ:IE
CXCXCATXCD

(XCRCXCXCX
(949 (9(®

Matter

Figure 3. H-bond and water structures

(A) Schematic diagram of H-bond.'®

(B and C) Typical water structures: one water
molecule is linked by four other molecules to form
a tetrahedron (approximately).

(D) Molecular dynamic result of typical arrange-
ment of 50 water molecules, which exhibits com-
plex and dynamic H-bond networks.

(E) Schematic structures of the Eigen-water
monolayer derived from gPlus-atomic force mi-
croscopy (AFM) results.’®
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structure have made it a classical scienti-
fic question. Indeed, H-bonds play a crit-
ical role in shaping the unique properties
of water.”®> A water molecule boasts a
tetrahedral geometry. The central O atom forms two ¢ bonds
with the s orbitals of H atoms at the apices, utilizing sp® hybrid
orbitals (Figures 3B and 3C). The remaining two apices house
lone pairs of electrons on the O atom. Due to the directional
and saturated nature of these interactions, two water molecules
can connect via a single H-bond with a defined configuration. In
larger water assemblies, the H-bond organization becomes
more complex.”® Advanced calculations and experiments have
proved that a single water molecule can form four H-bonds
with neighboring water molecules in a tetrahedral arrangement.
These four water molecules, in turn, can participate in additional
H-bonds with other water or solute molecules. This intricate
network of H-bonds effectively connects water molecules into
a three-dimensional (3D) network or, more precisely, a collection
of interconnected networks (Figure 3D). However, this model is
most applicable to bulk ice Ih at 0°C.?* Liquid water, in reality, ex-
hibits a coordination number less than 4, indicating a more dy-
namic and intricate structure compared to the idealized model.

The precise determination of the structure of water remains a
significant challenge, even featuring as one of the 125 Grand
Challenges in Science.?® Despite this ongoing pursuit, a picture
emerges where water exists as a collection of clusters, with wa-
ter molecules interconnected by H-bonds of varying strengths. '®
These intermolecular networks are neither too strong (which
would result in a rigid, solid-like structure) nor too weak (which
would lead to a gaseous state). This unique characteristic of
moderate H-bond strength is responsible for the existing form
of water as a liquid across a broad temperature range (0°C-
100°C), a characteristic essential for the aqueous electrolytes
with surface water adsorption (Figure 3E). In contrast, intramo-
lecular H-bonds generally lower the melting and boiling points
of materials. In the context of aqueous electrolytes, H-bond
significantly influences several key parameters, including solute
solubility, the operational temperature window, and cation
mobility, all of which are critical for the performance of aqueous
batteries.

Proton transfer in Grotthuss model

Protons are distinct from other cations due to their dual nature.
They can both participate as a constituent of H-bonds and simul-
taneously be liberated as free ions by a solute.”® Early
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Figure 4. H-bond and water structures

(A) Schematic diagram of common cation transfer.

(B) Schematic diagram of proton transfer via Grotthuss model.

(C) Schematic diagram of proton transfer via vehicle model.

(D and E) Interconversion between the Zundel-type and Eigen-type cations.'®

experiments revealed anomalously high proton mobility, defying
traditional cation-movement models (Figure 4A). In 1806, Theo-
dor von Grotthuss proposed a groundbreaking theory explaining
this behavior: the Grotthuss mechanism of proton transport.”’
This mechanism suggests that protons can migrate between wa-
ter molecules connected by H-bonds without substantial move-
ment of the entire molecules themselves. A proton (H*) typically
coordinates with a water molecule to form a hydronium ion (H;O*
or H-0H,).?® This hydronium ion then forms an H-bond with
another water molecule, creating a species like [H*—OH,---OH,)].
During this process, the covalent bond between the first oxygen
atom and a favorably positioned hydrogen atom breaks
(Figure 4B). Simultaneously, the second water molecule accepts
the liberated proton and forms a new H-bond with the first water
molecule, represented as [H,O---HOH,*]. Crucially, while the
location of the original proton remains nearly unchanged, the
positive charge is transferred from one position to another.
This "hopping" motion of the proton along a chain of water mol-
ecules, facilitated by the breaking and reforming of H-bonds, is
energetically favorable compared to the bulky movement of
larger cations through water. The Grotthuss mechanism
elegantly explains the exceptional mobility observed for protons
in aqueous solutions.

The experimental characterization of protons and H-bonds
poses significant challenges due to the fundamental physical
properties of protons as the lightest nuclei with the smallest
atomic radius. Researchers typically employ vibrational
spectroscopy and nuclear magnetic resonance techniques to
investigate H-bonding configurations and protonic environ-
ments. Moreover, advancements in theoretical calculations
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have intensified research on the structure of solvated protons
and the timescales and distances involved in their hopping mo-
tion. It is now understood that the solvated proton is coordinated
with water molecules in more complex structures than previously
envisioned. The primary constituents of the solvated proton in
aqueous solutions are the Eigen cation (HgO4*) and the Zundel
cation (Hs0.").?® Very recently, a breakthrough has been
achieved by directly visualizing Eigen and Zundel cations for
the first time."® Using atomic force microscopy, the two types
of hydronium ions and their 3D configurations were distin-
guished clearly by analyzing slices at various depths. Further-
more, the research observed a dynamic interconversion
between these two types of cations (Figures 4D and 4E) through
the addition or removal of protons via H-bonds,?® which aligns
with the observed fast motion of protons in water. Such dynamic
construction and deconstruction of the long-range H-bond
network plays a crucial role in the Grotthuss mechanism, partic-
ularly for electrodes designed to release large amounts of pro-
ton-related capacity. Nevertheless, direct observation of the pre-
cise site of proton remains beyond the current technological
frontier. Some indirect methods, such as predicting proton path-
ways by monitoring subtle structural variation of bulk material,
have emerged as the prevailing experimental paradigm.

Proton transfer in the vehicle model

For a considerable period, the Grotthuss mechanism reigned su-
preme as the sole explanation for proton motion in electrolytes.
In 1982, K.D. Kreuer proposed the new model of proton transfer:
the vehicle model.*° This model introduces the concept of "pro-
ton carriers" acting as "vehicles" for proton transport. Protons,
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akin to "passengers," are envisioned to move as part of hydroni-
um ions (HsO*) or ammonium ions (NH,4*) within these carriers
(Figure 4C). Concomitantly, "empty vehicles" (H,O or NHj)
migrate in the opposite direction. The vehicle model stands in
stark contrast to the Grotthuss mechanism. Unlike the latter,
which necessitates the breaking and reforming of H-bonds, the
vehicle model proposes a process that maintains the integrity
of the H-bond network. Furthermore, it deviates from classical
Brownian motion, which describes random and independent
molecular diffusion. The vehicle model emphasizes the crucial
role of the counter-movement of empty vehicles. This key
concept has led to the derivation of the Nernst-Einstein equation,
which links carrier translational diffusion to proton conductivity.
This connection effectively explains the temperature depen-
dence of proton diffusion and the observation that most good
proton conductors also exhibit high ion exchange capacity. In
recent years, researchers have identified vehicle-type proton
motion in diverse systems. The model mainly concerns the situ-
ation where a continuous H-bond network cannot be generated.
For example, it is believed that long-distance proton transfer in
some proton-exchange membranes follows vehicle mode at
low-humidity condition and Grotthuss mode at high-humidity
condition.®" This broader theoretical framework has not only
provided more reasonable explanations for previously puzzling
experimental observations but has also fostered the design of
novel reaction systems based on this mechanism.

PROTON STORAGE IN ELECTRODES

Proton storage in full-proton batteries

One of the goals of utilizing protons as charge carriers is to
enhance the specific capacity of electrode materials. Since pro-
tons have the lowest weight among all ions, theoretically, the
active material storing protons has a mass advantage over those
storing other ions. Topologically, the protons can be stored at the
empty tetrahedral sites surrounded by the crystal O atoms or the
quasi-tetrahedral sites of the O atoms in the form of lattice water
(or N in pre-intercalated NHz). Both the storage sites call for
further requirements to crystal structure of the electrode mate-
rials. For the first condition, given the fact that the H-O bond is
short in length (~95.3 p.m.), the possible location is prone to
repulsion against the adjacent cations that are also coordinated
with this O. Therefore, the position that is the only one left empty
for the target O (it means that when this position is occupied, the
O atom cannot accommodate other protons) is thermodynami-
cally unfavorable for proton storage. A preferable location is
the O at the exposing edges of the TM octahedron, where the
O atoms are not fully coordinated, thus leaving space for proton
bonding. This situation is often observed in layered or tunnel-like
crystals, which expose more sites where crystal symmetry is not
satisfied, resulting in more suitable O atoms to accommodate
the protons. In the second scenario, lattice water is also
commonly found in layered or tunnel-like crystal structures, as
these structures have larger spaces to accommodate water mol-
ecules. It is also necessary to consider the volume expansion
that occurs when protons bind to the O atoms in water mole-
cules. Overall, protons tend to bind with less-coordinated oxy-
gen atoms. Additionally, a hidden assumption is that the inser-
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tion and extraction of charge carriers should not significantly
affect the crystal structure of the electrode material. Given that
protons themselves cannot act as pillars to stabilize the structure
(Figure 2B), layered and tunnel-like materials with lower symme-
try and larger gaps are favorable for proton storage.®?

However, the high reactivity of protons limits the application of
traditional cathode and anode materials as well as the selection
of new materials. Considering the potential limitations imposed
by water decomposition, the range of suitable TM elements
and redox potentials is further narrowed. Figure 5A lists the com-
mon cathode and anode materials for full-proton batteries. It can
be observed that the most widely used layered oxides, such as
Ni-, Co-, and Mn-based oxides, are not included. Although these
materials theoretically exhibit good electrochemical perfor-
mance, their stability and durability in practical applications still
require further validation and improvement.>® Instead, the stable
oxides of Mo, Ru, and W have been developed to avoid fast
fading in acidic electrolytes.®* However, even these materials
in the candidate list are subject to corrosion over long-term cy-
cles,*® which impedes the practical application of proton batte-
ries. Besides, the material availability and cost must also be
considered in material selection and battery design. Therefore,
it is clear that these oxides mentioned above do not meet the re-
quirements for large-scale commercial use. A deeper under-
standing of the interaction mechanisms between protons and
electrode materials, as well as the development of innovative
materials that can remain stable in the presence of protons, re-
mains one of the key challenges in current battery-materials
research.

Proton storage in other aqueous batteries
In the early studies of aqueous metal-ion batteries, researchers
primarily focused on the insertion/extraction of metal ions such
as Li ions and Zn ions, without recognizing the role of protons.®
Then, with the advancement of measurement techniques, it
has been discovered that protons contribute significantly to the
capacity of some aqueous batteries that were not originally de-
signed for proton storage (Figure 5B). Protons are unintentionally
introduced into the electrolytes, a process that is inevitable in
aqueous solutions due to the dissociation of water molecules.
These protons compete with the intended charge carriers, and,
in some cases, they may partially supplant other charge carriers
due to their smaller radius and faster diffusion kinetics. This
competition is influenced by various parameters, including pH
value, concentration, and the type of other ions present.®®

A typical example is vanadium oxides. V,0Os is a classical
layered-structure material with a large interlayer spacing of
approximately 4.37 A, which is advantageous for cation stor-
age.®® Though it is employed as the cathode material for
aqueous Al-ion batteries, it has been observed to permit only
proton intercalation rather than Al ions (Figure 6A). Researchers
proved that the maximum capacity is 1.43 protons per V,Os
molecule in 2 mol kg~ " A(OTF); electrolyte, and further insertion
would alter the V-O bond length and interlayer spacing, leading
to structural instability. Then our group experimentally verified
that, after pre-intercalating some water molecules, 1.59 protons
can be taken up in each unit without apparent structural dam-
age.®” These water molecules not only act as pillars within the
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Figure 5. Proton storage in electrode materials

(A) Typical materials for full-proton batteries, which mainly work in low-pH electrolytes and possess limited capacities.®*

(B) Typical materials for other aqueous batteries working in mild or high-pH electrolytes, which also have the capability of proton storage.**
(C and D) Schematic diagram of proton-storage sites in typical crystals: bonding to interlayer water and/or crystal oxygen.

(E) Schematic diagram of crystal collapse and water release with over-protonation.

crystal structure but also enhance proton transfer. As a conse-
quence, the modified material, namely Hgg42V205:-0.143H,0
(Figure 6B), presents high capacity of approximately 245 mAh
g~" with negligible capacity loss over 500 cycles in 3 M ZnSO,
electrolyte, whereas pristine V,05 quickly loses activity within
200 cycles.*®°

A similar phenomenon can be observed in manganese oxide
cathodes in aqueous Zn-ion batteries (ZIBs).*° In 2011, MnO,
was proposed in ZIBs, and it was believed that Zn ions are the
sole charge carriers for this material.*' The valence change of
the Mn element between +3 and +4 provides a high theoretical
specific capacity of 308 mAh g~', making MnO, a promising
cathode material.****® The contribution of protons has gradually
been recognized. Our group has discovered that different
phases of MnO, could exhibit the capability of proton up-
take.**~*® The contribution of protons can be verified by two
pairs of redox peaks in CV profiles, as well as transmission elec-
tron microscopy (TEM) and energy-dispersive spectroscopy
(EDS) characterization of the byproducts such as ZnS04-3Zn
(OH),-nH,0.“¢ Moreover, the synergistic effect of proton storage
and Zn-ion storage was also discovered. These MnO, poly-
morphs cannot deliver enough capacity in either proton-free
electrolytes or Zn-ion-free electrolytes. Only in dual-ion electro-
lytes can they release near-theoretical capacity. Furthermore, a
recent study focusing on the classical a-MnO, polymorph pro-
vides direct evidence for proton storage.’® As shown in
Figure 6C, a-MnO, possesses two distinct tunnel structures,
[2 x 2] and [1 x 1]. Computational analysis and high-resolution
TEM results suggested that protons readily bond with lattice O
ions located within these tunnels, forming O-H bonds with a
characteristic length of approximately 0.10 nm. In contrast, the

larger size and higher charge density of Zn ions make their inter-
calation less favorable. Indeed, no Zn atom was detected in the
discharged sample, challenging the long-held viewpoint of Zn-
ion intercalation (Figure 6D). Based on these findings, a logical
conclusion can be drawn: optimizing a-MnO, for faster proton
diffusion holds immense promise for enhancing its performance
in energy-storage applications. Future research efforts should
focus on strategies to facilitate proton transport within the tunnel
structures of materials.

These V- and Mn-based examples inspire us to consider a
broader range of materials,®® provided the goal is not restricted
to all-proton batteries.”” Traditional electrode materials may be
capable of storing a significant number of protons in conjunction
with other charge carriers. These materials also offer numerous
advantages, such as low cost, good environmental adaptability,
and well-established production processes. Figure 5B lists some
promising material candidates and their redox potentials. We
anticipate that these materials hold significant promise for com-
mercial applications in proton storage. An additional benefit lies
in the electrolyte selection, because these materials are suitable
for mild acidity. Protons can originate from water autoionization,
which further reduces the electrolyte cost. However, the precise
mechanism of proton intercalation is obscure, and the competi-
tion and/or synergistic effects of protons on other ions require
further investigation.

PROTON TRANSFER IN SOLID ELECTRODES
Proton transfer via water-based H-bond networks

The exceptional diffusion kinetics of protons make them highly
attractive candidates for rechargeable battery applications.
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Figure 6. Proton storage in other aqueous batteries
(A) Proton-storage sites in V,0s structure.*®

(B) Synergistic storage of proton and zinc ions in Ho g42V205 in aqueous zinc-ion electrolyte.®”
(C) Theoretical result of proton-storage sites in a-MnO; the [2 x 2] and [1 x 1] tunnels expose sufficient crystal oxygen sites.

(D) TEM result verifies the absence of zinc ions and potassium ions in a-MnO,.

Proton batteries offer the potential for exceptional rate capability
and high capacity. The Grotthuss mechanism, which governs
proton transport through a network of H-bonds, facilitates rapid
intercalation/deintercalation kinetics within battery electrodes,
surpassing the performance of many other mobile ions. A
straightforward approach to leverage the Grotthuss mechanism
involves incorporating water-containing H-bond networks into
solid-state electrode materials. Several promising materials
have been designed based on this strategy, including Prussian
blue analogs (PBAs) and WO3. These materials aim to exploit
the Grotthuss mechanism to achieve high-rate proton-battery
performance.

PBAs

PBAs represent a promising class of porous inorganic solid ma-
terials for battery applications.*® Their abundant and stable
structural vacancies endow them with exceptional properties,
including gas/ion storage, proton conduction, magnetism, elec-
trical conductivity, and optical functionality. A particularly attrac-
tive feature of PBAs for proton batteries is the potential for
enhanced Grotthuss conduction through strategic defect
engineering.

The most important function for PBAs is the capability of
reversible mass transport, which is tightly controlled by the
structural vacancies.”® One such approach involves tailoring
the ligand vacancies within the PBA structure. A recent report
describes the design of a CuFe-TBA material, where a reduction
in the amount of ferrocyanide ligand vacancies creates intercon-
nected channels between cages.'' These vacancies are charge
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compensated by the removal of ferrocyanide and ferrocyanide
vacancies, creating a network within the PBA framework
(Figures 7A and 7B). Crucially, zeolitic water molecules within
the cages can form H-bonds with coordinated water molecules
residing in the vacancies (Figure 7C). This interaction fosters
the formation of water-molecule chains that bridge these inter-
connected vacancies. As the vacancy fraction increases to
1/4, such H-bond chains can be connected with each other.*®
Computational modeling confirms that proton motion in this ma-
terial adheres to the Grotthuss mechanism, with protons
migrating along the water chains via a pattern of alternating
ligand water and zeolitic water (01-02-01'-02/, as depicted in
Figures 7D-7F). This arrangement provides the essential wa-
ter-based H-bond network required for efficient Grotthuss con-
duction. The engineered CuFe-TBA electrode exhibits excep-
tional proton-transport characteristics. In full battery with 2 M
H>SO, electrolyte, the material delivers a high capacity of 49
mAh g~ (half of its 1 C rate capacity of 95 mAh g~ ') at an extraor-
dinary rate of 4,000 C (380 Ag~", 508 mA cm™2). Remarkably, the
CuFe-TBA electrode retains 60% of its capacity even after 0.73
million cycles at 500 C, surpassing the cycle life previously re-
ported for Faraday electrodes. This achievement underscores
the potential of materials designed to exploit Grotthuss-type
proton motion for high-performance batteries.

Building upon this concept, researchers have explored alter-
native PBAs with even higher capacities. Another study de-
scribes the development of hydrous vanadium hexacyanofer-
rates (VHCFs) capable of delivering a specific capacity of 108
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(A and B) Schematic diagram of PBA optimization for proton transfer, the integrated structure blocks water molecules, and the deficiencies introduce more water

molecules for continuous H-bond network.

(C) Structure of CuFe-TBA with vacancies, which presents 3D topological network for H-bonds. "’
(D-F) Proton bonding and transfer steps in CuFe-TBA.O1 represent ligand water, and O2 represents zeolitic water.""

mAh g~" in 6 M H,S0O, electrolyte.®" This enhanced capacity is
attributed to the presence of a double-redox center (V"' « VIV
- VY, Fe" & Fe') within the VHCF structure. Furthermore, the
open framework of the V-containing PBA promotes the forma-
tion of an extensive internal H-bond-network topology. This
network creates potential solid-state pathways for proton con-
duction via the Grotthuss mechanism, facilitating both pseudo-
capacitive charge storage and rapid proton-diffusion kinetics.
The VHCF material exhibits good rate capability, retaining 60%
and 43% of its capacity at 100 C and 200 C rates, respectively.
These findings inspire further research into the design and explo-
ration of novel materials with optimized structures for efficient
proton-storage mechanisms.

wo;

Layered and two-dimensional (2D) materials hold significant
promise in electrochemistry due to their high specific surface
area and abundance of redox-active sites. Researchers have
placed particular interest in understanding the critical relation-
ship between surface atoms and interlayer water molecules
(Figures 8A and 8B). The tungsten oxide family serves as a
good example owing to its structural versatility with diverse poly-
morphic configurations and the capability for modulation of inter-
layer water content.

Researchers have explored the incorporation of water mole-
cules into the pores of conductive hydrous hexagonal tungsten
oxide (h-WQ3), a layered nanostructure, to achieve large-scale
proton transmission.>> The inspiration has been drawn from

the remarkable proton transport facilitated by single-file water
chains within protein molecules, which act as a "highway" for
proton movement (Figure 8C). Studies have revealed that wa-
ter-containing samples exhibit enhanced capacity, which is
derived from both water molecules and the resulting H-bond
chains. Experimental data suggested that a minimum of 0.5 wa-
ter molecules per WO3 unit is necessary for the formation of sin-
gle-file water chains, which are essential for supporting Grot-
thuss-type proton motion. h-WO3-nH,O demonstrates an
impressive proton conductivity of ~1.0 mS cm ™" at 22°C, rising
t02.7mS cm ™' at 60°C and 3.7 mS cm ™" at 90°C.°° The calcu-
lated activation energy of 0.12 + 0.02 eV closely resembles the
value observed in bulk water (0.11 eV), further supporting the
notion of a similar transport mechanism, namely the Grotthuss
mechanism.

Besides, the layered material in the WO3; family presents a
fascinating example for studying the interplay between hydra-
tion, proton transport, and aqueous H-bonding networks. It
has been reported that the anhydrous y-WO3 shows inferior per-
formance for proton storage than the two hydrous phases, i.e.,
WO3-1H,0 and WO3-2H,0.°® Interestingly, the lattice water in
hydrous phases is highly confined with only limited local confor-
mational freedom rather than translational one. These consecu-
tive water networks play a role in changing the pathway of struc-
tural transformation. It isolates the electrochemically driven
structural transformations to two dimensions within the
WOs5(OH,) octahedral network, leading to very little change in

Matter 8, June 4, 2025 9




- ¢? CellPress

A B

466664
X 6606666
L 444444

v 000066

Figure 8. Proton transfer in layered materials

o DD DD DD

o D DD DSBS

Matter

(A and B) The optimization of H-bond network for proton-transfer pathway in layered WO3.
(C) Structure of h-WOj3 with tunnel water molecules; sufficient water (0.5 water per WO3 unit) can form continuous single-file water chains.®?

(D) Structure of layered WOg-2H,0 with proton bonding to crystal oxygen.**
(E) Proton-transfer steps through crystal oxygen in WO3-2H,0.>*

interlayer spacing with proton intercalation. In contrast, without
water networks, the structural transformation of y-WO3; to the
tetragonal structure of HWOj3 is sluggish and incomplete, which
becomes the rate-limiting process of proton transfer. However, it
is believed that the proton transport is mainly related to the ter-
minal O ions in the [WQOg] tetrahedron rather than the O in water
molecules (Figures 8D and 8E).>* This case provides another
possibility for the effect of water networks, in which water mole-
cules indirectly influence the proton motion. Nevertheless, the
proton-transfer model remains controversial and requires further
study. The family of WO3 exhibits high redox activity and a highly
reversible capacity for proton intercalation/deintercalation,
which may help to discover new electrode materials.
MXenes
MXenes are a class of 2D TM carbides, nitrides, or carbonitrides
(M represents TMs like Ti and V; X represents C and N), and they
have garnered significant interest due to their unique 2D struc-
ture and rich functionality. The pre-intercalated water enables
fast proton-transport capability (Figure 9A).°° Researchers
have employed ab initio molecular dynamics (AIMD) simulations
to shed light on the mechanism of proton behavior between
MXene layers and the influence of the surrounding aqueous envi-
ronment.>” The computational results reveal that reversible pro-
ton redox reactions occur between surface O sites on the MXene
and interfacial water molecules. The transfer of protons follows
the Eigen-Zundel-Eigen mechanism, consistent with the Grot-
thuss model in bulk water.

Experimental studies have been conducted to further vali-
date the role of water molecules in proton transport.”® These

10 Matter 8, June 4, 2025

studies confirmed that water molecules confined between
MXene layers are responsible for establishing H-bond networks
that facilitate rapid proton diffusion. It was suggested that wa-
ter molecules and hydronium ions organize into a well-defined
configuration characterized by a uniform network of H-bonds
(Figures 9B and 9C). Additionally, the dipole orientation of these
molecules and ions exhibits a high degree of alignment around
90°, indicative of a planar arrangement that optimizes proton
motion. In contrast, the surface functional groups on MXenes,
primarily hydroxyls in this case, disrupt the H-bond networks.
This disruption leads to a heterogeneous distribution of water
molecules and a more discrete network of H-bonds. Since
the Grotthuss mechanism relies on the continual breaking
and reformation of H-bonds for proton transport, an excessive
number of hydroxy groups can impede this process by strongly
fixing the H-bonds in place.

Further studies have explored the migration behavior of pro-
tons between TizC, Ty layers in the presence and absence of wa-
ter.°® These investigations revealed that water has a significantly
greater influence on proton diffusion than other cations. Water
effectively reduces the migration energy barrier for protons and
expands the available pathways within the 3D space. Collec-
tively, these findings strongly support the conclusion that wa-
ter-mediated Grotthuss proton hopping is the dominant mecha-
nism for proton transport in MXenes. The research has also
highlighted promising directions for future studies, focusing on
how to leverage this mechanism to optimize the proton inser-
tion/extraction capacity of MXene electrodes for electrochemi-
cal applications.
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(A) Structure of MXenes with interlayer water, which interact with terminal groups.*®

(B) Disturbance of water-based H-bond network in pristine MXene.*®
(C) Integrated H-bond network in modified MXene.*®

Proton-transfer reinforcement via non-water H-bonds
The Grotthuss mechanism for proton transport offers a versatile
strategy for achieving rapid proton movement in various sys-
tems. Crucially, this mechanism is not restricted to water-based
H-bond networks. The exploration of non-aqueous H-bond net-
works presents an exciting avenue for the development of fast
proton-storage materials for aqueous batteries. By incorporating
alternative H-bond donors and acceptors into battery materials,
researchers can potentially engineer robust proton-transport
pathways that rival those observed in water. Such a mechanism
was first discovered in MoO3, a typical anode material for full-
proton batteries. Then it was grafted in manganese oxides and
vanadium oxides, thus expanding the application scope of pro-
ton storage.
MOO3
a-MoOgj is a layered TM oxide that has emerged as a promising
electrode material for proton batteries due to its exceptional rate
performance.®® This material exhibits a specific capacity of 125
mAh g~ at 5 C and aremarkable 88 mAh g~ even at an ultrahigh
rate of 100 C (tested in 4.4 M H,SO, electrolyte®°). These impres-
sive results highlight a-MoQOj3 as a promising candidate for next-
generation proton batteries. Experimental evidence suggests
that the charge storage mechanism in a-MoOQgj is primarily diffu-
sion controlled.®® The process involves the intercalation and de-
intercalation of protons, leading to the formation of hydrogen
molybdenum bronzes (HMBs, H,MoO3, where 0 < x < 2).
Although there remains controversy about the precise value of
proton intercalation, the consensus for phase transition of
MoO3 has been achieved (Figure 10A). It is accepted that pristine
MoOQj3 undergoes a conversion reaction within the first proton-
ation, while the orthorhombic structure is transformed into the
monoclinic phase. After that, subsequent charging and dis-
charging cycles reveal a limited ability to fully extract protons
back to the original a-MoO3 phase.®' Some papers suggested
that the full protonation value is x = 0.88,°" while other values,
such as x = 1.68,%° 1.75,°% and 2.5,°° have also been reported.
Since the proton-transfer pathway is of vital importance for the
electrochemical performance, researchers have carefully inves-

tigated the diffusion pathways of protons. There are three favor-
able adsorption sites in MoOz and protonated MoO3;
(Figures 10B and 10C), which can be denoted as A (02-H---02),
B (O1-H---01/02), and C (02-H-01).°® Here, O1 represents the
terminating O ion that coordinates to 1 Mo, and O2 represents
the bridging O that coordinates to 2 Mo. The increased bonding
sites complicate proton behavior because the intercalation and
deintercalation of protons would distort the lattice. In turn, the
distorted lattice, especially with the change in O-O distances, in-
fluences the proton-transfer efficiency. Specifically, the interca-
lation of protons follows the sequence of A (0.5 H*), B (1.5 H*),
and C (0.5 H"). In contrast, the deintercalation of protons follows
a different sequence of C (0.25 H*), A (0.5 H*), B (0.75 H*), and
B + C (1.0 H*). These asymmetric pathways explain the asym-
metric charge/discharge profile. As shown in Figure 10B, the
protonation of MoO3 and deintercalation of H, sMoOQOs3 initiate
from very different states. Protons tend to transfer between the
adjacent O atoms that present the lowest distances. Fortunately,
in MoO3; these O-0 distances are shorter than 2.9 A, which ac-
counts for the fast Grotthuss-type diffusion of proton.

A recent study sheds light on this critical aspect by revealing the
formation of non-water H-bond networks that facilitate proton mo-
tion via the Grotthuss mechanism.®? In this work, the authors elec-
trochemically activated a-MoOj3 to a deeper depth of discharge,
leading to the formation of a new orthorhombic H4 75sMoO3; phase
(Figure 10D). This phase exhibits significant lattice distortion,
evident from the increased d-spacings along the [010] and [001]
directions, as well as the expansion of the (101) planes. As a
consequence, when a proton is intercalated and bonded to a ter-
minal O atom, it can form new H-bonds with neighboring terminal
O atoms within a close proximity of only 0.24 nm. In essence, the
structural distortion creates interconnected H-bond networks
mediated by these terminal O atoms (Figure 10E). Theoretical cal-
culations revealed that, due to the distorted structure, a single
proton can be simultaneously connected to two neighboring ter-
minal O atoms during this transition state, resembling the behavior
observed in the Grotthuss mechanism involving water molecules.
The calculated low activation energy of 0.14 eV further supports
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Figure 10. Proton transfer in MoO3;
(A) Phase transition of a-MoO3 during electrochemical cycles.®®
(B) Proton sites and pathways in H,;MoQ3.%*
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(C) Proton transfer follows different sequences in intercalation and deintercalation processes.®*
(D) Topological structure transformation of a-MoQj after electrochemical activation.®?

(E) Interconnected H-bond network between terminal oxygens in a-MoQs.%*

the notion of fast kinetics. Consequently, the electrode exhibits
reversible cycling between the H; 7sM003 and Hy 10M0O3 phases.
Additional calculations predict near energy-free diffusion, where
protons within H; 7sM003 spontaneously migrate to proton-defi-
cient regions after a certain relaxation time. This Grotthuss-type
proton motion not only enhances diffusion kinetics but also con-
tributes to the structural stability of the material. The optimized
a-MoO3 electrode delivers an outstanding capacity of 111 mAh
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g ' at a remarkable rate of 2,500 C for 5,000 cycles, ranking

among the highest capacities reported for proton battery
materials.

V205

Similar to a-MoQj3, non-water H-bond networks offer a promising
approach to promote proton diffusion and storage in aqueous
ZIBs. A few years ago, researchers explored pre-intercalating
ammonium ions (NH,*) into V,05 to expand the interlayer spacing
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Figure 11. Proton transfer in V,05
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(A-C) Crystal structure of pristine V,0s, H,O-intercalated V,0s, and NH,*-intercalated V,05.%°

(D) Proton-transfer pathway through NH,*-based H-bond network.®®

and facilitate zinc-ion uptake/removal.®* While this study identi-
fied the presence of OH™-related byproducts, the potential
contribution of proton intercalation was not fully explored.
Recently, this concept has been revisited and a refined syn-
thesis method was employed to precisely control the amount
of pre-intercalated NH,* ions through precursor selection.®®
Computational analysis revealed that the bond lengths within
the ammonium-related H-bond networks range from 1.6 to
1.8 A (Figures 11A and 11C), which are shorter than those
observed in water-based networks (1.9-2.0 A, Figure 11B).
This finding suggests that the H-bond networks are partially
formed by NH,* ions, leading to enhanced stability compared
to pristine networks solely composed of water molecules as re-
ported in earlier studies. Furthermore, the strong interlayer
bonding energy helps to mitigate V-element dissolution and
structural collapse during cycling. These ammonium-based
H-bond networks serve as efficient diffusion pathways for pro-
tons, where proton transport occurs via the breaking and refor-
mation of H-bonds following the Grotthuss mechanism
(Figure 11D). In contrast, bare V,Os relies on direct hopping of
protons between adjacent O atoms, a process associated with
significantly higher diffusion-energy barriers. This study also
highlights the importance of optimizing the concentration of
NH,4* ions within the crystal structure. Insufficient NH,* ions

cannot establish effective transport networks, while an exces-
sive amount can solidify the H-bond network, hindering proton
diffusion. These theoretical predictions align well with the exper-
imental observations. The optimized material delivers an impres-
sive capacity of 563 mAh g~ with an intercalation of 1.44 pro-
tons per unit formula and exhibits a remarkable cycling
performance, retaining 85% of its capacity after 4,000 cycles
in 3 M Zn(OTF), electrolyte. This work provides valuable insights
into the role of ammonium-based H-bond networks in energy-
storage materials. Furthermore, it establishes a versatile strategy
for promoting proton storage in aqueous batteries, potentially
applicable to a broader range of electrode materials.
MnO>
The discovery of proton contributions to the electrochemical
behavior of MnO, polymorphs has sparked significant research
interest in understanding the mechanisms of proton storage
and transport within these materials. The work mentioned above
verified the proton-storage sites within a-MnQ,,*° but it did not
provide the transfer pathways, let alone the improvement strate-
gies. Some literature reported that dehydrated MnO, samples
exhibit less proton insertion even in mild-acid environments.®®
Our group has explored the strategic application of non-water
H-bond networks to promote proton transport within a-MnO,
cathodes.*® We successfully synthesized Ni-doped tunnel-type
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(A) Crystal structure of a-MnO, and electronic configuration of Mn** ion.*®
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(B) Crystal structure of Ni-doped «-MnQO, and electronic configuration of Ni?* ion. The Ni doping enhances the distortion of [2 x 2] tunnels.*®

(C) Proton-transfer steps through crystal distortion-induced H-bond network.*®

(D) Crystal structure of Zng sMn,O, spinel.'?
(E) Proton-transfer steps through Zn-vacancy-induced H-bond network.

a-MnO, using a simple one-step hydrothermal reaction. This
approach leverages the distinct electronic configurations of
Mn** (£2546°) and Ni?* (°46°,) ions within an octahedral coordi-
nation environment (Figures 12A and 12B). According to crystal-
field theory, the high-energy eg orbitals (dys.y» and d,) are anti-
bonding. Doping the a-MnO lattice with 5% Ni?* ions introduces
two additional electrons into the eq orbitals, strengthening the
metal-oxygen interactions. This phenomenon weakens the sta-
bility of the tetragonal lattice and induces structural distortion.
Furthermore, the occupied d,, orbital of the Ni?* ion exhibits we-
aker spatial overlap with the O 2p orbital compared to Mn**. This
weaker overlap leads to a polarization of the O 2p electrons to-
ward the octahedral sites. TEM confirms significant tetragonal
oxide (TO) distortion in the Ni-doped MnO, samples. This distor-
tion brings the O atoms located within the walls of the [2 x 2] tun-
nels closer together, creating favorable sites for consecutive
proton diffusion via H-bond formation. Computational calcula-
tions reveal a detailed five-step diffusion pathway for protons
within the Ni-doped a-MnO, structure (Figure 12C). This process
exhibits an exceptionally low energy barrier of only 0.55 eV, a
stark contrast to the significantly higher values observed for pris-
tine MnO, (1.28 eV in [2 x 2] tunnels and 0.83 eV in [1 x 1] tun-
nels). This low energy barrier signifies a Grotthuss-type proton-
transport mechanism, facilitating rapid proton uptake and
removal within the cathode. Consequently, the energy density
of the Ni-doped a-MnO, electrode is improved by 25%.
Inspired by the success of lattice tunning, we grafted this strat-
egy to ZnMn,Oy, spinel.'? It is a common phase transition prod-
uct of MnO,, traditionally undervalued in aqueous-battery appli-
cations due to its lack of crystal water and low proton-transfer
capabilities. Our research group has recently addressed this
challenge by developing a novel proton-conductive Zn-Mn-O
spinel with enhanced performance. This material, Zng sMn50y4,
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incorporates Zn vacancies at half of the available Zn sites within
the spinel structure (Figure 12D). The presence of these va-
cancies triggers a unique proton-transport mechanism. When
four protons become bonded to the O atoms and occupy the
Zn-vacant 8a site, electrostatic repulsion within this proton-rich
tetrahedron induces the neighboring O atom to bond with addi-
tional protons in the form of -OH, groups. This configuration then
undergoes a de-excitation process, transforming into a stable -
OH moiety and releasing one proton to a nearby site. Remark-
ably, this proton-hopping process requires only 0.47 eV, repre-
senting less than half of the energy consumption compared to
conventional consecutive hopping mechanisms. This facile pro-
ton transport occurs not only at the boundary between proton-
rich and proton-poor regions but also within the interior of the
proton-rich domains. Consequently, protons cooperate in a
Grotthuss-type manner, hopping through the 3D tunnel network
of the spinel structure (Figure 12E). This efficient proton-delivery
mechanism allows the material to deliver a high capacity of 299.7
mAh g~ while maintaining excellent structural stability (in 3 M
ZnS0,4+0.2 M MnSQ, electrolyte). It has been pointed out that
the sluggish proton diffusion in electrodes is always the limiting
step for proton storage, rather than the lack of storage sites.
By strategically introducing structural variations, such as va-
cancies, it is possible to promote Grotthuss proton transport
without relying on crystal water.

To sum up, proton transfer in solid electrode materials can be
enhanced by activating Grotthuss-type transfer mode, which is
realized by introducing proper H-bond network. According to
the storage sites mentioned in the last section, the H-bond
network can be composed of consecutive water molecules or
new structural distortions in which no water participates. This
strategy can be applied in not only full-proton battery materials,
such as WO3; and MoOg, but also in aqueous metal-ion battery
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materials, such as MnO,, PBAs, and V,0s. The modified elec-
trodes that make better use of proton transfer always present
higher performance in capacity, rate, and durability. This
approach holds significant promise for the development of
next-generation high-performance aqueous-battery materials.

PROTON TRANSFER IN AQUEOUS ELECTROLYTES

Proton-transfer enhancement for conductivity
improvement

High electrolyte conductivity is paramount for all battery sys-
tems, as it enhances both electrochemical kinetics and
Coulombic efficiency (CE). Conductivity is governed by the inter-
play between the driving forces (electric field and concentration
gradient) acting on ions and the opposing frictional forces. For
most metal ions, their bulky hydration shells create significant
steric hindrance, limiting their mobility in electrolytes. Protons,
however, circumvent this limitation due to their unique ability to
participate in the Grotthuss mechanism, enabling rapid move-
ment without significant changes in the surrounding solvation
structure. This exceptional proton mobility translates to high
conductivity, a key advantage for proton batteries.

There seem to be very few ways to enhance proton transfer,
except for manipulating the concentration of electrolytes, since
the precondition of proton transfer is the combination of suffi-
cient protons and water molecules. Most of the full-proton batte-
ries employ highly soluble inorganic acids as electrolytes due to
their ability to facilitate fast proton motion through extensive
H-bond networks. For dilute acid solutions, experiments have
confirmed an inverted V-shaped relationship between room
temperature conductivity and concentration (Figure 13A).°" A
maximum conductivity is usually observed at a concentration
around 10 mol %. This implies that conductivity depends not
only on the carrier density but also on the solution structure
(Figure 13B). Before the peak, the solution structure is water
dominated, and protons are primarily transported along the
H-bond network of water. After the peak, the structure transi-
tions to a non-aqueous structure, including anhydrous liquid
acid or the melt of crystals, and the proton-transport mechanism
becomes more complex. It should be noted that, even in dilute
solutions, the water-based proton transfer has not been clearly
revealed. Experimental evidence suggested the presence of
structurally diverse, dynamically distorted complexes resem-
bling Eigen and Zundel cations, but there is a controversy sur-
rounding the dominance of Eigen or Zundel cations.®®"° In
most cases, the solvation structure of hydrated excess protons
is more intricate than simply Eigen or Zundel cations. These
structures represent limiting cases within a spectrum of configu-
rations, with numerous intermediate states existing due to the
dynamic nature of the solvation shell (Figures 4D and 4E).

For highly concentrated acid solutions or non-aqueous acids,
the solvation structure deviates significantly from that observed
in dilute aqueous solutions.”" For example, phosphoric acid can
form very strong H-bonds, leading to a highly ordered structure
with sluggish proton dynamics and consequently, lower proton
conductivity. Paradoxically, neat liquid phosphoric acid pos-
sesses the highest intrinsic proton conductivity of any known
material. This seemingly contradictory behavior can be attrib-
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uted to the complex interplay between phosphoric acid mole-
cules (H3PQO,), as well as their variations such as H,PO,  and
H4PO,*, and solvent molecules. Overall, the proton-transfer
behavior does not always follow a strict pattern. Instead, once
a proton is accepted by a Grotthuss chain, the polarization of
the chain is disturbed. Then H-bond network suffers complex
local breakage and reconstruction.”””® The interplay between
these chains and a network of frustrated H-bonds ultimately
gives rise to the exceptional proton conductivity observed in
neat phosphoric acid. In contrast, sulfuric acid (H,SO,4) pos-
sesses a limited number of hydrogen atoms, hindering the for-
mation of a robust H-bond network for efficient diffusion of
protons.

While high proton conductivity is undeniably beneficial for bat-
tery performance, it is crucial to strike a balance between
efficient proton transport and electrolyte stability. Unrestrained
attempts to simply maximize proton transfer can have detri-
mental consequences. Increased proton mobility can inadver-
tently lead to enhanced proton-related side reactions, ultimately
compromising the stability of the electrolyte. These detrimental
side reactions will be explored in the following section.

Proton-transfer resistance for expansion of
electrochemical stability window
One significant limitation of aqueous batteries is their low oper-
ating voltage, directly tied to the narrow electrochemical stability
window (ESW) of water. Thermodynamically, water itself remains
stable only within a potential window of approximately 1.23 V.
Beyond this limit, water electrolysis occurs, leading to the pro-
duction of oxygen (OER) at high potentials and hydrogen (HER)
at low potentials.”* This narrow ESW not only limits the choice
of suitable electrode materials and the types of electrochemical
redox reactions but also leads to the formation of gaseous prod-
ucts and a degradation of the electrolyte.”®

For proton-based batteries, the electrolytes are always acidic,
which is more vulnerable to HER.”® One promising approach to
address this limitation involves the introduction of additives
that can establish new H-bond networks.””®° Organic mole-
cules containing functional groups that act as either H-donors
(e.g., hydroxy groups) or acceptors (e.g., electronegative
groups) can be strategically incorporated to reinforce the exist-
ing H-bond network within the electrolyte. This strategy effec-
tively broadens the ESW by enhancing its stability. Our previous
research has explored the use of ethylene glycol (EG) as an
effective additive for HER suppression in aqueous ZIBs.®
Compared to water molecules, each EG molecule possesses
two hydroxy groups, which can participate in additional
H-bond interactions. This effectively strengthens the H-bond
network within the ZnSO, electrolyte. The additional hydroxy
groups can function as both proton donors and acceptors, hin-
dering proton mobility.®> Consequently, the introduction of EG
suppresses HER at the anode and improves the CE. In a
following study, we investigated the electrochemically polymer-
ized polyacrylamide (PAM) hydrogel as an electrolyte skeleton
(Figure 13F).%% The PAM hydrogel scaffold features abundant
acyl groups (-C=0) that can act as both H-bond donors and ac-
ceptors (-NH,). Raman spectroscopy confirmed a significant
enhancement of the H-bond network within the electrolyte
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upon the introduction of PAM. It should be noted that, within the
new H-bond network, the H atom in organic additives cannot
easily disconnect from basement, thus working as fixed obstruc-
tion in proton-transfer pathway. The net effect of PAM is there-
fore the suppression of proton transfer.

High-concentration electrolytes (HCEs) represent another
promising strategy for restricting proton motion but with different
mechanism.?* The first aqueous HCE was reported to utilize
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) at a concen-
tration of 21 mol kg~'. This system contains only a limited
amount of free water (approximately 16%), leading to a signifi-
cant reduction in the number of available H-bonds
(Figures 13C and 13D). HCEs also modify the hydration shell of
Li ions. Within an HCE, TFSI™ anions can directly coordinate
with Liions in the primary solvation shell. This disrupts the typical
water-water H-bond network surrounding Li ions, leading to a
new arrangement where Li ions are connected by a combination
of shared TFSI™ anions and water molecules. As a consequence
of these changes, the ESW is significantly expanded to 3.0 V.
This wider window enables the utilization of low-potential anode
materials such as MogSg, ultimately leading to a substantial in-
crease in the power density of the entire battery. Following this
initial work, extensive research has been conducted on various
HCE systems,®*®® all aiming to achieve a similar outcome:
lowering the water content and hindering the formation of wa-
ter-based H-bonds within the electrolyte. Such strategy employs
much more cations and anions to break the continuity of the
H-bond network, thus impeding proton’s Grotthuss-type
transfer.

Our research group has proposed a novel perspective, sug-
gesting that kinetic factors can, in some cases, play a dominant
role in determining the ESW of aqueous electrolytes. We have
investigated lithium nitrate (LiINOj3) solutions at various concen-
trations using a combination of theoretical calculations and
spectroscopic analyses.® In dilute LiNO; solutions, Li ions pri-
marily coordinate with four water molecules, forming Li(H20),
complexes. As illustrated in Figure 13E, only a small percentage
(1.9%) of water molecules are shared by pairs of Li ions. A larger

16 Matter 8, June 4, 2025

Matter

Figure 13. Proton transfer in electrolytes
4 (A) Relationship between room-temperature con-
ductivity and concentration (1, HNO3; 2, HCI; 3,
HBr; 4, HCIO,; 5, HoSO4; 6, HIO3; 7, HaPO,).”
(B) Schematic diagram of ratio of proton and water
molecules, at the acid concentration that presents
highest conductivity.
(C) Schematic diagram of proton-transfer pathway
in dilute electrolyte.
(D) Schematic diagram of proton-transfer pathway
in LiITFSI water-in-salt electrolyte.
(E) Schematic diagram of proton-transfer pathway
in LINO3 water-in-salt electrolyte.
(F) Schematic diagram of proton-transfer pathway
in hydrogel electrolyte.

fraction (16.1%) interacts with isolated Li
ions, while the remaining water mole-
cules form a vast H-bond network. How-
ever, as the salt concentration increases,
a growing number of Li ions appear in pairs, sharing their primary
solvation shells. At a concentration ratio of LINO3 to water of 1:2,
the free water molecule content plummets to a mere 1.2%.
Under these conditions, most water molecules become incorpo-
rated into extended linear chains of Li ions, leading to the near-
complete disappearance of H-bonds. It is revealed that, at su-
per-concentrations, a unique local structure characterized by
intimate Li-water interactions emerges. This structure involves
the formation of polymer-like (Li(H20),), chains, which replace
the ubiquitous H-bond network between water molecules, ex-
hibiting similarities to the crystal structure of solid LiNOz-3H,0.
Certainly, it eliminates the precondition of fast transport of pro-
tons. ESW is expanded to 2.55 V in this low-cost, super-concen-
trated LiNOj electrolyte. This discovery holds significant promise
for advancing the fundamental understanding and development
of HCEs.

It should be noted that the relationship between high salt con-
centration and H-bond elimination in aqueous electrolytes ap-
pears counterintuitive. Recent research investigating the water
dynamics and structure of LiCl solutions sheds light on this phe-
nomenon.” While it is true that highly concentrated LiCl solu-
tions disrupt the bulk water H-bond network, the study reveals
that the limited H-bonds remaining in these concentrated sys-
tems are, on average, stronger than those found in bulk water.
This seemingly contradictory behavior can be attributed to the
formation of solvent-separated ion pairs. In these pairs, two wa-
ter molecules bridge oppositely charged ions. The electrostatic
interactions between the lone pairs of electrons on the water
molecules and the ions lead to increased partial charges on
the water molecules. These enhanced partial charges, in turn,
strengthen the H-bonds between the water molecules. The anal-
ysis of frequency-dependent anisotropy decays supports this
explanation. Water molecules engaged in stronger H-bonds ex-
hibited significantly slower diffusion and greater angular restric-
tion. Furthermore, the magnitude and frequency dependence of
these restrictions decreased as the LiCl concentration (molar
ratio) was reduced, further corroborating the link between stron-
ger H-bonds and concentrated solutions. In a word, the
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manipulation of proton transfer via H-bonds in electrolyte re-
quires further study. As mentioned above, arbitrary reduction
of proton activity also impacts the electrolyte conductivity of
the battery. It seems a stubborn headache for energy-density
improvement in aqueous systems, and the proton activity should
be carefully modulated for appropriate balance of both conduc-
tivity and ESW.

PROTON TRANSFER AT THE ELECTRODE/
ELECTROLYTE INTERFACE

Surface reconstruction and proton transfer at electrode
side

The interface between the electrode and electrolyte in batteries
plays a critical role in governing electrochemical reactions.”’ It
serves as the stage for a multitude of complex processes,
including charge transfer, material conversion (synthesis/
decomposition), and mass transport.”” In aqueous environ-
ments, the high reactivity and facile conversion of water/pro-
ton/hydronium ions pose a significant challenge to the stability
of solid electrode materials. However, the lack of direct, in situ
characterization techniques hinders a precise understanding of
the interfacial dynamics.

A detailed study of the interface reconstruction in the MoO3
system uncovered the crucial role of water adsorption at the
electrode interface.®>> Upon immersion in an aqueous environ-
ment, MoO3 electrodes typically undergo specific water adsorp-
tion. Studies using electrochemical quartz crystal microbalance
(EQCM) have revealed the presence of additional water species
adsorbed onto the MoOj3 surface after a short immersion period,
even without any applied electrochemical reactions (Figure 14A).
As a polar solvent, water molecules may be coordinated with
metal ions at the places where crystallographic symmetry is
broken. Then these water layers establish a new H-bond network
at the electrode surface. 'H solid-state nuclear magnetic reso-
nance verifies that the new H-bond presents medium strength,
which is differentiable with the stronger one in bulk electrode
and the weaker one in bulk electrolyte. Such surface reconstruc-
tion bridges the electrolyte and the electrode, facilitating proton
transfer at the interface. Further investigation through electro-
chemical cycling observes the continuous generation of
H-bonded species at the MoOj; interface. Some other electrode
materials, such as WO3, also undergo water adsorption at the
electrode surface.”® Besides, in mild electrolytes, some byprod-
ucts also emerge at the electrode surface, but their influence on
proton motion requires further study.*®

Interestingly, experimental evidence proved that proton
transfer does influence the water adsorption behavior. The
de-protonation processes lead to enhanced water adsorption
at the electrode surface, which is deduced by the mass in-
crease of the electrode. This phenomenon can be attributed
to a "vehicle-type" proton-motion mechanism. As hydrated
protons are transferred from the electrode toward the bulk
electrolyte, other water molecules move in the opposite direc-
tion and become adsorbed at the interface. Since most litera-
ture about vehicle mechanisms do not focus on proton batte-
ries, this study provides valuable insights into the role of
vehicle-type proton motion in interfacial reconstruction and
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sheds light on the complex interplay between water and proton
transport within the aqueous-battery interface.

Recent research has explored strategies to reinforce H-bond
networks at the interface, inspired by the critical role of proton
transport in these systems.”® The study employed oxygen
plasma treatment to introduce functional groups, such as hy-
droxyl (OH) and carboxyl (COOH), onto the MoO3 surface
(Figure 14B). This modification was confirmed by Fourier trans-
form infrared (FTIR) spectroscopy, which reveals an enhanced
signal corresponding to O-H bonds. Furthermore, the vibrational
modes of water molecules adsorbed at the interface shift from
symmetric to asymmetric, indicating the formation of a more
complex H-bond network. These O-containing functional groups
act as bridges between the electrode and electrolyte, facilitating
smoother proton transfer across the interface. Consequently,
the pre-treated MoO3 electrodes exhibit lower charge-transfer
resistance and a significantly improved capacity for proton stor-
age, even when utilizing low-concentration proton electrolytes.

In summary, the electrode-material interface undergoes
reconstruction in aqueous solutions, leading to changes in the
H-bond network at the interface, which may be beneficial for
proton transport. Additionally, artificially enhancing the H-bond
network at the interface can promote proton transport. Although
this interface-optimization strategy is not yet widely used, we
believe it is crucial for achieving high-performance proton batte-
ries, and it will also play a significant role for other types of elec-
trode materials.

Species rearrangement and proton transfer at
electrolyte side

It is well recognized that the electrolyte in the electric double
layer is quite different from the bulk one. Basically, ions with
opposite charges and solvent molecules exhibit characteristic
adsorption in the Helmholtz layer while waiting for further charge
transfer.”® However, the procedure between potential applica-
tion and the start of the electrochemical reaction is quite a black
box. A clear understanding of the specific structure and evolu-
tion of water molecules and ions at the electrode surface remains
elusive.

Our group has provided a fundamental model to elucidate the
interplay between ions, hydrated water, and H-bonds at the
electrode/electrolyte interface.”>* A framework was estab-
lished that correlates the behavior of both experimentally
observed and theoretically modeled water species at the inter-
face. In situ Raman spectroscopy was used to monitor the evo-
lution of water molecules at the interface with changing electrode
potential. The results revealed a transformation of interfacial wa-
ter from a random structure to a more ordered configuration
composed of one-H-down and two-H-down configurations as
the potential decreases (Figure 14C). Furthermore, the H-bond
network at the interface also undergoes modifications. The in-
tensities associated with 4-coordinated and 2-coordinated
H-bonded water species decrease, while the signal correspond-
ing to hydrated water with weaker H-bond increases. Density
functional theory (DFT) calculations provided insights into the
role of cations, which suggest the vibrational dipole moment of
cation-water ligands (Na*-H,O in our case) aligns more closely
with the direction of the electric field compared to other water
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species. This alignment facilitates the transformation of ligands
into the preferred two-H-down configuration at the interface.
Consequently, hydrated water exhibits a closer proximity to
the electrode surface compared to non-hydrated water mole-
cules. In the experiment, the Na ions act as a co-catalyst in the
Volmer step of HER by effective modification of H-bond network
in the Helmholtz layer.

Furthermore, though not very clearly verified, we anticipate
that protons should transfer differently in the new H-bond
network. It can be rationalized by the fact that the two-H-down
configuration may shorten the transfer path of protons and
may facilitate further proton transfer from electrolyte to electrode
surface. From this point of view, the proton transfer in electric
double layers may be more efficient in metal-ion batteries. Since
it is reported that the proton intercalation requires overcoming
several energy barriers,”” appropriated H-bond networks may
accelerate proton transfer by lowering the energy barrier of
H3O adsorption (Figure 14D). Our work highlights the crucial
role of cations in reconstructing the aqueous-battery interface
at the electrolyte side. The findings demonstrate that hydrated
water can generate more complex H-bond networks, and thus
the proton transfer is heavily influenced.

CONCLUSIONS AND PERSPECTIVE
This review has comprehensively explored the multifaceted role

of proton motion in aqueous batteries. Protons, the lightest
charge carriers, leverage H-bond networks for efficient transfer
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through a Grotthuss-type mechanism. This near-barrierless pro-
cess facilitates rapid proton diffusion and high conductivity in
electrode materials—a crucial advantage for aqueous batteries.

The focus of proton manipulation lies in strategically designing
H-bond networks across electrodes, electrolytes, and inter-
faces. It broadens the range of electrode-material selection,
making it possible to utilize low-price oxides of Mn, V, etc.

Solid electrodes can enable fast proton intercalation/deinter-
calation through consecutive H-bond networks formed by crys-
tal water or pre-inserted water molecules. This approach has
been successfully implemented in various aqueous-battery sys-
tems. Beyond traditional methods, we highlight a novel strategy
for reinforcing H-bond networks through specific crystal defects
such as structural distortions or vacancies. We note that, under
appropriate structural configurations and O-site arrangements in
oxides, inserted protons can generate new H-bond networks
leading to promoted Grotthuss-like transport of subsequent pro-
tons. This structure-induced proton-transfer enhancement holds
immense promise for the future design of high-performance pro-
ton-storage materials. Although this review mainly focuses on
inorganic materials, we believe that the strategy is also suitable
for organic candidates.”®

For electrolytes and interfaces, the situation becomes more
nuanced. While faster proton transport enhances conductivity,
it can also exacerbate detrimental side reactions such as OER
and HER. Therefore, the optimization strategy often involves
limiting proton movement by constraining water-based H-bond
networks. This may appear counterintuitive at first glance;
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however, it highlights the importance of striking a delicate bal-
ance between competing priorities in battery design—capacity,
rate capability, and durability. One approach to achieve this bal-
ance involves incorporating organic additives with additional
proton donor and/or acceptor sites. These additives can partic-
ipate in the formation of new H-bond networks, replacing and
hindering the original water-based networks. Alternatively,
significantly reducing the water content can create a unique hy-
dration shell around charge carriers and disrupt the continuity of
water-based H-bond networks. Both methods can effectively
impede proton motion, leading to slower interfacial side
reactions.

The utilization of protons presents a compelling path forward
for next-generation aqueous batteries. Their small size translates
to high theoretical capacities for electrodes, while the Grotthuss-
type transfer mechanism enables excellent rate performance. As
discussed above, distinct H-bond network designs are crucial
for optimizing electrodes and electrolytes in such systems. It is
important to acknowledge that our understanding of proton mo-
tion remains incomplete. A recent study, for instance, revealed
that proton transport can be mediated by atomic-scale non-flat-
ness morphology in 2D membranes.”® Such findings offer
exciting possibilities for the future development of innovative
proton-based batteries.
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