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Challenges and Opportunities for Proton Batteries: From
Electrodes, Electrolytes to Full-Cell Applications

Sicheng Wu, Haocheng Guo,* and Chuan Zhao*

Proton batteries have emerged as a promising solution for grid-scale energy
storage benefiting their high safety and abundant raw materials. The battery
chemistry based on proton-ions is intrinsically advantageous in integrating

intrinsically impede battery kinetics and
limit electrode choices. Alternatively, the
potential use of proton charge carriers
has been reported for co-insertion with

fast diffusion kinetics and high capacities, thus offering great potential to
break through the energy limit of capacitors and the power limit of traditional
batteries. Significant efforts have been dedicated to advancing proton
batteries, leading to successive milestones in recent years. Herein, the recent
progress of proton batteries is summarized and insights into the challenges in
electrodes, electrolytes and future opportunities for enhancing full-cell
applications are provided. The fundamentals of electrochemical proton
storage and representative faradaic electrodes are discussed, delving into their
current limitations in mechanism studies and electrochemical performances.
Subsequently, the classification, challenges, and strategies for improving
protonic electrolytes are addressed. Finally, the state-of-the-art proton
full-cells are explored, and views on the rational design of proton battery
devices for achieving high-performance aqueous energy storage are offered.

1. Introduction

The development of intermittent renewable energies necessitates
advanced energy storage devices with high-rate performance and
energy efficiency for grid connection. Despite the current dom-
inance of lithium-ion batteries (LIBs), aqueous batteries offer
compelling advantages for grid-scale applications such as high
safety, environmental friendliness, superior rate capability, and
low cost. Alongside Li*,[!] various other ion-charge-carriers (Na*,
K*, Zn?*, Mg?*, Ca**, and Al**) have been explored in aqueous
batteries.**] Nevertheless, their increasing ionic radii and weight
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metal cations in certain hosts.>® This
concept has been further validated in
the recently discovered proton insertion
electrodes.[”°] Consequently, proton batter-
ies using naked proton and/or hydronium
ions as the charge carriers have recently
attracted significant research attention.['!

Proton offers distinct advantages over
metal-ion charge carriers as illustrated in
Figure 1a,b. First, hydrogen’s high aver-
age elemental abundance (%1500 ppm)
in the earth’s crust surpasses that of Li
(~17 ppm) and Zn (=79 ppm), ensuring
the affordability and sustainability of pro-
ton batteries."!l Second, with the smallest
ionic size (at the femtometer level), protons
are theoretically better suited for insertion
into host electrode materials, facilitating
stable cycling with minimal structural expansion.!'?l Third, the
lowest atomic mass of protons (1.01 g mol~') enables more
ion charge carriers in the same mass of electrolytes, alleviating
mass burdens on charged electrode materials. Additionally, pro-
ton transfer in aqueous electrolytes could proceed by breaking
and forming H-bonds with adjacent oxygen atoms in a network
of water molecules (Grotthuss mechanism, Figure 1b), resulting
in extremely high ionic conductivity (e.g. ~# 1 S cm™ for 4 M
H,50,1)).

As shown in Figure 1c, the recent development of proton bat-
tery chemistry began with the prediction of faradaic electrodes in
2008.11 This was then achieved in 2016 by electrodes of quinone
molecules and a rocking-chair proton battery was showcased.!®]
Shortly thereafter, broader applicability of quinones was estab-
lished (2017), leading to an electrolytic proton battery.'®! Subse-
quent reports reveal other kinds of faradaic electrodes and sur-
prising properties, such as hydrogen bronzes (2018)1'” and Prus-
sian blue analogues (PBA, 2019).1*% The characteristic diffusion-
free Grotthuss proton conduction was demonstrated also to ap-
ply in solid-state through percolating crystal-water channels in
inorganic electrodes!’®! or an intermolecular hydrogen-bond
network in organic electrodes.!?’] However, challenges related
to fast cycling decay and electrochemical dissolutions in aque-
ous acids were often observed in most known electrodes, pos-
sibly due to the co-interaction of solvent-water molecules dur-
ing the proton desolvation process.'”] A series of electrolyte
innovations were accordingly initiated aiming to regulate the
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Figure 1. The characteristics of proton compared to other metal-ion charge carriers and the development route of aqueous proton batteries. a) Com-
parison of abundance in the crust, ionic radii and hydrated radii for typical charge carriers. b) Schematic of Grotthuss proton conduction.['®] ¢) A
development timeline of aqueous proton batteries. Reproduced with permission.[12:14,15,20.23,25,29,30]

proton solvation and/or restrain free-water activities, e.g., in-
troducing solvation-competing additives,!??2 and altering elec-
trolyte physical states.?] Meanwhile, special electrolyte charac-
teristics were also identified which facilitate low-temperature (LT)
applications (2020), such that non-frozen concentrated H,PO,
electrolytes at —78 °C,[>* and solid-state ice electrolytes at
—70°C.[%] More widened temperature (WT) was further achieved
via electrolyte designs, and a “acid-in-clay” electrolyte reached de-
cent proton conductivity at —82 °C,[23] while a solvent-free protic
liquid enabled battery function up to 250 °C.12°] Lewis acids (e.g.,
ZnCl,,!¥] AICL,[28]) were also introduced as electrolytes promot-
ing new designs of proton-metal batteries. Despite the renais-
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sance, proton batteries remain in their infancy. Further research
and development are essential to advance the battery chemistry
and bring proton batteries closer to real application viability.
This review aims to offer a timely overview of proton elec-
trodes, electrolytes, and their full-cell applications by summariz-
ing advances and highlighting the challenges and opportunities
in this field. The fundamentals of electrochemical proton stor-
age and typical faradaic electrodes are discussed with critical as-
sessments of their limitations in mechanism studies and perfor-
mances. In particular, we provide a systematic review of the pro-
tonic electrolytes and associated full-cell configurations, which
are crucial toward device applications but have received less
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attention in previous publications.?-** Protonic electrolytes are
categorized based on their proton sources and physical status,
and current challenges are analyzed leading to the propose of pos-
sible improvement strategies. Further, application opportunities
of proton batteries are highlighted in terms of two types of cell
designs. We also share our perspectives on the rational design of
proton batteries, with the hope that the insights will pave the way
for future advancements in this field.

2. Faradaic Proton Electrodes

In contrast to a non-faradaic electrode which relies on ion ad-
sorption for charge compensation, a faradaic electrode is charac-
terized by a faradaic process with charge transfer. This process
involves the exchange of electrons between the electrode and the
electrolyte ions, leading to a redox reaction associated with sub-
stantial charge storage compared to that contributed by merely
ion adsorption. Developing high-performance proton electrodes
and understanding their energy storage mechanisms have been
considered as the main challenges for advancing proton batter-
ies.

2.1. Testing Configuration for Electrode Evaluations

Unlike research on alkaline metal-ion batteries where coin-cells
are commonly adopted, there are no standardized devices for
electrode evaluation in proton batteries. Various cells inevitably
deliver different electrochemical results. Stainless steel coin cells
suffer from (electrochemical) corrosion in proton batteries, limit-
ing their applicability only to mild acidic systems (e.g. the hybrid-
type proton-metal batteries). Additionally, the two-electrode cell
configuration can cause inaccuracies when evaluating the work-
ing electrodes. For example, the electrochemical impedance spec-
troscopy (EIS) results of working electrodes can be masked by the
resistance of counter electrodes.® Therefore, to better reflect the
intrinsic electrochemical properties of the electrode, it is always
recommended to evaluate proton electrodes via a three-electrode
cell, such as a vial/beaker cell or a Swagelok cell (Figure 2a).

Invial/beaker-cells, carbon-based or titanium-based substrates
are often adopted to load active materials and serve as the work-
ing electrode, and an oversized counter electrode based on car-
bon materials (e.g., graphite, activated carbon) is recommended
in acidic environments. There are normally excess amounts of
electrolytes ranging from several mL to tens of mL, which avoids
the potential concern of electrolyte depletion and is advanta-
geous for long-term cycling. Furthermore, adopting beaker-cells
allows direct observation of (side) reactions on both working and
counter electrodes. Consequently, many interesting/important
phenomena have been identified, such as material electrochem-
ical dissolution,['203¢] gas evolution,223] and detachments of
electrolytic products and colloid formation.*”]

By contrast, Swagelok-cells enable a lean electrolyte environ-
ment (from tens of uL to several hundred pL), and offer a
more compact configuration ensuring tight contact between elec-
trodes. These features introduce several advantages. First, the
tight contact can effectively reduce electrical resistance, which
is particularly beneficial for evaluating electrodes with inferior
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electronic conductivity, such as organic electrodes. Second, the
minimized electrolyte usage facilitates the exploration of novel
functional electrolytes, which may contain sensitive components,
such as expensive, air-sensitive or toxic agents, low-yield ionic lig-
uids, etc. Furthermore, the physical contact between electrodes
and separator can help mitigate the detachment of coated elec-
trodes (accumulated hydrogen evolution can gradually peel-off
the coating) or certain electrolytic products from the current
collectors. %8

2.2. Electrode Reaction Mechanisms

There are generally three main reaction mechanisms for vari-
ous faradaic proton storage electrodes, i.e. surface redox reac-
tions, intercalation reactions, and electrolytic reactions, which
show distinctive cyclic voltammetry (CV) responses. Typical pro-
cesses and corresponding CV profiles of these reactions are il-
lustrated in Figure 2b,c. (i) Surface redox, also known as redox
pseudocapacitance, represents a distinct charge storage mecha-
nism that ions are electrochemically adsorbed at and bonded to
the surface or near-surface lattice of materials, presenting quasi-
rectangular voltammograms. The most representative electrode
is the hydrous ruthenium oxides (RuO,-nH,0).*"! Additionally,
reacting with proton-ions, the 2D transition metal carbides (MX-
enes) are also associated with surface redox, despite there is an
intercalating step. A pair of broad redox peaks is present ad-
ditional to the rectangular CV profile. Thanks to the surface
redox/pseudocapacitance, the amount of charge storage is in-
creased compared to the mere ion-adsorption in double-layer ca-
pacitance but to a limited extent restricted by the reaction depth.
(i) Ion intercalation reaction refers to a process in which the
charge carrier ions are inserted into the crystal lattice of a host
material accompanied with a faradaic charge transfer. Depend-
ing on whether there is a phase transition(s), these reactions can
manifest as either battery-like behavior (intercalation (B), e.g., a-
MoOj,, with well-defined redox peaks) or pseudocapacitive charge
storage (intercalation (P), e.g., NiFe-TBA, where the potentials
of redox peaks show minimal deviations with increasing sweep
rate). As the entire material lattice can participate in redox reac-
tions, ion intercalation reactions can usually store a significant
amount of charge. (iii) Electrolytic reaction signifies a chemical
transformation occurring at the electrode under the influence of
an external voltage or current. In electrolysis, one substance un-
dergoes conversion to another through charge transfer, involving
various physical states such as aqueous (aq.)/liquid (1), solid (s),
and gas (g). Examples of reported electrolysis include the redox
pairs of MnO, (s)/Mn2* (aq.),17%1 PbO, (s)/PbSO, (s),11¢] PbSO,
(s)/Pb (s).*) H* (aq.)/H, (g),1¥ O, (g)/H,0 (1), etc. As elec-
trolysis relies mostly on electrolytes rather than solid materials,
it exhibits superior overall charge storage capability compared to
the other two reaction types.

2.3. Faradaic Electrodes
2.3.1. Prussian Blue/Turnbull’s Blue Analogues

Prussian blue analogues (PBAs) and Turnbull’s blue analogues
(TBAs) belong to a cluster of open-framework metal cyanides
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Figure 2. Schematic illustration of a) vial/beaker-cell (left) and Swagelok-cell (right), b) reaction fundaments associated in proton electrochemistry, and

c) corresponding CV profiles.

with a face-centered cubic structure. The general formula of
PBAs/TBAs is AM[M’(CN)¢],-zH,0O, where A and M repre-
sent alkali-metal and transition-metal respectively.*l The open
framework and large void sites in the structure of PBAs/TBAs
allow rapid intercalation of metal-ion charge carriers. Coupled
with their facile preparation and low-cost features, PBAs/TBAs
are suitable for various energy storage systems.[*>40]

Early research in 2010 has pointed out the high proton con-
ductivity in hydrated PBAs. As shown in Figure 3a, the abun-
dant lattice water and ligand water in the structure enable
the rapid Grotthuss proton conduction in solid-state through
contiguous H-bond networks.”] A group of materials have
been successively introduced as cathodes for aqueous proton
batteries such as Cu[Fe(CN)g]ye;-3-4H,0 (CuFe-TBA)'®l and
Ni[Fe(CN)q],/3-3.4H,0 (NiFe-TBA).*! For example, NiFe-TBA
demonstrates outstanding proton storage performance. In CV
measurements (Figure 3b), two pairs of highly symmetrical re-
dox peaks with very low potential gaps were found, and the re-
sponsive currents of these peaks show almost linear relation-
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ship with increasing sweep rate (i = av?), indicating predomi-
nant capacitive controlled kinetics. Accordingly, NiFe-TBA shows
an excellent rate performance, achieving remarkably high rates
of up to 6000 C (390 A g~') at room temperature (Figure 3c)
and up to 50 C at —40 °C. When comparing with other charge
carriers (Figure 3d), NiFe-TBA shows the best rate capability
with proton, validating the superior kinetics resulting from the
unique Grotthuss conduction. In-situ synchrotron XRD results
in Figure 3e reveal a nearly “zero-strain” feature of NiFe-TBA,
where the volume change is determined to be only 0.88% dur-
ing proton (de)intercalation. Such zero-strain materials can ef-
fectively accommodate the structure variation during ion inser-
tion/extraction and deliver impressive cycling stability.[®]
PBAs/TABs based on other skeleton metal-ion have also been
successively developed as proton intercalation electrodes, includ-
ing ZnFe-TBA,3®! InFe-PBA,*! and CuCo-PBA.>°! However,
most of them suffer from a limited capacity (<80 mAh™'), and
therefore are insufficient to match the high capacities of anode
materials. To this end, a high capacity PBA based on dual redox
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Figure 3. Electrochemical performances and characterizations for PBAs/TBAs. a) Typical crystal structure of PBA, and possible proton transfer pathway
through H-bond between ligand and lattice water. Reproduced with permission.[4’] b) CV profiles at various scan rates from TmV s~"to 10 mV s~ (left)
and the corresponding correlations between the cathodic current and scan rate, c) rate performance from 1 C to 6000 C, d) rate comparison between
various charge carriers and e) operando XRD patterns for NiFe-TBA electrodes in 1 M H,SO,. Reproduced with permission.[?°] f) CV curves for initial

cycles and g) cycling stability of VFe-PBA in 6 M H,SO, electrolyte. Reproduced with permission.

sites of “V” and “Fe” stands out, delivering a record high spe-
cific capacity of 108 mAh g=1.5!l As shown in Figure 3f, VFe-
PBA possesses three redox pairs between 0.4-1.2 V vs SCE which
are assigned to reversible faradaic processes of V3*/V* (O1/R1),
Fet/Fe3* (O2/R2) and V*/V>+ (O3/R3), respectively. In addi-
tion, the material demonstrates sustained cycling over 25 000
cycles with 91.7% retention (Figure 3g) and excellent rate per-
formance, maintaining 60 mAh g=' at a high current density of
100 C.

Thanks to the high electrode potential, PBAs/TBAs now
serve as the common intercalating cathode materials for pro-
ton batteries. However, there are certain limitations. First,
some PBAs/TBAs tend to show rapid capacity degradation
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during cycling, which is believed to result from the mate-
rial electrochemical dissolution during the intercalating step.
This can be mitigated through electrolyte regulation strategies,
such as adopting concentrated electrolytes with restrained wa-
ter activities or introducing additives based on the common-
ion effect.5!) Second, PBAs/TBAs are mainly prepared by co-
precipitation method using potassium ferricyanide. This in-
evitably incorporates K* into the structure, while reducing
the amount of intrinsic H*. To make them suitable for full-
cell applications, chemical reductions or electrochemical pre-
treatments are typically required to introduce protons into the
structure. Further improvements are needed to overcome these
issues.
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Figure 4. Structure diagram of representative hydrogen-insertion compounds, a-c) type |, d-e) type Il. a) y-WO3, b) WO;3-H,0, c) h-WO; /hexagonal
tungstate, d) a-MoO; and (e) h-MoOs /hexagonal molybdate, respectively. Reproduced with permissions.[343%]

2.3.2. Metal Oxides

Hydrogen-Insertion Compounds/Hydrogen Bronzes:
Hydrogen-insertion compounds, characterized by a general
formula of HMO,-mH,0 (“M” can include tertiary metal ele-
ments), refer to a group of metal oxides and correlated hydrates
capable of undergoing topotactic reaction with dissociated hydro-
gen (H-) at ambient temperature.>?) These compounds are also
known as hydrogen bronzes, as tunable electronic properties are
exhibited upon hydrogen-loading, transforming the compounds
into either semiconducting or even metallic states accompanied
with observable color changes. Recently, these compounds have
also been found to react similarly with proton-ions through
electrochemical reactions (ion intercalation reactions) and are
widely studied as electrodes for proton storage.

Hydrogen-insertion compounds constitute a vast family of ma-
terials and are generally classified into two categories based on
their atomic bonding features.[®?) Type I includes compounds
with structures composed of vertex-sharing octahedra [MOq], ex
emplified by the y-WO; and correlated hydrate WO;-H,O which
exhibit cubic to layered transition (Figure 4a,b). Type II con-
sists of compounds formed by edge-sharing polyhedral [MO,)]
units, illustrated by examples of the bilayer structured a-MoO,
(Figure 4d). Both molybdenum oxides and tungsten oxides ex-
hibit hexagonal isomer structures (Figure 4c,e) with bonding fea-
tures identical to their most common isomers. Noteworthy is the
practical presence of certain tunnel cations (metal cation or am-
monium, denoted as “A”) additional to crystal water in hexagonal
structured compounds for charge compensation,>3] a factor often
overlooked in many electrochemical studies. These compounds
are thus characterized as HLAMO,_-mH, O, which can also be re-
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ferred to as tungstates or molybdates. Herein, several representa-
tive hydrogen bronzes dedicated to electrochemical proton stor-
age are presented, including molybdenum oxide, tungsten ox-
ides, vanadium oxides, and titanium oxides.

Molybdenum Oxides: So far, there are two kinds of molyb-
denum oxides reported as faradaic electrodes for proton stor-
age. The first and most widely recognized case is the bilayer-
structured orthorhombic oxides (i.e., a-MoOj;). The second is the
recently demonstrated tunnel-structured hexagonal phase, which
can be designated as h-MoO; or hexagonal molybdates.

a-MoOjs: The redox chemistry of a-MoO; for electrochemical
proton-ion storage and the possibility of constructing correlated
batteries were initially demonstrated by Wang et al. in 2018.[8]
The authors reported a fast rate capability unexpectedly under
diffusion-limited kinetics (typically sluggish), and showcased a
maximum 0.88 electron transfer (%164 mAh g=!) and reversible
0.76 electron transfer per reaction in 1.0 M H,SO,. Subsequently,
higher reversible capacities c.a. 220 mAh g™ were achieved by
several independent groups using similar aqueous acids (H,SO,,
H,PO,) in higher concentration.['”?*] The maximum ion interca-
lation extent was demonstrated ~2.05 units (382 mAh g!) corre-
sponding well to H,Mo00O;, the known highest-content hydrogen
molybdenum bronze (HMB). The high capacity and good rate of
a-MoO; make it a popular electrode for correlated studies, and
surprisingly a three-unit proton-insertion mechanism has been
recently demonstrated using liquid crystal electrolytes, pushing
for further increased capacities over 500 mAh g=! (maximum,
initial) and 350 mAh g~! (reversible, subsequent).[>®!

To better exploit the electrochemical potential of a-MoO; elec-
trodes, it is crucial to gain a comprehensive understanding
of the correlated proton storage mechanisms. One of the key
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Figure 5. Mechanistic investigations on a-c) a-MoOj3, d-f) h-MoO; and g-h) h-WO; for electrochemical proton storage. a) EQCM studies on a-MoO,
in H,SO,. CV test (top) at 3 mV s™! and corresponding mass evolution plot (bottom). b) Single peak fitting results of operando XRD investigations
on a-MoOj; in H,SOy. ¢) Cycling performance and corresponding mass change of a-MoO; electrodes in two H,SO, electrolytes. Reproduced with
permission.['7] d) Cycling performance and corresponding mass change of hexagonal (Na,0)q 4;M0O; (H,0), 56 in H,SO, of different concentrations.
e) "H ssNMR spectra of (Na,0)q oyMoO; (H,0), 56 electrodes. f) Operando XRD contour plots for (Na,0)q g7MoO; (H,0)4 56 in 4.4 M (top) and 1.0 M
(bottom) H,SO,. Reproduced with permission.[>>] g) EQCM investigations on hexagonal WO;-0.6H,0O during the first five CV cycles. h) CV profiles of
WO;-0.6H,0 (top) and the corresponding E-Am plots (bottom) in a stable cycle. Reproduced with permission.[°]

challenges is clarifying the true nature of the “ion-charge-
carrier”. There has been a significant debate regarding whether it
involves hydronium insertion, ! water co-insertion,!?*) or naked
proton insertion.['”>%] To the best of our knowledge, following
findings from various perspectives support the view that only
naked protons insert into bulk a-MoOj lattices following inter-
facial hydronium desolvation.['”] As shown in Figure 5a, elec-
trochemical quartz crystal microbalances (EQCM) results reveal
a noticeable mass increase trend over C1’ and C2’ processes,
which is contributed by the surficial adsorption of hydronium
ion on MoO;. From C3 process onwards, mass changes show
inverse trends, suggesting water desorption with vehicular pro-
ton transport. After a whole process, a significant mass gap is

Adv. Funct. Mater. 2024, 34, 2405401
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observed indicating overall water accumulation on electrodes. In-
terestingly, synchrotron-based operando XRD detected no hydrate
signal (Figure 5b), but the presence of HMBs alone matched
well with the recorded patterns, providing compelling evidence
for naked proton insertion. The conclusion is further substan-
tiated by solid-state NMR (ssNMR) where no crystal water sig-
nal was detected. Besides, the detrimental impact of solvent wa-
ter has also been identified, which is believed to induce the
cycling degradation of a-MoO; and electrodes in dilute elec-
trolytes exhibit much more severe mass loss (Figure 5c). This
indicates an electrochemical dissolution by solvent water, rather
than the common concern of chemical corrosion, which has also
been observed in other electrodes.[”°1%8] Accordingly, improving
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strategies like electrolyte engineering tuning the (water)solvation
structure (discussed in later sections) and additional protection
layerl>®! facilitating proton desolvation have all been proven ef-
fective in enhancing the cycling stability of a-MoO, electrodes.
Interestingly, a recent advance has also revealed an alternative
“desolvation-free” charge transfer process of proton insertion in
H, ,sMo0, bronzes (achieved from a-Mo0,).[* This conclusion
has been drawn from the measured low activation energy (0.02
eV). Subsequently, the inserted H* is transported via an inter-
connected hydrogen bonding network, depicted as the Grotthuss
mechanism (however, there are deviations from that in bulk wa-
ter, discussed in Section 5.4).

h-MoO;/Hexagonal Molybdates: h-MoO, or hexagonal molyb-
dates present unique tunnel structures associated with large in-
tracrystalline space. Combined with the excellent electrical con-
ductivity (550-fold higher than that of a-Mo00;),[°!l these ma-
terials show great promise for high-power applications. Very
recently, two independent research groups have reported fast
and stable proton storage performance of micrometer-scale h-
MoO, /hexagonal molybdates in H,SO,.>>%?l Compared with
nanometer-sized materials, micrometer-sized materials not only
decrease the side reactions due to the limited electrode-electrolyte
interface, but also increase the tapping density of electrodes,
boosting the volumetric energy density. The materials showcase
a similar maximum capacity (=375 mAh g!) as @-MoO; with
prominent battery-type electrochemical features at the initial dis-
charge and subsequently transform to intercalation pseudocapac-
itance with good reversible capacity ~140 mAh g~!, and an im-
pressively high rate is achieved in single crystal with size over
200 pm.55! The proton storage behavior of h-MoO; /hexagonal
molybdates is significantly distinct from that of a-MoO;, and hy-
dronium intercalation was first demonstrated by a series of exper-
imental characterizations. As shown in Figure 5d, it is found that
cyclability is non-sensitive to electrolyte concentration, and all
electrodes reach similar stability with close values of minor mass
dissolution.l®! Following that, EQCM detected reversible hydro-
nium movements at interface and ssNMR (Figure 5e) revealed in-
tensified crystal water signals in material lattice, thus validating
the bulk insertion of hydronium in hexagonal molybdates. The
structural chemistry of hydronium intercalation into hexagonal
molybdates was then analyzed using synchrotron-based operando
XRD (Figure 5f). Notable distinctions in structure evolution are
easily observed in 4.4/1.0 M H,SO,, suggesting the intercalation
of hydroniums at different solvation extents. Despite, similar so-
phisticated reaction path is still identified in both electrolytes,
comprising (1) two sets of two-phase reactions, (2) a minute solid-
solution reaction in between and (3) a subsequent solid-solution
reaction on discharge.

Tungsten Oxides and Hydrates: As typical representatives of type
I hydrogen bronzes, various tungsten oxides and hydrates have
been intensively studied. In the field of electrochemical proton
storage, related reports can be divided into two groups. The first
group focuses on (i) y-WO;, the distorted cubic oxide compris-
ing all vertices-linked [WOg] octahedra (Figure 4a) and corre-
sponding layered WO,;-nH,0O (n = 1, 2) where additional crys-
tal water is situated in the interlayer of [WO;] octahedral frame-
works (Figure 4Db). As shown in Figure 4c, the other group centers
on (i) hydrous hexagonal tungsten oxides, or more specifically
tungstates, which feature the tunnel cations. Within this mate-
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rial class, the distinctive [WO,] hexa-ring structure presents am-
ple space for readily accommodating various foreign molecules
and ions.

y-WO; and WO,;-nH,O: Proton insertion in y-WO; is associ-
ated with a theoretical capacity of 416 C g~!, grounded in a max-
imum of one unit electron transfer. The introduction of lattice
water (WO,;-nH,0, n = 1, 2) was found to lower the theoreti-
cal capacities, however, it plays a significant role in improving
electrochemical performances in tungsten oxides. For instance,
Augustyn and co-workers revealed an interesting electrochemi-
cal transition from battery-type energy storage behavior in an-
hydrous WO, to pseudocapacitive redox behaviors in hydrated
phase (WO,-2H,0).1%] Furthermore, the transition also resulted
in increased practical capacitance and much-enhanced kinetics
with superior rate performances. Later research pointed out that
the confined interlayer water not only facilitates the rapid electro-
chemical proton intercalation, but also stabilizes the structure by
isolating the structural transformations within 2D.[%4]

h-WO,/Hexagonal Tungstates: Thanks to the enriched in-
tracrystalline space, the tunnel-structured hexagonal tungsten
analogue possesses a high surface area, and there are also in-
trinsic water channels inside the tunnels. These features there-
fore make the h-WO; an excellent electrode for intercalation
pseudocapacitance. For example, fast proton storage was demon-
strated in a hierarchical nanostructured hydrous h-WO, elec-
trode, achieving a high capacitance retention of 80% at a high
scan rate of 100 mV s~! and stable cycling over 50,000 cycles.[%!
In 2018, Ji and co-workers studied the proton insertion mecha-
nism in the electrode of hexagonal WO;-0.6H,0.° Mainly ben-
efitting the real-time electrode mass monitoring technique of
EQCM, the authors concluded the WO;-0.6H,O intakes extra
crystal water from electrolytes during initial cycling, as indi-
cated by the overall mass gains from cycles 1-5 of CV tests
(Figure 5g). Furthermore, the authors calculated out apparent
values for interacting molecules as 18.2 g mol™' e (in cathodic
scan) and 17.9 g mol~ e (in anodic scan) based on the mass vari-
ation during the electrochemical process (Figure 5h). These val-
ues closely align with the molecular weights of H;O* and H,0
(18 g mol~!). This marks the first assertion of hydronium in-
tercalation in inorganic materials, which is a reasonable conclu-
sion supported by a recent experiment demonstration in simi-
lar tunneled analogues.I>>! However, it is important to note that
EQCM is a surface-limited technique, which may carry poten-
tial risks of over-interpretation, and similar mass phenomena
observed in a-MoOj, (Figure 5a) have been shown to yield oppo-
site conclusions.'”] Therefore, more comprehensive analyses are
necessary to study the ion-intercalation process. In addition, al-
though tungsten oxides and hydrates usually exhibit considerable
cycling stability, their applications are challenged by their limited
capacities (<100 mAh g'), and further material modifications
should be considered regarding this issue.

Vanadium Oxides: Composing of [VO,] octahedral unit, the
bi-layered V,O; represents a series of materials with large and
tunable interlayer spacings, making them ideal hosts for vari-
ous cations intercalation.l®®) However, regarding to electrochem-
ical proton storage, vanadium oxide electrodes are challenged
by their intrinsic dissolution in acidic electrolytes, and corre-
lated proton intercalation is only reported in mild acidic environ-
ments, like Lweis acid electrolytes (as concomitant reactions)®”!
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or ultra-dilute acids. Specifically, an ammonium-intercalated
V,0s ((NH,),5V,0s) electrode has been shown to display the
optimal electrochemical performance in 0.001 M H,SO,, in
sharp contrast to the significant dissolution observed in 1 M
H,S0,.1%! In another case, Zhao et al. achieved reversible pro-
ton insertion/extraction in V,0Os using a Lewis acid electrolyte
(2 M Al(OTf),, pH = 2). The proton insertion was confirmed
by the XRD results of charged electrodes, which fit well with
H, ,;V,0s. Although the concentration of proton is much lower
than that of AI** in the electrolyte, the proton insertion prevails,
delivering a high capacity of 186 mAh g='.[¢]

Titanium Oxides: Titanium oxides are much less known for
electrochromic properties as compared to the above three groups
of materials. There are many different structures of titanium ox-
ides. Despite the existence of dedicated bronze phase, current
reports on proton insertion mainly correlate to other structures
like anatase,!”%7! rutile, and brookite.[”?] Balland and co-workers
studied the electrochemical protonation processes of nanostruc-
tured amorphous TiO, in a neutral buffered solution, and a com-
bination of electrical double-layer capacitive and faradaic elec-
trochemical proton storage behaviour was identified.[”?! Subse-
quent work by the same group reveals that the crystallinity of
TiO, (anatase or amorphous) has little effect on proton storage
performance, and both TiO, display similar reversible capacities
of approximately 150 mAh g='.”!] The correlated mechanisms
are reported by Geng et al.’% through DFT investigations, it is
disclosed hydronium desolvation at the surface of anatase, en-
abling naked proton insertion with a strain-free characteristic.
Nevertheless, Anatase TiO, is also found to often associate with
inferior cycling stability, with rapid capacity fading over several
cycles, possibly due to severe hydrogen evolution reaction (HER)
at low potentials and corresponding electrode peel-off by bub-
ble accumulations.l’”’Additionally, hydrogen titanates have also
been found active for electrochemical protonation, and Augustyn
group reported that H,Ti;O, exhibited a high capacity of c.a.
80 mAh g~! in H,SO, electrolytes.l”*!

Other Metal Oxides: As discussed in the previous sec-
tion, proton-insertion oxides are typically associated with color
changes with hydrogen loading. Therefore, these materials are
also referred as bronzes and are found electrochromic applica-
tions. There are several other metal oxides that also have the abil-
ity to store protons, but they do not show characteristics as the
discussed materials. Such as the well-known hydrous ruthenium
oxides (RuO,-nH,0) associating with proton surface redox, and
manganese oxides (MnO,) mainly involving concomitant reac-
tions with protons. Hence, we herein categorize these oxides into
a separate group, which can be termed as generalized hydrogen
bronzes.

Ruthenium Oxide and Hydrates: RuO, is a classic material
renowned for its surface redox reaction mechanism, and its
supercapacitance feature is characterized by a rectangular-like
CV profile. Similar to y-WO,, the proton storage properties of
RuO, are highly dependent on its hydration level. An early re-
portin 1995 compared the electrochemical performance of RuO,
with various hydration levels.*"] It was found that the moder-
ately hydrated RuO,-0.5H,0 demonstrates a high specific ca-
pacitance of 720 F g~', which is much higher than that of an-
hydrous RuO, (19.2 F g!). Later work in 2002 further stud-
ied the atomic structure of RuO,-nH,0 using atomic pair den-
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sity function analysis by X-ray scattering.””! RuO,-nH,0 is a
mixed proton-electron conductor, which is found a composite
of anhydrous rutile-like RuO, nanocrystals dispersed by bound-
aries of structural water associated with Ru-O. Metallic conduc-
tion is supported by the nanocrystalline RuO, core, while pro-
ton conduction is facilitated by the structure water along the
grain boundaries. A close correlation between the capacitance of
RuO,-nH,0 and its structural water content has then been dis-
covered, and Ru0O,-0.58H,0 exhibited a maximum capacitance
of 850 F g~!. A following study in 2019 reveals further the fun-
daments using neutron scattering.’® It is disclosed the proton
conduction proceeds via the typical Grotthuss mechanism, fa-
cilitated by the hydrogen-bond chain of rich surface hydroxyl
groups and the correlated hydrogen-bonded water molecules.
However, RuO,-nH,0 demonstrates limited capacity for battery
applications, due to the limited reaction depth only at the surface
region.

Manganese Oxides: Manganese oxides have gained consider-
able attention for supercapacitor and battery research due to their
low cost, abundant reserves, and environmental friendliness. Al-
though MnO, has a high theoretical capacity of 308 mAh g~!
(based on one-electron transfer), its inferior electrical and ionic
conductivity results in a low practical capacity.”’! MnO,-based
materials have been widely reported for Zn-ion batteries, ac-
companied with various reaction mechanisms, and the inser-
tion/extraction of proton is mostly reported as concomitant re-
actions with metal-cations in mild aqueous electrolytes. For ex-
ample, Sun et al. reported a subsequent insertion/extraction pro-
cess of H* and Zn?* in electrodeposited e-MnO, cathode for
MnO,//Zn batteries.[’] A two-region mixed-ion insertion mech-
anism was disclosed for e-MnO, cathode. The high-potential re-
gion, contributing ~#40% discharging capacity, is assigned to H*
insertion, and can maintain a high utilization rate at high cur-
rent densities. While the low-potential region (~60% capacity) is
related to the insertion of Zn ions, which suffers from consid-
erable capacity loss at high current densities. Galvanostatic in-
termittent titration technique (GITT) and EIS results further re-
vealed a much faster diffusion kinetics for the proton-insertion
process compared with Zn ion. Such H*/Zn?** co-intercalation
has also been shown to prevail in many other polymorphs of
MnO,, such as @-MnO,!”8! and §-MnO,.I"”"! Furthermore, an al-
ternative conversion reaction between MnO, and MnOOH is also
disclosed, which can be largely responsive for the charge contri-
bution.

2.3.3. Organic Materials

With increasing concerns about raw mineral resources and envi-
ronmental disruption, there is an urgent need to develop renew-
able electrode materials for energy storage applications. Com-
pared with metal-based redox materials, organic electrode ma-
terials are mainly composed of H, C, N, O, and S, which have
high elemental abundance and are relatively low cost. In addi-
tion, organic compounds can be prepared by artificial synthe-
sis or from biomass, providing unique accessibility and sus-
tainability. Importantly, several molecular engineering strate-
gies provide opportunities to modify their chemical and physi-
cal properties, tailoring the key factors including redox potential,
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Figure 6. a) Key factors of organic electrodes. b) Summary of working potentials and specific capacities (at 1A g~") of representative organic electrodes
for aqueous proton batteries.[20:40:4149.83,86-99] ¢) CV curve of PTO at 50 mV s~'. Reproduced with permission.l'%l d) GCD curves (left) and the corre-

sponding ex-situ XPS O 1s and C Ts results of PTO electrodes at different st

ates of charge. Reproduced with permission.[#] e) Schematic illustration of

the air self-charging process of PTO. Reproduced with permission.[3°1 f) CV curves at T mV s~ and g) LUMO energy levels of three quinone compounds

with different substituent groups. Reproduced with permission.[40]

capacity, and solubility of organic compounds for different appli-
cation requirements (Figure 6a). For example, (i) the redox po-
tentials of organic compounds can be effectively adjusted by in-
troducing substituent groups with different electronegativities or
by altering the relative positions of the substituent groups; (ii)
the theoretical capacity of organic compounds can be enhanced
by increasing the relative amount of active sites or by reducing
the non-electroactive part of molecules; (iii) the solubility can be
improved by modulating the polarities of organic molecules or
by polymerizations. Overall, organic materials show considerable
affordability, sustainability, and designability compared with tra-
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ditional inorganic materials, making them attractive candidates
for next-generation energy storage technologies.

The organic electrode materials can be classified into n-type,
p-type, and bipolar-type based on the change of charge-state dur-
ing the GCD process (as shown in Equations 1-4).3% n-type or-
ganic electrodes (M,), including quinone and imine compounds,
can be reduced to a negatively charged state first by accepting
electrons, following by coordinating with the cation (i.e. proton)
and forming (M, )H,. Conversely, p-type organic materials (M,,
such as imide compounds) can be oxidized to a positively charged
state first, which can be neutralized by the anions (A~, e.g.
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Cl~ and SO,%") in the electrolyte. Bipolar-type organic molecules
(M,) show the features of both n-type and p-type cases, and can
Dbe either reduced or oxidized. Generally, most p-type organic ma-
terials are redox inactive as proton anodes.*! In contrast, n-type
organic materials, which rely on redox centers of carbonyl groups
(C=0) or imine groups (C=N), demonstrate considerable elec-
trochemical activity with high capacity (Figure 6b). The O and
N heteroatoms intrinsically show considerable electronegativity
due to their lone-pair electrons, allowing the uptake/removal of
cation charge carriers during cycling (C=0 < C-OH and C=N <
C-NH).

n—type M, +xe +xH" o (M,)H, (1)
p-type M, —xe” +xA” < (M)A, 2)
Bipolar — type M, + xe” + xH* & (M,)H, (3)
M, — xe” + xA™ < (M)A, (4)

Carbonyl-Containing-Compounds: Quinone and its deriva-
tives have abundant carbonyl groups and PTO is one of the repre-
sentative compounds that have been reported for aqueous metal-
ion batteries with high capacity.®182] Guo et al. first introduced
pyrene-4,5,9,10-tetraone (PTO) anode for proton batteries.®3] As
shown in Figure 6¢, PTO shows two pairs of symmetric peaks
in CV measurements, which is related to a two-step proton in-
sertion process, delivering a high reversible capacity of 208 mAh
¢! and a high capacity retention of 85 mAh g™' at 600 C. When
matching with MnO, /Mn?* cathode redox pair, the PTO//MnO,
full-cell performs excellent cycling stability of over 5000 cycles,
combining with good low-temperature performance at —70 °C.
Our group further studied the electrochemical behaviors of PTO
in detail.®* Evolutions of functional groups of PTO during cy-
cling were tracked by ex-situ XPS, in which O 1s and C 1s spectra
in Figure 6d reveal a reversible quinone-hydroquinone conver-
sion during cycling. In addition, the superiority of proton charge
carriers over metal-ion charge carriers was compared by using
EIS, where proton charge carriers show the lowest charge trans-
fer resistance and electrolyte resistance, indicating a more facile
ion insertion process. When matching with a low-potential redox
pair, PTO can also serve as cathode. For example, a Pb//PTO pro-
ton full-cell has been introduced by Yue et al.%5] Taking advantage
of the air-driven oxidation process of hydroquinone (Figure 6Ge),
self-charging was achieved for the first time in proton batteries.
The fully discharged battery can recover a high specific capacity
of 236 mAh g~! and an open-circuit voltage (OCV) of 0.93 V after
self-oxidation for 12 h.

Small-molecule quinones are usually facile to synthesis, and
have also been developed as electrode materials for proton
batteries.”® Chen and co-workers studied the electrochemi-
cal behaviors of benzoquinone (BQ) and its derivatives (with
tetramethyl- and tetrachloro- groups) for proton batteries.!*?l All
three molecules undergo reversible quinone-hydroquinone con-
version during electrochemical functioning. However, the type
of substituent groups can significantly impact their redox poten-
tials as illustrated in Figure 6f,g, where tetramethylbenzoquinone
(TMBQ) exhibits the lowest reduction potential due to its higher
lowest unoccupied molecular orbital (LUMO) energy. A high spe-
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cific capacity of 300 mAh g~! at 1 C was achieved for TMBQ elec-
trode. Apart from the type of substituent groups, their positions
were also reported to efficiently influence the redox potentials of
active sites.1119] Tn addition, small molecule quinones are chal-
lenged by the solubility issues in acidic electrolytes, which can be
improved by polymerization strategy.!*°]

Imine-Containing-Compounds: Imine-containing organic
compounds are also widely developed as proton electrodes due
to their high redox activity. For example, Lu group developed
a novel organic cathode material (2,5-dichloro-1,4-phenylene
bis(ethylsulfonylamide), HDC) based on N redox centers for
proton storage as shown in Figure 7a.[®’! Taking advantage of
the rational design of molecular structures, that is, through
bonding foreign substituents (chloro- and sulfonyl-groups) with
strong electron-withdrawing effects, HDC achieves the highest
protonation potential (0.9 V vs Ag/AgCl) among reported organic
proton cathodes (Figure 7b). Ex-situ Fourier transform infrared
spectroscopy (FTIR) in Figure 7c features a reversible conver-
sion between C=N and C-NH energy storage mechanism for
HDC molecules, delivering a high capacity of 115 mAh g=!.
In another work, Ma et al. introduced a nitrogen-riched
diquinoxalino[2,3-a:2’, 3’-c]Jphenazine (HATN) electrode for
aqueous proton batteries.['®] Figure 7d highlights the six C=N
moieties possessing more negative molecular electrostatic po-
tential (MESP), thereby serving as active sites for proton uptake.
HATN undergoes a three-step six-electron proton insertion
reaction pathway (Figure 7e), delivering a high specific capacity
of 266 mAh g=!. The narrow energy gap (3.7 eV, Figure 7f) of
HATN indicates its good electrical conductivity, resulting in
excellent rate performance (97 mAh g=! at 50 A g7!). HATN
also demonstrates considerable proton storage performance
with mild acidic ZnSO, electrolyte,'** indicating its wide
application potential. Later, Shi and coworkers introduced
poly(diquinoxalino-phenazine) (PDQPZ)'%! and a phenazine-
based polymer (PPZ)!!%] as proton anodes. Benefiting from the
abundant imine active sites and the polymerized structure, both
compounds demonstrate practical specific capacities of over 200
mAh g! at 1 A g7! and exhibit much-enhanced cycling life (over
10,000 cycles) compared to their corresponding monomers.
These characteristics fulfill the requirements for both high
capacity and high stability simultaneously.

Modification Strategies: The development of organic elec-
trodes is challenged by their intrinsic low electrical conductiv-
ity and electrochemical dissolution, leading to inferior rate and
cycling performances. Several modification strategies have been
developed to solve these issues, including (i) hybridizing organic
compounds with other materials; (i) introducing extended con-
jugation structures; and (iii) constructing intermolecular H-bond
networks.

Nanocarbon materials (e.g. graphene,! and carbon
nanotubes!1%®]) boast large surface area, and excellent conductiv-
ity, making them promising hosts of organic compounds. The
conductive porous network serves not only to encapsulate active
materials, mitigating material dissolution, but also to facilitate
the electron transfer of organic electrodes. For instance, Zhang
group proposed a benzo[blnaphtho[2’,3":5,6][1,4]dithiino[2,3-
ijthianthrene-5,7,9,14,16,18-hexone (BNDTH)/reduced grap-
hene oxide (rGO) electrode via a solvent exchange method.["]
Density-functional theory (DFT) calculations revealed a strong

40,107)
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Figure 7. Energy storage mechanisms of imine-group-containing organic compounds. a) Reactions of HDC cathode in proton storage. b) GCD curve of
HDC and c) the corresponding ex-situ FTIR spectra of HDC at different states of charge. Reproduced with permission.[®*] d) Calculated MESP distribution,
e) proton insertion pathway, and f) energy levels of HATN molecule. Reproduced with permission.[1%3]

#-r interaction between BNDTH and rGO substrate, enhancing
interspecies charge transfer. Consequently, the BNDTH/rGO
composite demonstrated a high specific capacity of 296 mAh
g™!, achieving nearly full utilization of active groups. Other
templates or substrates including MXenel®?! and zeolite-
templated carbon!!®! have been explored for loading organic
compounds in aqueous proton batteries, however, there re-
mains a notable absence of comparative studies among these
substrates.

The rate performance of organic electrodes largely de-
pends on the transfer manner of electrons and ions. Typi-
cally, the conductive moieties of organic compounds are the z-
conjugated units. Introducing extended conjugation can boost
the z-electron delocalization over the molecule, therefore fa-
cilitating electron migration and further improving the con-
ductivity of organic compounds. For example, Sun group
developed an organic dimer compound (2,3,7,8-tetraamino-
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5,10-dihydrophenazine-1,4,6,9-tetraone, TDT) for electrochem-
ical proton storage.®®! The localized orbital locator-z (LOL-x)
map of TDT features high-degree conjugation throughout the
structure, resulting in significantly enhanced electron transfer.
As a result, TDT demonstrated semiconductor-level electrical
conductivity, achieving excellent rate performance with mini-
mal conductive agent usage (10 wt%). On the other hand, con-
structing intermolecular H-bond networks can facilitate the pro-
ton transfer, enabling Grotthuss-type proton conduction with
a lower energy barrier.'®! Recently, Liu group reported H-
bond organic superstructures (HBOSs) electrode for proton in-
sertion in zinc-organic batteries.[?”) Proton charge carriers can
efficiently combine with C=0 active sites through the abun-
dant intermolecular H-bonds in HBOSs with low energy barri-
ers of 0.10-0.23 eV, achieving high rate performance (135 mAh
g7l at 150 A g7!). The utilization of extended conjugation
structures and H-bond chemistry are efficient strategies for
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Figure 8. Electrochemical performances and mechanism studies of MXene in aqueous proton batteries. a) Schematic illustration of MXene structure.
b) CV profiles of Ti;C, T, electrode in 3 M H,SO, electrolyte at various scan rates from 20 mV s~ to 10000 mV s~'. Reproduced with permission.!"!]
c) XRD patterns of Ti;C, T, in a dry state and immersed in 1 M H,SO,. (d) In-situ XRD patterns of Ti;C, T, in T M H,SO, electrolyte during a reversible
electrochemical cycle (cycle 3; left) and the corresponding c-lattice parameter change (right). e) Simulation of H,O and H* intercalation into Ti;C,0,
supercells. Reproduced with permission.l""®] f) Summaries of proton redox and transport in MXene-confined water. The surface redox rate is much
higher in the highly confined one-layer water, while proton mobility increases with the water-layer number. Reproduced with permission.[']

designing robust organic electrodes from their internal struc-
ture.

2.3.4. MXenes

MZXenes, a new cluster of 2D materials, were first invented in
2011 by chemical etching of transition metal carbides, result-
ing in a general chemical formula of M, ,,X, T, (M for transi-
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tion metal; X for C or N; T for surface function groups).l''l

Figure 8a displays the representative MXene of Ti;C, T, which
shows a layered structure:''!l a conductive inner transition metal
carbide layer guarantees fast electron supply to redox active sites;
a surface with rich terminal groups (resembling transition metal
oxide) provides abundant active sites for electrochemical reac-
tion; an interlayer with pre-intercalated water molecules enables
fast ion transportation. Ti;C,T, MXenes can allow intercala-
tions of a wide variety of cations (including multivalent cations)
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displaying rectangular-shape CV profiles,!'?] reminiscent of that
of electrical double-layer capacitance. Regarding proton-ions, an
additional broad redox peak can be observed in H,SO, attributed
to fast surface redox storage (pseudocapacitive) mechanisms, as
shown in Figure 8b. Benefiting from that, MXene electrodes
achieve the highest capacitance with proton-ions, which can re-
tain a specific value of 210 F g™! in H,SO, even at an extremely
high scan rate of 10 V s7'.

The correlated charge storage mechanisms of proton-ions in-
tercalation were then investigated. Figure 8c,d show the XRD in-
vestigations by Mu et al. Immersing a dry Ti,C, T, electrode in
H, S0, induced a significant increase in interlayer spacing up to
1.52 A (3.04 A expansion in ¢ parameter), attributed to the in-
tercalation of water molecules. In comparison, the continuous
peak shifts observed in reversible processes (e.g., cycle 3) are no-
tably smaller, corresponding to a much-restrained ¢ parameter
change within 0.5 A. Such continuous peak evolution without
phase change indicates a solid-solution intercalation of proton-
ions, which is similar to other cations but more complicated.
DFT calculations were then performed and disclosed a two-step
pseudo-intercalation (Figure 8e). A following study by Sun et al.
analyzed the mechanism further in O-terminated Ti,C,, benefit-
ting first-principle molecular dynamics (FPMD) simulations.**!
It is revealed the proton surface redox reversibly occurs between
the interfacial water molecules and surface -O terminals, which is
intermitted by the more frequent in-water proton transfer events.
The solid-state proton transportation is found to follow the same
Grotthuss mechanism in the 2D-like confined water (indepen-
dent from the thickness) as in the 3D bulk water. Given the rapid
surface redox and in-water transfer for the intercalated protons,
it is implied the intercalating step is likely one of the bottlenecks
for the ionic transport.

2.3.5. Electrolytic Electrodes

Most reported proton electrodes function at relatively low re-
dox potentials even near the HER limit, owing to the thermo-
dynamics of protonation reactions. The limited cathode choices
significantly restrict the development of proton full-cells. In this
case, electrolytic reactions that are supported by electrolytes have
been alternatively introduced to expand the electrode selection
pool. The reported electrolysis-based electrodes include: (i) Man-
ganese electrolysis reaction. MnO,/Mn?* redox reaction is the
most commonly adopted cathode for electrolyte proton batter-
ies, due to the high potential and facile preparation.?#%#3I (ij)
Lead-based electrolysis reactions. The conversion reactions of
both sides for lead-acid batteries (cathode: PbO,/PbSO,'%; an-
ode: PbSO, /Pbl*%]) have been introduced into proton batteries
as counter-reactions, based on their low cost and commercially
available features. (iii) Gas-based electrolysis reaction. Hydrogen
evolution reactions (HER)/hydrogen oxidation reactions (HOR)
and oxygen evolution reactions (OER)/oxygen reduction reac-
tions (ORR) conversion reactions have been utilized as counter
reactions with the help of bifunctional catalysts such as Pt/C.[11#]
and Pt/IrRu0O,.[3] (iv) Metal deposition reaction. The electro-
chemical plating/striping of Zn!?l and Al'"] metals emerged as
the counter reactions for proton batteries in mild Lweis acid elec-
trolytes. (v) Halide electrolysis reaction. Redox conversion be-
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tween polyhalide ions, including Br,~/Br~[11%) and I,=/171'"7] are
promising counter-reaction choices for protonic electrodes due
to their attractive potential, multi-valent nature, and fast conver-
sion kinetics. More details regarding these electrolytic conversion
electrodes are discussed later.

3. Electrolytes

Electrolytes are crucial to the operation of proton batteries, fa-
cilitating the conduction of proton-ions and establishing a con-
nection between the two electrodes. The existing forms of elec-
trolytes can endow the proton full-cells with unique physical and
mechanical properties. Given the unique characteristics of pro-
ton electrode materials, the electrolytes in proton batteries often
serve as the primary source of proton-ions of the whole system.
Consequently, acids are naturally selected as the optimal elec-
trolytes. This section delves into the classification of these acid
electrolytes, explores the challenges associated with their utiliza-
tion, and outlines innovative strategies aimed at enhancing their
performance.

3.1. Classifications

As depicted in Figure 9a, the electrolytes can be classified accord-
ing to the source of proton-ions. This classification aligns with
the definitions and categories of acids, namely Arrhenius acid,
Brognsted acid, and Lewis acid.

Arrhenius Acid:  Arrhenius acid, often referred to as aqueous
acid, is the most widely studied category and therefore holds
particular significance in the realm of proton battery research.
Among different aqueous acids, sulfuric acid often acts as the de-
fault electrolyte and almost all explored proton electrode materi-
als have undergone electrochemical evaluations in sulfuric acids,
including the early report of RuO,-nH,0,% and a-MoO,!1'¥! in
the 1990s. It is worth noting that previous investigations typically
employ low-concentration sulfuric acid (<1.0 M) possibly out of
chemical corrosion concerns. However, recent observations in
several proton intercalation materials highlight that concentrated
acids can yield superior electrochemical performances, attributed
to enhanced electrolyte conductivity,''! low-temperature perfor-
mance, and/or reduced materials electrochemical dissolution (to
be discussed later).['”] Various other aqueous acids are also re-
ported as electrolytes for proton batteries, including HCL,!!
CH,COOH,'?] HBF, [l and H,PO,.**] Notably, H,PO, gains
prevalence because of the stable anion and relatively less chem-
ical corrosivity.[?*] Furthermore, hybrid solutions based on aque-
ous acids are also adopted, particularly in electrolytic proton
batteries, and a typical example is a mixture of H,SO, and
MnSO,.%7]

Bronsted Acid: Bronsted acids refer to entities that con-
tribute protons to the Bronsted base.'??] This concept ex-
tends beyond the scope of Arrhenius acid, and proves ben-
eficial in characterizing electrolytes with non-aqueous sol-
vents and solvent-free protic ionic liquids. For instance, a
non-aqueous acetonitrile solvent has been adopted in the
Brgnsted acids. This involves incorporating acid solutes (e.g.
H,PO,*]) and ionic liquid solutes (e.g. 1-methyl-1,2,4-triaole-
bis(trifluoromethylsulfonyl)imide).'?3] Specifically, Ji group in-
troduced a non-aqueous H,; PO, electrolyte to improve the cycling
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stability of proton electrode.l**] Concentrated H,PO, (98%) was
dissolved in acetonitrile solvent with the addition of stoichiomet-
ricamount of P, O to eliminate residual water. This non-aqueous
electrolyte system demonstrated considerable compatibility with
various proton electrode materials, eliminating the side reaction
(i.e. OER) and mitigating the electrochemical dissolution of elec-
trode material due to the absence of water molecules. Addition-
ally, the innovation of a solvent-free protic liquid, polyphosphoric
acid has also been reported by Liao et al.[?°! This electrolyte sys-
tem showcased considerable thermal and electrochemical stabil-
ity, achieving a wide working temperature range (> 400°C) and a
wide electrochemical stability window (ESW, >2.5 V).

Lewis Acid: A Lewis acid is defined as a species that accepts
a pair of electrons from another entity,[1?*] which broadens the
classification of acids to encompass proton-free species. Notably,
some Lewis acids have been featured in reports focusing on elec-
trochemical proton storage. ZnCl, is a common Lewis acid with
medium acidity and very high solubility, Ma et al. have accord-
ingly designed a superconcentrated Lewis acid electrolyte (32 M
ZnCl, and 1 M P,0; in H,0).!%) Employing the electrolyte, an-
hydrous fast proton transport is enabled in the dense oxide-ion ar-
ray of -MoO;, and overall a stable Zn//a-MoO; battery has been
demonstrated. In addition, various organic electrodes are also
reported for reversible proton storage with Zn-salt-based Lewis
acid electrolytes (Zn(OTf),[?) and ZnSO,[*8]). The lower activa-
tion energy and fast kinetics making proton coordination is prior
to Zn?* into active sites. Lewis acids based on AI** are associated
with higher acidity, and Al(OTf),(*! has been shown to link pro-
ton intercalation materials with Al anode, expanding the energy
storage applications.

On the other hand, the electrolytes can also be classified
based on their physical states. As illustrated in Figure 9b, there
are two fundamental states: liquid-phase electrolytes and solid-
state electrolytes. Additionally, there also exist liquid crystal elec-
trolytes, transition-state electrolytes, and quasi-solid (hydrogel)
electrolytes. Given that the predominant acid electrolytes in pro-
ton batteries are found in the liquid phase, the following discus-
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Existing forms

Figure 9. Classification of electrolytes for proton batteries, a) based on acid types and b) based on existing forms. Reproduced with

sion focuses solely on the other electrolytes developed in proton
batteries.

Solid-State Electrolytes: Different from a liquid, a solid holds
a definite shape and volume and the constituent particles are
closely packed together either with or without long-range or-
dering. For example, Li and co-workers have introduced a new
family of proton electrolytes: acid-in-clay electrolyte (AiCE),
which is achieved by integrating fast proton carriers in a nat-
ural phyllosilicate clay network, resulting in fluid-impervious
membranes.[?*] The proton conductive networks in AiCE sup-
port top-ranked proton conductivities at various wide tempera-
tures (—82 °C— 25 °C), wide electrochemical stability window
(3.35V), and reduced reactivity. AiCE also demonstrated excellent
ion-selectivity by restricting the ion cross-over between cathode
and anode, achieving significantly improved cycling stability of
MoO,//CuFe-PBA full-cell. A new organic-based solid electrolyte
has also been discovered, which is a glassy-state coordination
polymer (CP) of [Zn,;(H,PO,)¢(H,0);](1,2,3-benzotriazole) with
anhydrous single-ion proton conductivity.[!2®] Melt-quenching
treatment of CP not only delivers an isotropic disordered domain
with enhanced H* conduction, but also generates an immersive
electrode-electrolyte interface. The resulting all-solid-state proton
battery showcased a wide operating temperature range from 25
to 110 °C.

Quasi-Solid Electrolytes: Quasi-solid electrolytes mainly refer
to electrolytes composed of hydrogel. A hydrogel is a bipha-
sic material, comprising 3D networks of hydrophilic polymers
and interstitial fluid (primarily composed of water).['¥’] Thanks
to the chemical and (or) physical cross-linking of individual
polymer chains, hydrogels are generally capable of swelling in
water and retaining a significant amount of water while pre-
serving their solid structure.!?®] In the realm of proton bat-
teries, several quasi-solid hydrogel electrolytes have been re-
ported recently. In 2022, Shen et al. devised a hydrogel elec-
trolyte based on polyvinyl alcohol (PVA) and H,SO, (1 M), and
subsequently demonstrated a flexible metal-free quasi-solid bat-
tery with an organic cathode and activated carbon anode.!
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In the same year, Sun et al. fabricated an anti-freezing hydro-
gel electrolyte by random copolymerization of acrylamide (AM)
and zwitterionic monomer, [(methacryloyloxy)ethyl]dimethyl-(3-
sulfopropyl)ammonium hydroxide (SBMA), with ethylene glycol
(EG) and H,SO, (1 M).I"2!] Further investigations into the mech-
anism attributed the high proton conductivity to proton hopping
migration on the ionic groups of the polymer chains and Grot-
thuss proton translation, with Grotthuss translation found to be
predominant in the glassy state of the polymer chains. The result-
ing electrolytes were then combined with two activated carbon
electrodes to create solid supercapacitors, that exhibited decent
electrochemical performance at —50 °C. Benefiting from the con-
siderable tensile properties of the hydrogel electrolyte, the full-
cell demonstrates excellent mechanical fatigue resistance with in-
significant capacity loss in the stress-strain experiments. In 2023,
another freezing-tolerant hydrogel with double-network was re-
ported by Dong et al.[!?l The authors incorporated sulfonated
poly(ether-ether-ketone) (SPEEK) and an ethylene glycol/water
solvent within the poly(vinyl alcohol) hydrogel network, and con-
sequently enhanced mechanical properties and low-temperature
tolerance (—50 °C) were achieved. Benefitting the hydrogel elec-
trolyte, a quasi-solid proton battery (a-MoO,//NiFe-PBA) demon-
strated decent performance such as stable cycling, high rate and
low-temperature operation under —20 °C.

Liquid Crystal Electrolytes: Liquid crystals (LCs) represent
an intermediate state of matter between crystalline solids, dis-
tinguished by a regular periodic arrangement of atoms or
molecules, and isotropic liquids, which lack any form of order.
LCs display varying degrees of orientational and/or translational
order in specific spatial directions.['*] Very recently, a phospho-
ric acid surfactant lyotropic liquid crystalline (PSL) electrolyte has
been reported by Alshareef group.!*®! The PSL electrolyte was pre-
pared by dissolving polyoxyethylene lauryl ether surfactant in the
H,PO,. The robust hydrogen bonding between the components
in PSL electrolyte significantly suppresses the activity of free wa-
ter molecules, improving the electrochemical stability. Thanks to
the PSL electrolyte with a widened ESW, a three-proton insertion
mechanism has been discovered in a-MoOj for the first time.

Transition-State Electrolytes: There are also some electrolytes
that present different physical states with temperature varia-
tions. These have been categorized as transition-state electrolytes
herein, and mainly refer to a novel class of “aqueous” elec-
trolytes in the solid “ice” form. Despite that, there presents a
common phenomenon of water/ice phase transition at 0 °C,
the electrochemical behaviors of ice have rarely been investi-
gated. In 2019, the ice phase was discovered to provide effi-
cient ionic transport channels, enabling the creation of ionic con-
ducting ice (ICls, frozen from ion-containing solutions) which
shows possibilities to serve as solid-state electrolyte.['*!] In 2020,
Wang group first introduced ICIs of MnSO, and H,SO, hy-
brid aqueous electrolytes in proton chemistry with demonstra-
tions of solid-state proton batteries. These batteries employed
a MnO,/Mn?* electrolytic cathode and @-MoO,[?°! and PTO®*!
anodes, respectively. Thanks to the fast proton transportation,
robust overall ionic conductivity can be sustained at low tem-
peratures even down to —70 °C. This facilitates the execution
of representative redox processes of proton electrodes, show-
casing the featured low-temperature performance of proton
Dbatteries.
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3.2. Limitations

Despite the various acid categories discussed, aqueous elec-
trolytes remain predominant among all reported electrolytes for
proton batteries. Therefore, we herein emphasize the challenges
encountered in these aqueous electrolytes. As shown in Figure
10a, the active proton ion is solvated by water molecules in aque-
ous solution, and there are three major side influences which
are Dbelieved to primarily stem from the influence of active wa-
ter molecules in electrolytes, namely i) material dissolution, ii)
limited ESW, and iii) gassing issue.

3.2.1. Electrode Material Dissolution

There are commonly observed phenomena in various materi-
als involvingactive mass loss during cycling, such as hydrogen-
insertion oxides!'’3%55] and Prussian blue analogues,**>! etc.
This phenomenon, known as material dissolution, is considered
as the major reason for electrode and battery cycling decay. No-
tably, such material loss does not adhere to common sense ex-
pectations of being induced by chemical corrosion (as many ma-
terials are found sustainable even in strong acids). Instead, it is
caused by electrochemical effects, which can be mainly attributed
to the “attack” from the active water molecules in electrolytes, as
illustrated in Figure 10a. This is supported by the following fac-
tors. (i) It has been revealed that various electrode materials could
exhibit superior cycling performance with reduced active mass
loss, when associating with concentrated (aq.) or non-aqueous
acids.l17365158] (i) Further, despite proton-ions existing in aque-
ous solution as hydroniums, H(H,0),*, numerous studies have
disclosed that the naked proton alone inserts and migrates in the
electrode lattice, and hydronium desolvation steps have been de-
tected at the interface.l'770123] (iii) A reduction in the fraction of
free water molecules or their activities has been shown to alle-
viate the material dissolution, leading to significantly improved
cycling stability.[2122132]

In general, the presence of free water molecules exerts a neg-
ative impact on proton intercalation materials. One possible ex-
planation is the tendency for solvent water to co-insert with pro-
tons into the electrode materials,>>#* potentially driven by the
high desolvation energy of hydronium.!'*}] However, owing to
the substantial size of H*(H,0), (e.g., Zundel/Eigen cations!!%)
and high polarity of water molecules, they inevitably interfere
the internal electric field of the material crystal. Consequently,
this leads to material lattice distortion (and even layer exfolia-
tion), which serves as a buffer layer to “track” or accommodate co-
inserted water and facilitate the passage of naked protons. These
manifest as hydronium desolvation and the electrochemical dis-
solution of material from the surface inward. On the other hand,
it is noteworthy that for materials permitting direct hydronium
intercalation, their cycling stability is not sensitive to the water
fractions in electrolytes.>]

3.2.2. Limited ESW

The electrochemical stability window (ESW) defines the range
within which the electrolyte remains stable, without undergoing
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¥ = o= = T = decomposition or undesirable side reactions. The ESW is one key
S 0 ~ < 3 o 3 . . s
& = = & 2 = 2 factor in accommodating redox couples of suitable electrode po-
. N N o tentials and determining the voltage- and energy-output of elec-
} &7, i - i ) é: T £ ¢ T & T ;:;_; - trochemical devices. Constrained by the water decomposition
< g ; g '::o STRIFL< T = limit of 1.23 V, the ESW for common aqueous electrolytes (salt-
E |3S R8s 83 g8s3L a2 d3 in-water solutions) is typically restricted to less than 2 V.2 In the
< ~ g %8 % R4 T S gt R - R I context of proton batteries where relatively concentrated aqueous
§ g ESe § . g = 9 -; g g g _g Tw k! acids are often utilized, the ESW can be somewhat higher such
2 Egueg = 8 é S EgESES f(E & as reaching 2.6 V for 4.2 M H,SO,.[2!] Despite the advantage over
g2 = 3 2 8 X o many other aqueous energy storage, there are still gaps compared
“ ‘ ¢ ¢ ¢ = to the non-aqueous systems, and expanding the ESW of proton
o - - < T, - T electrolytes can make a difference. A good example is the discov-
< 2 2 2 < I < ery of additional redox pair of a-MoO;, benefitting an expanded
5 Q 2 O ESW by a liquid crystal electrolyte.>®!
g |, & = wlhy & 7 8 g
© | ® g Ea P
T A T |
> b S * - a o 3.2.3. Gassing Issue
2 - 4 2 ) ~ o
T B e e e Gas evolution reactions, i.e., hydrogen evolution reaction (HER)
> |28 & ‘:ED T w3 ':(D 3 ‘:ED T <3 and oxygen evolution reaction (OER), can be easily triggered
g |3 fé W < - % § f‘j S _‘Cﬁ S % § fé because of the narrow ESW of current main-stream aqueous
g e < % & < g S5 85 85 s acid electrolytes. The gas evolutions also lead to gassing prob-
5 ‘;_n T RS I‘:o % T3 5853 LB lems, which potentially cause e>.<pa.nsion in the sealed cell, pack,
& |ET& » g S & Egeg st and device, thereby raising significant safety concerns. Par-
2 ; - T 2 2 & 8 ticularly, HER represents a significant competitive side effect
©oo (H*eH-<H,) in proton intercalation reactions, typically occur-
£0 |8 £ 8 E e £ £k ring at low electrode potential near HER limit.'’] While re-
Chal ' cent observations have identified noticeable bubble generation
at the surface of a proton cathode operating at high electrode
g potentials.[?*] These observations further amplify the aforemen-
fs tioned concerns.
8 3 g 3 8 5 3
e
< 3.3. Improvement Strategies
As discussed in the aforementioned paragraphs, the solvent wa-
8 _ o :| ot S :I ter in electrolytes significantly contributes to these challenges.
K = & ”;’ g’ g' g' g Therefore, the key to improvements is centered on tuning the
role of water molecules in bulk electrolytes, such as modifying
the water solvation structure in electrolytes and/or altering the
physical state of the electrolytes, as illustrated in Figure 10b—e.
o} Reducing the water fraction in electrolytes is a common strat-
" . g = . . - egy to modulate the ion-water solvation structure, thereby mit-
% Em " 5 % % 5 igating these discussed challenges and enhancing overall elec-
& é > & ¥ 30 = trochemical performances. The simplest way is to increase the
[ PN S 2 -« 2 concentration of acid electrolytes. For example, concentrated
= H,SO, (>4 M) electrolyte delivers much-enhanced cycling sta-
= bility of MoO; electrodes with ~75% capacity retention over
200 cycles, superior to diluted ones (=40% capacity retention
" with <2 M H,S0,).['7] However, this also raises corrosion con-
T cerns to other battery components. Competing solvation agents
3 have then been developed as alternative strategies to regulate the
- E ion-water solvation structure. A “water-in-sugar” electrolyte has
Eg : £ been proposed by Zhao group, achieving extended ESW and im-
e 8 £ proving the cycling performan.ce of proton ano@es.[“] Spectro-
S | £ S ; § _ scopies and molecular dynamics (MD) simulations reveal that
= | £ £ == Q g [ water molecules are locked-up by sugar additives via hydrogen
2 |3 < 22 L & L = bonding and therefore reduce the fraction of free water molecules
e | < T rs 8§ 8 8§ = and their activities (Figure 10b,c). However, the adaptability of
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such solid additives can be limited by their solubility, later de-
velopment of water-immiscible competing solvation agents such
as polyethylene glycol,??] glycerol,1'*?] and polyoxyethylene lauryl
ether®®! (a surfactant) have been successively introduced, demon-
strating better tunability regarding water content. Other strate-
gies including replacing non-aqueous solvent!**] and even di-
rectly applying solvent-free protic liquid as proton electrolytes
were also introduced to eliminate the negative influence of free
water molecules.[?¢]

Modifying the physical states of the electrolyte is a highly ef-
fective measure from a different perspective, leading to variations
in proton-molecule coordination!®®!2!] (Figure 10d) and therefore
alleviating the aforementioned challenges. Similar to the situa-
tions in aqueous solutions, protons showcase high mobility in
ice through Grotthuss-type conduction along the hydrogen-bond
network of an ice crystal, which enables decent electrochemi-
cal performances at non-liquid states.[3%] Proton electrodes (a-
Mo0;[»] and PTO!®]) demonstrate considerable cycling stability
with negligible capacity decay in the “transition-state solid” (ice)
electrolytes, due to the reduced water activity in the system. Ad-
ditionally, it is noteworthy that adopting solid-state electrolytes
proves particularly effective in mitigating the gassing problem.
An “acid-in-clay” electrolyte has been demonstrated to signifi-
cantly alleviate intrinsic gas evolutions on both sides of proton
electrodes.[?*]

4, Full-Cell Proton Batteries

As outlined in the very beginning, proton batteries refer to
the energy storage systems where proton/hydronium ions serve
as the ion-charge carrier(s) to initiate and facilitate electrode
reactions.!'] Early techniques can be traced back to the classic
lead-acid batteries, which have continued to evolve and maintain
widespread application till now. Recent advancements in faradaic
electrodes and electrolytes have propelled the development of
electrochemical proton storage systems. Various proton full-cells
or devices have been constructed to showcase their application
potential, although commercialization from laboratory demon-
strations remains a significant challenge. Following the introduc-
tions of electrodes and electrolytes, developments for the fabrica-
tion of correlated full-cells and devices are discussed herein. First,
the classifications of proton batteries are briefly outlined, encom-
passing proton rocking-chair batteries/supercapacitors and hy-
brid proton batteries. Additionally, the corresponding cell config-
urations and their limitations are also addressed.

4.1. Classifications and Cell-Configurations

In the current literature, proton batteries are primarily
classified into two categories: proton rocking-chair batter-
ies/supercapacitors and hybrid proton batteries (or electrolytic
proton batteries), based on the origin of their redox reactions,
as shown in Figure 11. In proton rocking-chair designs, both
electrodes depend on proton-accessible reactions/interactions
for charge compensation, such as proton intercalation reactions,
proton surface (pseudocapacitive) reactions, and ion adsorption
(notably, counter anions may also participate). These batteries
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effectively leverage the fast kinetics feature of proton conduction.
However, they are challenged by the limited energy output due to
the specific capacity mismatch (more active material loading) and
limited potential difference (lower voltage output) between two
electrodes. This further triggers the adoption of electrolytic reac-
tions as the counter-reactions to overcome these issues. In the
case of hybrid proton batteries, at least one electrode undergoes
a redox reaction that accommodates proton-rich environments
but does not rely on proton-specific reactions. Hybrid proton
batteries that integrate Mn-based and Pb-based conversion
reactions have been successively developed with superior per-
formances. Moreover, other specific electrolytic reactions, such
as metal deposition/dissolution and gas evolution/consumption
(Figure 11) also emerged as electrode reactions, corresponding
to proton-metal batteries!'125] and proton-gas batteries!!!*136]
respectively. Representative designs of proton batteries and their
correlated electrochemical performances are summarized in
Table 1.

Throughout the currently reported proton batteries, the major-
ity normally adopt the cell configurations for their electrode eval-
uations for simplicity reasons, such as the demonstrative cells
in beaker type, Swagelok type and coin-cell type. The physical
characteristics of electrodes and electrolytes play a pivotal role in
determining the battery configurations, and the adoption of gas-
involved electrodes and quasi-solid (hydrogel) electrolytes facili-
tates the utilization of gas-sealing reactors!''*13¢) and the fabrica-
tion of flexible cells,??! respectively. Moreover, scaled-up proton
batteries have also been reported with the fabrications of pouch
cells!?* and cylindrical cells,*?! and one possibility for addressing
detrimental gassing issues has been investigated using a solid-
state electrolyte in a pouch cell.[?*]

4.2. Proton Rocking-Chair Batteries/Supercapacitors

Rocking-chair-type batteries, the main form of ubiquitous
lithium-ion batteries, are characterized by the reversible move-
ment of charge carriers between the anodes and cathodes
during charging and discharging. In the context of proton bat-
teries, Grotthuss proton conduction supports rapid movement of
charge carriers between the two electrodes, thereby enabling fast
charging of batteries and enhanced power density. The electrodes
typically undergo intercalation/deintercalation reactions, involv-
ing the insertion/extraction of ions into/from the electrode mate-
rials without significant structural or compositional change.['*’]
Additionally, electrodes based on proton surface reactions and ad-
sorptions are also employed, as indicated in Figure 11. The corre-
sponding full cells can therefore sometimes exhibit as (pseudo-)
supercapacitors, while these cells are also referred to as batteries
herein for simplicity.

A rocking-chair proton battery can be fabricated by pairing
two aforementioned protonic electrodes, provided there are ap-
plicable electrode potential gaps. For instance, possessing rela-
tively high electrode potentials and good capacities, PBA materi-
als are popular choices as protonic cathodes and have been cou-
pled with various anode materials such as organic compounds!®*!
and transition metal oxides,®132] etc. Ji group first discov-
ered the diffusion-free Grotthuss topochemistry in PBA mate-
rials, and demonstrated a proof-of-concept rocking-chair proton
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Figure 12. Illustration of proton rocking-chair batteries. a) Schematic diagram and b) voltage profiles of PTO//VFe-PBA full-cell. Reproduced with
permission.[8*] c) Schematic diagram of acid-in-clay electrolyte and d) cycling performance of MoOs //CuFe-TBA pouch-cell using acid-in-clay electrolyte
at 0.2 A g7', inset photographs highlight the inhabitation effect of gassing issue. Reproduced with permission.[?*] ) Schematic diagram of the design
and energy storage mechanism of pDTP-AQ//pDTP-NQ all-organic proton full-cell. Reproduced with permission.[8”! f) Schematic diagram of PO//PO

symmetric all-organic proton full-cell and CV profile of g) PO half-cell and h) PO//PO full-cell respectively. Reproduced with permission.

battery based on WO, and CuFe-TBA in 2 M H,SO,."8 Su et al.
introduced a rocking-chair battery employing PTO anode and
VFe-PBA cathode in 4.2 M H,SO, (Figure 12a).3*] Figure 12b
demonstrates the GCD profile of the full-cell in a voltage win-
dow of 0-1.2 V, showing two plateaus at 0.2 V and 0.8 V respec-
tively. PTO//VFe-PBA cell presents a high capacity of ~85 mAh
g~ at 0.05 A g~!. Due to the unique Grotthuss proton conduc-
tion in both electrolyte and electrode, the full-cell exhibits high-
rate performance, and 33% capacity is retained at a high current
density of 37 A g7, achieving fast charging in seconds. An a-
MoO,//CuFe-TBA full-cell was further demonstrated by Ji group
with pouch cell configurations. A less chemically corrosive acid
(H,PO,) was employed at a higher concentration of 9.5 M, sup-
porting stable cycling performance at both room temperature and
ultralow temperature of —78 °C.[24]

Cycling stability poses a significant challenge in full-cell con-
figurations. Unlike half-cells where charge compensation is
unlimited, in full-cells with fixed proton inventory, any insuf-
ficient charge compensation resulting from imperfect electro-

Adv. Funct. Mater. 2024, 34, 2405401
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[139]

chemical reactions such as side reactions or materials dis-
solution will accumulate over time, leading to rapid capacity
fading.!"*®) In this context, it is crucial to address these issues
in full-cell configurations to enhance cycling stability. Various
electrolyte regulation strategies including H-bond disrupting
electrolytes,! 3% molecular crowding electrolytes,??l and water-in-
salt electrolytes!°] have been identified to significantly enhance
the cycling performance of aqueous proton batteries compared
with plain aqueous acid electrolytes. These enhancements are at-
tributed to the altering of water solvation structure and reduc-
tion of free water that are beneficial for individual electrode sta-
bility. In particular, the molecular crowding electrolyte demon-
strated the ability to improve the cyclability of a-MoO,//VFe-PBA
proton full-cell to over 2000 cycles. In another instance, Li and
co-workers showcased a stable a-MoO, //CuFe-TBA device utiliz-
ing the acid-in-clay electrolyte.[?*] Thanks to the unique mechan-
ical properties of solid acid-in-clay electrolytes, the pouch-cell
can be assembled into a thin-film form, featuring a micrometer-
level electrolyte thickness as depicted in Figure 12c. The
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as-assembled full-cell shows excellent cycling performance at
both room temperature and low temperature. In comparison to
traditional acid electrolytes, the acid-in-clay electrolyte possesses
an expanded ESW and imposes less corrosion to battery compo-
nents. As highlighted in Figure 12d, this results in significantly
suppressed gassing issues during battery cycling with acid-in-
clay electrolytes, contributing to high safety in practical applica-
tions.

All-Organic ~ Proton  Rocking-Chair  Batteries: Exploring
rocking-chair batteries utilizing organic materials for both
cathode and anode emerges as a research hotspot, offering a
promising avenue for the development of cost-effective, metal-
free energy storage systems. This concept can be actualized
by incorporating two proton-active organic electrodes with dis-
tinct potential differences. Zhao et al. proposed an all-organic
aqueous proton battery using two organic monomer electrodes,
which are 2,6-dihydroxynaphalene (DNH) cathode and 2,6-
dihydroxyanthraquione (DHAQ) anode.'® The as-assembled
cell delivered a high output voltage of 0.85 V, achieving con-
siderable cycling stability (71% capacity retention) over 1000
cycles. Organic polymers have also been introduced for full-cell
applications, allowing the redox potentials of polymer-based
electrodes to be tuned by incorporating different pendants with
different energies. Tang group established an all-polymer proton
battery by grafting poly(dithieno[3,2-b:2’,3’-d]pyrrole (pDTP)
backbones with redox-active pendants (anthraquinone, AQ;
naphthoquinone, NQ) at different energy levels, as shown in
Figure 12e.18”] The two pendants exhibit fast redox behaviors fa-
cilitated by intermolecular electron transfer via the z-conjugated
polymer backbone. The assembled polymer-type full-cell demon-
strates excellent rate performances (50% capacity retention at
20 A g™!) and considerable cycling performance (56% capacity
retention over 2000 cycles).

It is noteworthy that certain electrode materials possess more
than one redox pair at different potentials, allowing them to the-
oretically serve as both cathode and anode simultaneously. Bat-
teries assembled with such materials are termed as symmet-
ric batteries. From a commercial perspective, symmetric batter-
ies are appealing due to a simplified fabrication process and
reduced manufacturing costs resulting from the usage of only
one type of electrode.'*"] Organic materials with multiple redox
pairs and substantial energy gaps for proton (de)intercalation
are promising candidates for symmetric proton batteries. Tie
et al. introduced a poly(2,9-dihydroquinoxalino[2,3-b]phenazine)
(PO) molecule for a symmetric all-organic proton battery.[13] As
shown in Figure 12f,g, in a mild ZnSO, electrolyte, PO under-
goes a two-step, two-electron proton uptake/removal reaction,
displaying a significant potential difference due to the large en-
ergy gap between PO and its protonation products. The PO//PO
full-cell achieves an output voltage of ~0.7 V (Figure 12h) and su-
perior cycling stability (94% capacity retention over 500 cycles).
The full-cell was also evaluated in a pouch-cell setup, demonstrat-
ing excellent cycling stability for up to 200 cycles.

Rocking-chair-type proton full-cells, relying on proton shut-
tling between the electrodes, are anticipated to best leverage the
fast conduction feature of proton charge carriers to achieve high-
rate performance. It is important to consider the N/P ratio (mass
ratio of negative electrode over positive electrode) to balance
the charge compensation between the electrodes. Sometimes,
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high mass loading of one electrode is necessary, if the counter
electrode adopted exhibits a higher specific capacity, e.g., the
N/P ratio of a-MoO,//VFe-PBA can be around 1:2. Moreover, in
rocking-chair configurations, the cathode materials need to hold
proton before being assembled into full cells. However, many
reported electrode materials (e.g. PBAs) do not inherently con-
tain protons, making them unable to directly pair with proton-
deficient anodes in full-cells.l”! A preactivation treatment via ei-
ther chemicall'® or electrochemicall??] process is therefore nec-
essary to introduce protons into cathode materials. All-organic
proton batteries offer unique advantages of sustainability and low
cost due to their metal-free composition. However, these batteries
face challenges such as low volumetric capacity, resulting from
the low tap density and the extensive use of conductive agents
in organic electrodes. Additionally, the energy gaps between or-
ganic electrodes are much narrower compared to those in metal-
containing inorganic electrodes, leading to limited output volt-
ages and energy densities.

4.3. Hybrid Proton Batteries

In the hybrid designs of proton batteries, there is normally
one electrode involving proton (de)intercalation, paired with an-
other electrode associated with non-proton-specific reactions.
These non-proton-specific reactions are typically based on
electrolytic redox pairs (e.g. PbSO,/Pb,*1%] PbO,/Pb,1l and
Mn?*/MnO, (23749831 conversions). Consequently, the term hy-
brid proton batteries is also known as electrolytic proton batter-
ies, and in some special cases, both electrodes rely on electrolytic
reactions as seen in the famous lead-acid batteries. These elec-
trolytic reactions usually take place at fixed electrode potentials,
either much lower or higher than those of protonic electrodes
(e.g- 1.23 V vs SHE for MnO,/Mn*(71 and -0.35V vs SHE for
PbSO, /Pb,[“!l while average 0.84 V vs SHE for CuFe-PBA['8]),
leading to significantly elevated output voltage in full-cells. Con-
sidering the mediocre operation potential range of organic elec-
trodes (e.g. —0.2 — 0.5 V vs SHE), matching organic electrodes
with electrolytic redox pairs has vital significance in elevating the
output voltage of organic compound-based proton batteries. Fur-
thermore, as no dedicated electrode material preparation is re-
quired nor there is no cycling material loss, the electrolytic proton
batteries show great promise in terms of operation and sustain-
ability. Various electrolytic proton batteries have been developed.

4.3.1. Manganese Electrolysis Based

MnO,/ Mn?* conversion reactions, have been applied as the most
commonly used counter redox pairs for organic materials due to
their high operation potentials.[*0:83899197.103] For example, Guo
et al. matched PTO anode with MnO, / Mn?* redox pairs to build
a hybrid-type proton full-cell (Figure 13a).[#3] A hybrid electrolyte
0f2.0 M H,SO, and 2.0 M MnSO, was employed to provide both
proton and Mn?* ions for battery reactions (Mn?* + 6H,0 <
MnO, + 4H,0" + 2e~; PTO + 2~ +2H,0* « PTO-2H + 2H,0).
The PTO//MnO, full-cell exhibits an average output voltage of
~0.8 V as shown in Figure 13b, higher than that of the rocking-
chair cell of PTO//VFe-PBA (0.6 V), thanks to the high redox
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Figure 13. Illustrations of hybrid-type proton full-cells. a) Working mechanisms and b) voltage profiles of PTO//MnO, full-cell. ¢) lllustration (top) and
photographs (bottom) of a flexible belt-shaped PTO//MnO, full-cell device. Reproduced with permission.[#3] d) Working mechanisms of Pb//TCBQ

proton full-cell and e) CV profiles of Pb anode and TCBQ cathodes in 5 M

H,SO, electrolyte. Reproduced with permission.[*1] f) Schematic illustration

and g) photographs of H,//TCBQ proton full-cell. Reproduced with permission.l"! h) Schematic illustration of Zn//a-MoO5 full-cell. Reproduced

with permission.l'21 i) The CV curves of Ti;C,T,//rGO supercapacitor in
permission.[116]

potential of MnO,/Mn?* redox pairs. The authors further
demonstrated a flexible belt-shaped device with stable cycling
stability over 1000 cycles (Figure 13c). In theory, in the charg-
ing process of MnO,-based batteries, Mn?* in the electrolyte
oxidizes into MnO, and deposits on the substrate, while the
resulted MnO, deposition reversibly dissolves into the elec-
trolyte in the discharging process. However, the Coulombic ef-
ficiency of manganese electrolysis is often not that high in
practice. Particularly, deposited MnO, tends to detach from the
substrate in concentrated acids, leading to insufficient charge
compensation and rapid capacity fading.’”] To address this
issue, it has become a normal routine to adopt MnO, pre-
deposited substrates as cathodes.[*?] Alternatively, a recent de-
velopment involves the use of a MnO,-containing colloid-in-
acid electrolyte, which can provide sufficient charge compen-
sation. With this approach, prolonged and stable battery op-
eration over 489 days was achieved with a bare cathode sub-
strate without MnO, pre-deposition.’”] This makes it feasi-
ble to build cathode-free batteries, simplifying the battery as-

Adv. Funct. Mater. 2024, 34, 2405401
RIGHTSE LI MN iy

2405401 (25 of 35)

H,SO, electrolyte with or without Br;~/Br~ redox additive. Reproduced with

sembling process. In addition, taking advantage of the high
theoretical specific capacity of Mn redox couples (107 Ah L~}
for 2.0 M MnSO, electrolyte’”)), the first Ampere-hour-level
proton battery device has been demonstrated in the Mn-based
system,[*°] showcasing high practical prospects.

4.3.2. Lead Electrolysis Based

Lead electrolysis of PbO,/PbSO, (PbO, + 2e” + SO,> + 4H*
< PbSO, + 2H,0) and PbSO,/Pb (PbSO, + 2e~ « Pb +
SO,%") have been extensively developed and are commercially
available from lead acid batteries, making them readily acces-
sible for designing novel aqueous proton batteries. So far, elec-
trolytic reactions based on PbO,/PbSO,'®) and PbSO, /Pb*!! re-
dox pairs have been applied as high electrode-potential cathode
and low-potential anode for electrolytic proton batteries, respec-
tively. Liang et al. first realized high-capacity faradaic proton stor-
age in an organic quinone compound of PTO (~400 mAh g1),
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and then demonstrated a battery with the electrolytic cathode
of PbO, /PbSO,.[1] Benefitting the compact coin-cell configura-
tion, the PTO//PbO, electrolytic battery presents excellent rate
performances of ~81% capacity retention up to 20 C and sus-
tains stable cycling over 1500 cycles at 2 C. Niu group proposed a
Pb//tetrachlorobenzoquinone (TCBQ) battery for ultralow tem-
perature applications.!] The low-potential conversion reaction
between Pb and PbSO, was paired with TCBQ cathode, de-
livering a high full-cell voltage output of over 1 V, as shown
in Figure 13d,e. Thanks to the adopted electrolytes of high-
concentration sulfuric acid (5 M H,SO,), there is a significant
reduction or even disruption of hydrogen bonds between water
molecules. This enables the anti-freezing feature of electrolytes,
leading to excellent low-temperature rate performance and cy-
cling stability at —70 °C.

4.3.3. Gas Involved Redox Pairs

Gas-involved electrolytic reactions have also been adopted in
fabricating proton battery devices, such as HER/HOR and
OER/ORR. In 2018, Chen et al. reported a manganese-
hydrogen battery toward grid-scale energy storage.[*?! The au-
thors adopted a manganese electrolytic cathode and a hydro-
gen anode (HER/HOR) catalyzed by Pt/C. Thanks to the large
potential difference of both electrodes and reversible reaction
mechanisms, the proof-of-concept battery delivered stable output
voltage exceeding 1.2 V and exhibited sustainable cycling over
10 000 cycles as well as decent rate capability up to 100 mA cm=2.
Moreover, the authors successfully demonstrated a scale-up de-
vice (customized cylindrical cell, loading charge up to 15 mAh),
highlighting the potential for practical applications. The gaseous
HER/HOR electrode has been further adopted in other designs.
Thotiyl and co-workers demonstrate a H, //BQ flow-cell with BQ-
contained cathode electrolyte.l'*!] The battery demonstrated a
high specific capacity of ~ 350 mAh g~! and good cycling sta-
bility over 200 cycles. TCBQ have also been applied as an or-
ganic cathode for pairing with H, anode as shown in Figure 13f,
the H,//TCBQ battery achieves an output voltage of approxi-
mately 0.7 V along with excellent cycling stability over 0.1 million
cycles.'"] A scale-up pouch cell was fabricated with an extended
capacity (12 mAh, Figure 13g), which maintains a high capacity
of 11 mAh over 500 cycles. Noteworthy, however, the hydrogen
catalytic anode at this stage requires external H, supply to facil-
itate efficient HOR, thus increasing the complexity of the bat-
tery setup. An electrolytic electrode based on OER/ORR has also
been reported, and a customized membrane electrode assembly
(MEA) was fabricated with OER/ORR cathode and the counter
anode of activated carbon (ion adsorption).[**!

4.3.4. Metal Deposition Based

Metal anodes have attracted wide attention due to their high the-
oretical capacity (e.g. 820 mAh g=! and 2980 mAh g~! for metal-
lic Zn and Al respectively).['*?) In 2019, Archer group developed
an Al//V,0Os aqueous battery based on Al deposition-dissolution
anode reaction and proton intercalation-deintercalation reaction
in V,0; cathode.”) Despite reporting inferior cycling stabil-
ity (<50 cycles) due to the electrochemical dissolution of the

Adv. Funct. Mater. 2024, 34, 2405401

www.afm-journal.de

V,0; cathode, this study proved the concept of coupling Al
metal deposition with a protic cathode. Much superior per-
formance has been achieved in Zn-anode-based proton batter-
ies. Ma et al. introduced a Zn//a-MoO, battery with a super-
concentrated dual-ion electrolyte (32 M ZnCl, + 1 M P,0) as
shown in Figure 13h.['%] This electrolyte, with confined wa-
ter activity, supports stable Zn stripping-plating and reversible
proton intercalation-deintercalation in the MoO, cathode simul-
taneously, achieving excellent cycling stability (98.3% capacity
remaining over 1000 cycles). Zn anodes are also widely cou-
pled with organic proton electrodes, > as mentioned ear-
lier, demonstrating considerable electrochemical performance. A
later work from the Xia group has achieved highly reversible Sn
metal deposition-dissolution in a hybrid-type proton battery.'*]
The methanesulfonic acid-based anode electrolyte was found to
effectively regulate the uniformity of Sn deposition and sup-
press the HER side reaction. When paired with TCBQ cath-
ode with H,SO, cathode electrolyte, anode-free Sn//TCBQ bat-
teries demonstrated prolonged cycling performance, exceeding
4,000 cycles. Nevertheless, the adoption of metal deposition-
dissolution reaction in aqueous media is significantly restricted
by the ESW and chemical corrosion (with concentrated acid),
therefore, rational electrolyte design is expected in the future to
enrich the range of alternative metal anode choices.

4.3.5. Halide Electrolysis Based

Redox conversions between polyhalide ions (e.g. Br;~/Br~) were
also reported as the high-potential counter-reaction for pro-
tonic electrodes. Wang et al. demonstrated the utilization of
Br;7/Br~ conversion at the rGO cathode by introducing re-
dox additive electrolytes.'’®) They constructed a Ti,C,T,//rGO
asymmetric supercapacitor with enhanced voltage and capac-
ity. During the charging process, electrooxidation of Br~ occurs
on the rGO surface and the Br;~ products are physically ad-
sorbed by rGO, which is featured by an additional redox peak at
1.2 V (Figure 13i). Other polyhalide conversions (e.g. Cl;=/Cl~
and I,7/I") were also reported as counter-reactions in aque-
ous battery systems,['**] particularly for aqueous zinc ion bat-
teries. However, their applicability for aqueous proton battery
systems has been less explored. In addition, the oxidized poly-
halide was reported to diffuse into the electrolyte and shuttle to
the anode side, leading to inferior Coulombic efficiency and self-
discharging.['*] Rational design of carbonaceous cathodes!!*®]
and ion-selective separators!'*] can help to fix the polyhalide ions,
enhancing the capacity and lifespan of halide electrolysis-based
batteries.

5. Summary and Outlook

In this review, we systematically summarize the fundamental
principles and recent progress of various categories of faradaic
electrodes and electrolytes for electrochemical proton storage.
The associated limitations and potential improvement strategies
are also discussed. Furthermore, we categorize the currently re-
ported battery designs into two major types based on their op-
erating principles/configurations, and highlight the respective
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Figure 14. Solutions and outlook of aqueous proton batteries.

advances and limitations of each design. Overall, despite being
in the early stages of development and having certain intrinsic
limitations in energy output mainly as an aqueous energy stor-
age technique, proton batteries possess natural advantages in
terms of high-rate capability, low temperature feasibility, high
safety, and low cost, etc. These features underscore their signif-
icant potential for various applications. Further advancing the
field of proton batteries requires concerted efforts in developing
high-performance electrodes, facile electrolytes, reliable and effi-
cient full-cell designs, as well as deeply understanding the funda-
mental mechanisms (Figure 14). The following section provides
our insights into the current challenges and/or future directions
from these four key perspectives.

5.1. Electrodes

Electrodes are of the highest significance in affecting the per-
formance of proton batteries. There are several criteria for po-
tentially ideal candidates: (i) suitable working potential (located
within the ESW, high potentials for cathodes and low potentials
for anodes); (ii) compatible with acidic electrolytes; (iii) high re-
versible capacity; (iv) high electronic and ionic conductivity; (v)
durable structural stability during proton insertion/extraction;
(vi) environmental-friendly; (vii) low-cost. Table 2 and 3 summa-
rize various electrodes reported for electrochemical proton stor-
age. Among these, @-MoO; stands out as a high-performance an-
ode material due to its impressive capacity and compatibility with
acidic environments. On the cathode side, PBA is notable for its
high redox potential and fastion-intercalation kinetics. The emer-
gence of organic compounds has enriched the reservoir of elec-
trode materials, bringing advantages such as tunability and cost-
effectiveness. In addition, electrolytic electrodes provide alterna-
tive options for achieving high-voltage batteries. However, no sin-
gle electrode currently meets all the desired criteria. The selection
pool of suitable electrodes, particularly for cathodes, remains lim-
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ited. These highlight an urgent need for the development of new
electrodes and the optimization of existing electrodes to achieve
high-performance proton batteries.

5.1.1. Inorganic Electrode Materials

Current choices of an inorganic anode are focused on Mo-based
and W-based bronzes. While the cathode candidates are largely
restricted in the family of PBAs, which is far from adequate.
The significant advancements of LIBs have spurred the devel-
opment of a diverse range of electrode materials. It is likely
that some established electrodes could also be applied as pro-
tonic cathodes and advance high-voltage proton storage, such
as the polyanion compounds like vanadium fluorophosphate.*8!
The recent discovery of proton storage in copper oxalate further
highlights the potential of polyanionic compounds.[***! Previous
battery research has also developed effective material optimiza-
tion strategies which can also be referred to. For example, defect
engineering!™!l and elemental doping!'*?! are possible to intro-
duce extra active sites for proton insertion thus boosting capac-
ities; Introducing artificial interfacel'>] (solid electrolyte inter-
face or pre-coating layer) and pre-intercalation of heterogeneous
species!>* (superlattice structure) are promising to enhance the
structural stabilities. Particularly, lattice water can play an impor-
tant role in protonic electrodes,!'8*1>°] and regulating the lattice
water is believed to offer a viable strategy to achieve high-rate per-
formances proton electrodes. Regarding to electrodes based on
electrolytic reactions, though many of them can be even “text-
book reactions” like oxide deposition/depletion or metal plat-
ing/stripping, re-understanding via dedicated investigations on
their specific reaction fundaments in acid-rich environments is
highly recommended. A good example is the MnO,/Mn?** redox
couple, which is well-known as an electrodeposition reaction de-
positing solids on substrates but products notable colloids in con-
centrated acids.l*”]
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Table 2. Performance summary of proton electrode materials.
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Material Electrolyte (acid-tolerance) Conductivity?  Mass loading Capacity Cycling number/  Rate performance/ Refs.
[mg cm2] capacity retention  capacity retention
a-MoO, 4.4 M H,SO, (high) high 4 218 mAh g~ '@1000 mA g~! 5000/75% 20A g™/ 87% 7]
h-WO, 0.5 M H,SO, (high) middle-high 3 90 mAh g '@100 mA g™ 20 000/94% 10Ag™"/33% 9]
Tio, 0.5 M H,SO, (middle-low) high 1.12 117 mAh g~ '@17900 mA g~! 15/56% 62.5A g7/ 56% [70]
(NH4)o5V,0s5 0.001 M H,SO, (low) middle-high 1 149 mAh g~ '@50 mA g~! 70 000/80% 2Ag7/57% [68]
RuO, 1M H,SO, middle 3 156 mAh g~ '@100 mA g~ 5000/80% 2Ag7"/80% [147]
(middle-low)
MnO, 2 M ZnSO, + 0.2 M MnSO, (low) low 0.6 300 mAh g~ '@87 mA g~! 10 000/100% 1.885 Ag~'/ 60% [148]
CuFePBA 1M H,SO, (middle) middle 1.5 93 mAh g @95 mA g 730 000/60% 380A g™/ 50% [18]
VFePBA 6 M H,SO, (high) middle-low 2.5 108 mAh g~ '@100 mA g 25 000/92% 20Ag '/ 43% [57]
TisC, T, 3 M H,SO, (middle-high) high 1 86 mAh g @500 mA g™ 10 000/100% 100A g~/ 86% [116]
PTO 4.2 M H,SO, (high) middle-low 2 376 mAh g~ '@50 mA g 5000/74% 50A g™/ 27% [84]
TCBQ 5M H,SO, (high) low 1 216 mAh g='@100 mA g 3000/62% 100 A g~'/ 28% [41]
HATN 2 M H,SO, + 2 M MnSO, middle-low 3 302 mAh g~ '@50 mA g~! 3500/66% 100A g~"/39% [103]
(middle)
TPAD-COF 1.2 M H,S0, (middle-low) middle-low 0.5 126 mAh g~ '@200 mA g™ 5000/84% 6Ag"/58% [149]

?) The conductivities are evaluated based on the physical and/or electrochemical properties of electrode materials, electrolyte concentration, and the usage of conductive

agents.

5.1.2. Organic Electrode Materials

Organic compounds play an important role in enriching the
electrode choices for proton batteries, with certain organic elec-
trodes showcasing impressive experimental specific capacities
(e.g., >200 mAh g1), as shown in Figure 6b. However, their
practical application is often hindered by low electrical conduc-
tivity, necessitating the extensive use of conductive agents (e.g.,
50 wt.%). Enhancing conductivity can significantly bolster the
practical utility of organic proton batteries, leading to improved
volumetric and gravimetric capacities. Introducing conjugated
structures by designing molecules with extended conjugation!®!
or using conducting polymer backbones!®”! can effectively en-
hance intramolecular electron transport, making it possible to
reduce the dosage of conductive agents. Preparing organic com-
pounds that are evenly distributed on (or encapsulated by) the
conductive substrates is another promising method to mini-
mize the usage of conductive agents. It is worth noting that
the above-mentioned polymerization and hybridization with sub-
strate methods can also contribute to stabilizing the organic com-
pounds during cycling by mitigating material dissolution. Tak-
ing full advantage of the H-bond forming atoms (N, O, H, F)
in organic compounds to construct intermolecular H-bond net-
works is another efficient strategy to facilitate proton transport
and to improve reaction kinetics. Furthermore, organic com-
pounds typically possess a relatively mediocre redox potential
range (e.g. —0.2 — 0.5 V vs SHE), which often falls short of
the boundaries of the ESW. Rational molecular design by reg-
ulating the functional groups can effectively tune the redox po-
tentials of active centers, enabling expanded working poten-
tial ranges of organic electrodes and elevated output voltage of
full-cells.

Besides, the following two aspects could be considered regard-
ing the molecular design of the organic compounds to achieve
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ideal electrochemical performance. (i) Steric hindrance, reduc-
ing the steric hindrance of molecules can enhance the utiliza-
tion rate of active sites by exposing more buried redox-active sites
for trapping charge carriers;!**®! (ii) Molecular polarity, consider-
ing the large molecular polarity of water in aqueous electrolytes,
molecules with high symmetry (i.e. low polarity) may exhibit
lower solubility in the electrolytes based on the “like-dissolves-
like” rule.'>] In terms of the synthesis of organic compounds,
one direction is to improve sustainability by using low-toxicity
and low-cost chemical agents as well as minimizing the reaction
and purification steps. These will benefit the large-scale produc-
tion of aqueous proton batteries.

5.2. Electrolytes
5.2.1. Tuning Proton (de) Solvation

Among all discussed categories, aqueous (Arrhenius) acids are
the most common choice, due to their direct applicability, low
cost, wide availability, and easy preparation. To mitigate elec-
trolyte decomposition and/or electrode structure degradation,
various strategies for altering the proton solvation structure have
been developed. These strategies reduce the electrolyte water
fractions and/or suppress free water activity, thereby effectively
improving electrode/battery cycling stability. Representative ap-
proaches include adopting concentrated electrolytes or compos-
ite acids, introducing solvation competing agents and/or adopt-
ing co-solvent.'7:212237] All these can be readily extended to
Lewis acids, facilitating proton-metal batteries; However, there
is only one report so far!'®! indicating a promising direc-
tion for future research. Moreover, these electrolyte engineer-
ing strategies have also been shown to influence the hydrogen-
bonding network within electrolytes,?2132] thereby lowering
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Table 4. Summary of various energy storage technologies.

www.afm-journal.de

Battery type Anode//cathode Current collector Electrolyte [cost] Voltage [V] Max energy density ~ Power density status
[cost] [Wh kg™ W kg™"]

Li-ion battery Graphite//LiFePO, Cu (middle) 1M LiPFg (middle) 3.2 200 (device scale) 10-400 commercialized

Lead-acid battery Pb//PbO, Pb (low) 5M H,SO, (low) 2 30 (device scale) 1-300 commercialized

Ni-MH battery MH, //NiOOH Ni, steel (low) 6 M KOH (low) 1.35 80 (device scale) 10-1000 commercialized

Li-ion aqueous MogSg// Ti (high) 21 M LiTFSI (high) 2.5 80 (electrode scale) NA Lab-scale
batteryl'5] LiNigsMn, O,

Li-ion aqueous VO, //LiVOPO, Ti (high) 20 M LiTFSI (high) 13 84 (electrode scale) 33-530 Lab-scale
battery! 6]

K-ion aqueous PTCDI// FeMnPBA Steel (low) 22 M KCF;SO; (high) 1.1 80 (electrode scale) 41-1612 Lab-scale
batteryl161]

Zn-ion aqueous Zn//Cag,5V,05-nH,0 Steel (low) 1M ZnSO, (low) 0.8 267 (electrode scale) 53-1825 Lab-scale
battery! 162l

Zn-ion aqueous Zn/[ZnFePBA Steel (low) 1M ZnSO, (low) 1.75 100 (electrode scale) 100-1700 Lab-scale
battery! 6]

Proton battery!34] PTO//VFePBA Ti (high) 4.2 M H,SO, (low) 0.6 46.5 (electrode scale) 10-10000 Lab-scale

Proton batteryl '] PTO//PbO, Ti (high) 4.4 M H,SO, (low) 1.1 76 (electrode scale) 10-2000 Lab-scale

electrolyte freezing point and promoting low-temperature appli-
cations. Future studies should continue to focus on these as-
pects to exploit further and enhance the low-temperature bat-
tery performances. Developing solvent-free electrolytes based
on protic liquids is an alternative route that is also effec-
tive with even more superior performances.!*! One represen-
tative protic liquid of poly-phosphoric acid is synthesized by
the dehydration of less-corrosive and cheap phosphoric acid,
and both of them are believed to deserve further develop-
ments in the future. An artificial coating layer has also been
shown highly effective in enhancing electrode stability and pro-
moting charge transfer.®®) This suggests possible benefits of
a solid electrolyte interface (SEI), making it also a promising
target for future rational electrolyte designs, e.g., SEI forming
additive.[?!]

5.2.2. Altering Electrolyte States

On the other hand, developing electrolytes with diverse phys-
ical states is also a very promising direction. In previous sec-
tions, we have discussed the current progress of new electrolytes
in (quasi-)solid state or other non-common states, which ex-
pand the application scenario of proton batteries and/or promote
discoveries of novel properties. However, some classic choice
of solid-state proton conductors seems neglected. One notable
candidate is the semi-permeable membrane derived from sul-
fonated tetrafluoroethylene-based fluoropolymer-copolymer, fa-
mously known as “Nafion”, and a recent study shows the use of
“Nafion” can effectively extend the shelf-life of electrolytic pro-
ton batteries.[*®) Future works on membrane electrode assem-
bly (MEA) systems can be expected that possibly pave the way
for practical solid-state proton batteries. Moreover, Inorganic per-
ovskite oxides (ABO,) are also long known for their efficient
proton conductivity, albeit typically at high temperatures. A re-
cent breakthrough highlights HSrCoO, 5 as it exhibits unusu-
ally high proton conductivity at prominent lower temperatures
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(40 — 140 °C),I'%8] suggesting its potential application in proton
batteries.

5.3. Full-Cells and Applications for Proton Batteries
5.3.1. Cross-Comparisons

Table 4 compares the technical features of proton batteries and
representative battery systems, e.g., lithium-ion batteries (LIBs),
lead-acid batteries, and nickel-metal hydride (Ni-MH,) batteries
which are the mainstream techniques in the secondary battery
market. The early established lead-acid and Ni-MH, batteries, pri-
marily thanks to the reduced costs and a wide operational tem-
perature range, still hold a significant proportion of the global
market. Nevertheless, their further development potential is lim-
ited, largely restricted by their low energy density and other inher-
ent drawbacks. LIBs now dominate the commercial power source
sector due to their high energy density. Despite, the scarcity
of related metal resources and safety concerns exclude it from
grid-scale applications. Although the safety can be effectively im-
proved through the recent advances in aqueous metal-ion battery
techniques, their energy outputs are significantly compromised,
and the fabrication cost retains high if adopting highly concen-
trated electrolytes. The emerging aqueous zinc-ion batteries (AZ-
IBs) show good promise in grid-scale applications with decent
performances, and intensive studies across various scales are cur-
rently underway. Particularly, recent research discloses possible
proton participation with even significant contributions.>77%12%]
Considering the Lewis acid nature of most correlated electrolytes,
many designs of AZIBs could also be categorized into proton-
metal batteries. More recent advancements in proton batteries
have further amplified their high-power advantages, which are
even more superior than previous aqueous batteries. This makes
them excellent candidates for scalable applications that require
rapid response, such as the integration and storage of intermit-
tent renewable energies.

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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5.3.2. Application Considerations

There are several factors to be considered/addressed for appli-
cations of proton batteries. (i) Fabrication cost. Although there
is no harsh process control required and the cost of electrode
and electrolyte can both be low, reliable corrosion-proof cur-
rent collectors (Ti substrates and carbon fabrics in lab) are
necessary which raises the overall fabrication cost. To miti-
gate this issue, future efforts should develop high-performance
electrolytes with lower/dilute concentrations(®®! and mild Lewis
acid electrolytes(®*®] (or even neutral buffer electrolytes!*)), or
electrode(material)-less batteries based on electrolytic reactions.
(1) Limited energy and voltage output. As summarized in Table 1,
rocking-chair type batteries typically exhibit a low median dis-
charge voltage of <0.9 V, and the cases of all-organic proton bat-
teries can be inferior (<0.6V). Although current electrolytic pro-
ton batteries can reach an increased median voltage ~1.1V, it is
still lower than the values of classic techniques like Ni-MH, and
lead-acid batteries. Facing this challenge, future developments
should keep exploring suitable reactions/materials with high or
low electrode potential (e.g., MnO,~ /Mn?*, 1.51 V vs SCE). Addi-
tionally, investigating new electrolytes with more expanded ESW
could lead to new redox reaction discoveries®®! and the integra-
tion of more electrodes. (iii) Preferred application scenario. There
is no single technique that meets the requirements of every ap-
plication. Instead, it is more practical to maximize the advan-
tages of specific technique for specific applications. Except for
the harvest/storage of renewables benefitting the fast kinetics,
another application scenario in polar and space activities can be
emphasized, thanks to the extraordinary low-temperature perfor-
mances.

On the other hand, current research lacks universality, where
various customized testing configurations and parameters were
adopted for full-cell evaluations. This makes it difficult for cross-
comparison. Hence, establishing standardized testing protocols
is in urgent necessity. It is encouraged to present more key fac-
tors for battery device evaluations, such as energy densities (by
mass or by volume) and self-discharging performances. Also, fu-
ture work should consider attempts in constructing Ah-level de-
vice prototypes and full-cell stacks to bridge the research with
real-world applications of proton batteries. Overall, there is along
journey ahead to optimize and apply proton batteries, and we an-
ticipate more exciting research in the future.

5.4. Mechanism Understanding
5.4.1. Proton Intercalation

Since the recent renaissance of proton batteries, there has been
a series of new perspectives on the fundamental aspects of pro-
ton electrochemistry. A prominent example is the discussed dis-
pute on the proton intercalation process and the true nature of
the intercalant species (naked proton or hydronium) in solid
electrodes. Despite the high hydronium desolvation energy!!**!
and the large intracrystalline space within some materials, naked
proton insertion/transportation has been found to take place
in many various electrodes, including representative hydro-
gen bronzes (a-MoO; and WO;-nH,0),[1764165] Pryssian blue
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analogues, '8l MXenes,!"! etc. The knowledge well guides the fol-
lowing optimization strategies on electrode/electrolyte and there-
fore promotes the battery developments. Also, the contradictions
to conventional understanding indicate unique mechanisms in
proton electrochemistry, and the observed conflicts in literature
suggest limitations of individual characterization techniques,
thereby highlighting the necessity for comprehensive investiga-
tion. On the other hand, following preliminary clues/indications
in literature, 8%l a recent advance has provided direct experi-
mental evidence from multiple perspectives, eventually demon-
strating hydronium intercalation.®® Impressively, fast rate and
long lifespan are reached in electrodes of hexagonal molybdate
(h-MoO,) monocrystals even over 200 um. The finding points out
an alternative direction for developing solvent co-intercalation in
proton batteries. The phenomena of solvent co-intercalation have
already achieved significant success in facilitating the intercala-
tion of sluggish multi-valent cations, largely due to improved ki-
netics resulting from reduced desolvation penalty and ion-host-
interaction.['®] Given both these records, it also holds promise
to develop proton-solvent co-intercalation chemistry, potentially
leading to more exciting properties. Noted, however, the Grot-
thuss proton transfer could also present features of a desolvation-
free process, as indicated by the almost temperature-independent
charge transfer resistance in H; ;sMoO; bronzes with an esti-
mated activation energy of ~0.02 eV.["]

5.4.2. Proton Conduction

Following above, another prospect could be further under-
standing and optimizing/benefitting proton transportation. In
aqueous solutions, “Grotthuss” proton conduction (Figure 1b)
proceeds with the translational events of naked proton via the
hydrogen bond chains through bonded water molecules.
Meanwhile  characteristic  intermediates  like  Zundel
[H,0--H*--OH,] and Eigen [H,O"(--OH,);] cations are
formed,"”! which in turn serves as one key criterion for
this conduction. Solid-state “Grotthuss” conduction has recently
been demonstrated applicable in hydrous materials (e.g., PBA,
MXene, RuO,nH,0)'#197¢] following the same mechanism of
Eigen-Zundel-Eigen as in the bulk water. However, there are
exceptions. Lin et al. revealed a non-Grotthuss Proton diffusions
in WO;-nH,0.['%] Protons are found to hop through the lattice
oxygens without direct involvement of structural water. How-
ever, conflicts can be also noticed, as a fast one-dimensional
diffusion in WO;-H, O is further calculated out to associate with
an activation energy (E,) of only 0.07 eV at dilute proton concen-
trations, significantly lower than the threshold for “Grotthuss”
conduction (E, < 0.4 eV.['% Xu et al. reported a similar proton
hopping mechanism in anhydrous molybdenum bronzes of
H, ,sMoO, (electrochemically activated from «-MoO;), while
they considered it as Grotthuss conduction.[®] Their simulation
results depict proton transportation through interconnected
hydrogen bonding network of terminal -OH, groups, which
is accompanied with an activation energy of 0.23 eV. These
facts indicate possibly generalized Grotthuss conduction, which
deserves further investigation.

The other proton conduction manner, i.e., vehicle mechanism,
has also been demonstrated applicable in solid-state (hexagonal
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molybdates).I>>) However, there is currently little knowledge on
more detailed scenarios and conflicting explanations also exist.
Shown in Figure 5f, intercalations of different extent solvated hy-
droniums result in deviations in structure evolutions as depicted
by operando XRD. While same structures are identified after
electrode relaxations, indicating post-reaction changes. Investiga-
tions by a different group revealed an experimental ion diffusion
energy barrier of 0.3 eV for the similar materials, which is no-
tably superior than that for a-MoOj; (0.6 eV).[%2] This fast kinetics
is attributed to structural water facilitated Grotthuss proton con-
duction by simulation. These frequently opposite understand-
ings suggest a highly active field of research and highlight the
significance of further in-depth understanding. Additionally, hy-
dronium intercalation is reasonable in organic electrodes mate-
rials based on molecular crystals.®*3¢] A current report depicts a
Grotthuss proton conduction (at molecule scale) in a supramolec-
ular self-assembly of H-bonded organic superstructures,?°! nev-
ertheless, it remains unclear how proton/hydronium conduction
proceeds (at crystal scale) in more generalized molecule crystals
and/or in their unit cells.
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