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Aqueous Organic Batteries Using the Proton as a Charge

Carrier

Mangmang Shi, Pratteek Das, Zhong-Shuai Wu, Tie-gen Liu, and Xiaoyan Zhang*

Benefiting from the merits of low cost, nonflammability, and high operational
safety, aqueous rechargeable batteries have emerged as promising candidates
for large-scale energy-storage applications. Among various
metal-ion/non-metallic charge carriers, the proton (H*) as a charge carrier
possesses humerous unique properties such as fast proton diffusion
dynamics, a low molar mass, and a small hydrated ion radius, which endow
aqueous proton batteries (APBs) with a salient rate capability, a long-term life
span, and an excellent low-temperature electrochemical performance. In
addition, redox-active organic molecules, with the advantages of structural
diversity, rich proton-storage sites, and abundant resources, are considered
attractive electrode materials for APBs. However, the charge-storage and
transport mechanisms of organic electrodes in APBs are still in their infancy.
Therefore, finding suitable electrode materials and uncovering the H*-storage
mechanisms are significant for the application of organic materials in APBs.
Herein, the latest research progress on organic materials, such as small
molecules and polymers for APBs, is reviewed. Furthermore, a comprehensive
summary and evaluation of APBs employing organic electrodes as anode
and/or cathode is provided, especially regarding their low-temperature and
high-power performances, along with systematic discussions for guiding the
rational design and the construction of APBs based on organic electrodes.

sustainability.'3] Therefore, there is an
increasing demand for advanced elec-
trochemical energy storage/conversion
systems such as various metal-ion bat-
teries and supercapacitors to fully utilize
intermittent energies and realize efficient
energy conversion.*°! Safety concerns
about organic electrolyte-based Dbatteries
have spurred the search for rechargeable
aqueous batteries especially in grid-scale
energy-storage applications, due to the
merits of low cost, non-flammability, and
high operational safety."1% In addition,
aqueous media shows a higher ionic con-
ductivity (%1 S cm™!) than non-aqueous
media, which endows aqueous batteries
with excellent rate performance.!'!l Charge
carriers, as a core component of aqueous
batteries, directly determine their elec-
trochemical nature and energy-storage
behaviors."?l Over the past decade, the
research interests and achievements in
aqueous Dbatteries based on metal-ion
charge carriers (e.g., Li*, Na*, K*, Zn?*
Mg?*, and AP**)["*-18] have surged for their
high energy density, high volumetric energy

1. Introduction

The gravity of the approaching energy crisis, such as the dwin-
dling supplies of fossil fuels, and the undeniable environmen-
tal impact resulting from their burning for centuries, has be-
come more noticeable in recent times. This has stimulated re-
searchers to explore alternative sources such as solar, wind,
and hydro-energy, among others, due to their cleanliness and

density, and excellent stability."”] Despite these great features,
metal-ion aqueous batteries have a poor ability to deliver instan-
taneous power output due to the sluggish ion-transport caused by
the large solvation radius and strong electrostatic interactions.?!
Fortunately, non-metallic charge carriers (e.g., H*, NH,*, and
OH)[21-23] with a lighter mass and a smaller ionic radius, pos-
sess faster kinetics in aqueous batteries. However, compared with
the flourishing metal-ion charge carriers, the development of
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aqueous batteries based on non-metallic charge carriers need to
be further improved.

As one of the non-metallic charge carriers, the proton, has re-
ceived much attention, for its obvious advantages in terms of: a)
hydrogen element is abundantly available on earth, ensuring the
sustainability and affordability of proton batteries;[>*] b) proton
possesses a low molar mass, leading to a higher capacity of the
electrode;!®! ¢) the smaller hydrated ion radius of H* (0.228 nm)
can not only favor to the kinetics of H* diffusion but also can
reduce the volume expansion of electrode materials during the
deintercalation/intercalation process.[? Inspired by the fascinat-
ing proton chemistry, many inorganic and organic type materi-
als with high performance have been explored to meet the rapid
development of APBs. In general, during the selection of elec-
trode materials, their intrinsic properties, such as excellent elec-
trochemical performance, good chemical stability, non-toxic na-
ture, and wide operation voltage window, should be taken into
consideration.!'!] Along these lines, compared with traditional in-
organic compounds, organic electrodes are very promising candi-
dates in energy-storage devices thanks to their low cost, structural
diversity, high theoretical capacity, and rich H*-storage sites.[!%]

However, the application and understanding of charge-
storage/transport mechanisms of organic electrodes in APBs are
still in their infancy. Therefore, selecting suitable electrode ma-
terials and uncovering the H*-storage mechanisms are signif-
icantly important for the practical applications of organic ma-
terials in APBs. Herein, we systematically review the latest re-
search progress on organic materials such as conducting poly-
mers/small molecules (anode and cathode) and the energy-
storage mechanisms in APBs. In addition, the APB systems
based on organic electrodes (organic//inorganic electrode batter-
ies or all-organic batteries) and the relationship among different
APBs are discussed as well. This review provides guidance on the
future development of organic materials in APBs.

2. Main Discussions

2.1. Characterization Techniques
2.1.1. Structural and Morphological Characterizations

Generally, nuclear magnetic resonance (NMR) is an effective
method to confirm the structure and the purity of as-synthesized
organic molecules including small molecules and polymers.
However, the practical applications of these organic molecules
especially small molecules are still hindered by the low conductiv-
ity and the inevitable dissolution into electrolytes during charge—
discharge processes.””] There are two feasible approaches to
solve this issue: 1) polymerization of small organic compounds
via condensation reactions or oxidative polymerization: for exam-
ple, polyanthraquinone (PAQ) can be synthesized by coupling
of anthraquinone (AQ) rings via a simple one-step condensation
polymerization reaction. The PAQ-based electrode shows a more
stable cycling stability than the one of AQ for Li storage;[?®! 2) the
construction of organic molecule electrodes (OMEs) via integra-
tion with conductive carbon substrates. As a typical carbon ma-
terial, graphene (a single-layer of sp? carbon), with the merits of
large specific surface area, high electrical conductivity, and excel-
lent capacitive performance, has been used as a common con-
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ductive substrate to adsorb organic molecules.[*-3¢] Generally,

organic molecules can be immobilized on the defects or resid-
ual groups of graphene sheets via covalent bonding, which can
inevitably interrupt the conjugated system of graphene result-
ing in the conversion of sp? to sp® hybridized carbon.l*”:*®! More-
over, non-covalent functionalization provides a simple and eco-
nomic approach to attach organic molecules on the surface of
graphene through van der Waals forces, dispersive, hydropho-
bic, or electrostatic interactions (e.g., z—r stacking), in which
the sp? network of graphene may not be disrupted ensuring a
high electrical conductivity of graphene.?*#%! Interestingly, com-
pared with the location of the C=0 group and the C-H bonds in
Fourier-transform infrared (FT-IR) spectra for the pure organic
molecules, the stretching vibration of the C=0 group and the
C-H bonds in organic-based composites show a shift, indicat-
ing the integration of organic molecules and conductive carbon
substrates via non-covalent z—z interactions.[*'=*] Furthermore,
Wang'’s group shows that the adsorption energy can reach 29.9 k]
mol~! with the anthraquinone-2-sulfonate anion parallel to the
bare graphene sheet, further demonstrating the existence of non-
covalent z—r interactions.[*]

Moreover, the theoretical specific capacity (Q,,,,, mAh g™')
of organic electrodes can be obtained from the following
formula.[*¢]

nF

Oheo = 36M, 1)

where n represents the number of transferred electrons dur-
ing the charging/discharging process, F is the Faraday constant
(C mol), and M,, is the molecular mass (g mol™!). According
to this equation, pyrene-4,5,9,10-tetraone (PTO/PYT) molecules
with four carbonyl redox groups can transfer four electrons per
molecule, showing a high theoretical capacity of ~400 mAh
g 1.I"] In fact, the PYT-based electrode delivers a specific capac-
ity of 300 mAh g~! at a current density of 0.1 A g~! in an aqueous
zinc battery!*®! and possesses a reversible specific capacity of 208
mAh g™ at a current density of 0.16 mA cm~2 in APB,!*”) which
are lower than the theoretical capacity (=400 mAh g=!). Many
factors, such as electrical conductivity, specific surface area, mor-
phology, and chemical compositions, determine the practical spe-
cific capacity of organic electrodes. Therefore, it is necessary to
characterize the morphology, microstructure, and chemical com-
positions of OMEs, using scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and X-ray photoelec-
tron spectroscopy (XPS), which are important tools for the char-
acterization of electrochemical performance. For example, the
SEM images demonstrated that hexaazatrinaphthalene-quione
(HATNQ) possesses a layered nano morphology.’®! The corre-
sponding high-resolution TEM image of the HATNQ reveals the
clear lattice fringes with a spacing of 0.33 nm, which may be as-
cribed to the z—x stacking.

2.1.2. Electrochemical Measurements

The conventional three-electrode system is carried out to test
the electrochemical performance of individual electrodes. Cyclic
voltammetry (CV), galvanostatic charge/discharge (GCD), and
electrochemical impedance spectroscopy (ELS) performed on an
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electrochemical workstation are common characterization tech-
niques to analyze the energy-storage mechanism and examine
the capacitance of electrode materials. Meanwhile, it is an ef-
fective strategy to distinguish capacitive, pseudocapacitive, and
battery-type materials according to the CV and GCD responses
of electrode materials.’'*2] Typically, a CV experiment is used
to analyze electrochemical kinetics, reveal details on the charge-
storage process, and quantify the contributions of diffusion-
controlled (battery-like) and surface-controlled (capacitor-like)
processes.[>3]

2.1.3. Mechanism Characterization Techniques

While the abovementioned electrochemical analysis techniques
can help to directly speculate the energy-storage mechanism,
it is still highly desired to have more direct evidence by mon-
itoring structural changes of electrode materials during charg-
ing/discharging processes. Hence, in situ/ex situ Raman spec-
troscopy, diffuse reflectance infrared Fourier transform spec-
troscopy, X-ray diffraction (XRD), SEM, and TEM characteriza-
tions are conducted to provide insights into the redox process and
unravel the structure-property relationship. For example, in order
to deeply understand the proton redox process in the redox-active
polymer with diquinoxalino-phenazine (PDPZ) as the structural
unit, in situ Raman investigation and FT-IR measurements were
carried out.>*] The results of in situ Raman investigation show
that the characteristic peak of the C=N bond gradually disappears
and the peak of the C-N bond appears during the discharge pro-
cess. Subsequently, the C=N bond recovers and the C-N bond
disappears during the charge process, further confirming the
highly reversible protonation/deprotonation process of organic
electrode materials with PDPZ as the structural unit. In situ FT-
IR measurement shows that the peak of the N-H bond emerges,
demonstrating that with the proton insertion, the C=N bond of
PDPZ transforms into a C-N bond and an N-H bond. In ad-
dition, an in situ Raman investigation was performed to gain a
deeper understanding of the proton-storage process of hexaaza-
trinaphthalene (HATN).[>! Obviously, with the insertion of pro-
tons, the C=N bond (1420 cm™') in the HATN molecule gradually
disappears, while the C-N (1390 cm™!) bond and the N-H bond
(1521 cm™') simultaneously emerge. Similarly, during the charg-
ing process, the disappearance of the C-N/N-H bonds and the
reinstatement of the C=N bond further confirm the high redox
reversibility of the HATN during the proton insertion/extraction
process. As for the N-containing organic compounds, the ex situ
XPS spectra of N1s of the electroactive organic building blocks
(HATN) also indicate the reversible transformation from the —
C=N- group to the -C-N- group.>®!

In situ XRD patterns can be used to confirm the transfor-
mation of the crystal structures of organic compounds during
charge/discharge processes. For example, with the insertion of
H*, the crystalline structure of tetramethylquinone (TMBQ) un-
dergoes changes accompanied by the formation of a new phase
(tetramethyl-hydroquinone, TMHQ).I*”] Notably, in mixed elec-
trolytes (e.g., 2 M HBF, + 2 M Mn(BE,),), it is often confus-
ing whether manganese is involved in the reaction. The ex situ
TEM-mapping images indicate that the H* can reversibly in-
sert/extract in alloxazine (ALO) and Mn?* is not involved in the
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above process.*®! Therefore, in practice, a variety of advanced in
situ/ex situ tests are required to clarify the exact proton-storage
mechanism.

2.1.4. Theoretical Calculations

As for the organic electrode materials, the insight into the rela-
tionship between energy levels of the lowest unoccupied molec-
ular orbital (LUMO) and the highest occupied molecular orbital
(HOMO) is favorable to the analysis of the energy-storage mecha-
nism and the rational construction of the full-cell system. LUMO
and HOMO energies of organic materials are an indicator of the
ability to attract or release electrons, respectively.>®! Importantly,
organic materials with a lower LUMO energy level imply higher
electron affinity, leading to a higher reduction potential.l®! There-
fore, the introduction of electron-withdrawing/donating groups
into organic materials can adjust their LUMO energy levels, re-
sulting in considerable output potential. Especially, the intro-
duction of electron-withdrawing groups (e.g., -CN, -F, -Cl, and
-Br) can significantly decrease the LUMO energy level of or-
ganic materials, resulting in a high output potential.®!l Due
to the introduction of electron-donating/withdrawing groups,
the LUMO energy level obtained from the DFT calculations
of benzoquinone (BQ, —H), tetramethylbenzoquinone (TMBQ,
-CH,;), and tetrachlorobenzoquinone (TCBQ, -Cl) follows the
order of TMBQ > BQ > TCBQ.P”] Besides, the small energy
gap between the LUMO and the HOMO demonstrates excel-
lent electrical conductivity, which endows the electrode with
an enhancement of the redox kinetics for H* uptake. Gen-
erally, the energy levels can be calculated from CV measure-
ment and theoretical modeling. As for the dithieno[3,2-b:2',3’-
dJpyrrole (DTP), and the DTP modified with anthraquinone
pendant (DTP-AQ) or the naphthoquinone pendant (DTP-NQ)
monomers, %2l the HOMO/LUMO energy levels can be calcu-
lated to be —5.17/-3.51, =5.28/—3.72, and —5.29/-3.81 eV via
the CV measurement in a 0.1 m TBAPF;/MeCN. The varia-
tion trend matches well with the HOMO/LUMO energy levels
(=5.14/-0.57, —5.44/-2.91, and —5.44/-3.27) calculated from
the simulation. Apparently, as a supplementary technique, the
simulation results show a slight deviation from experimental re-
sults. Therefore, during the simulation process, critical factors
need to be continually optimized. Besides, the molecular elec-
trostatic potential (MESP) can be calculated to infer the elec-
trophilic (the negative MESP areas) and nucleophilic (the pos-
itive MESP areas) reaction-active sites.l®*! Reaction-active sites
with more negative MESP values show higher electronegativity,
leading to their attraction to cations such as Zn?*, Na*, or H+.[¢4]
Therefore, MESP can provide speculation on the reactive sites for
anions and cations, which can be beneficial in providing a deeper
understanding of the exact proton-storage chemistry.

2.2. Electrode Preparation Methods

Traditionally, the as-obtained organic active materials, conduc-
tive additives (e.g., ketjen black, graphene, carbon nanotubes
(CNTs), etc.), and binders (e.g., PVDF, PTFE, etc.) with a
certain mass ratio are mixed in a solvent (e.g., N-methyl-2-
pyrrolidone or ethanol) to obtain a homogeneous slurry. The
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Figure 1. The timeline of organic electrodes for APBs.

slurry is cast onto a conductive current collector (e.g., carbon
paper, graphite plate, titanium mesh, titanium foil, stainless-
steel mesh, and glassy carbon electrode, etc.) and is fur-
ther dried under vacuum to form the organic electrode for
APBs. However, the introduction of electrochemically inactive
components increases the total mass of devices and reduces
the flexibility of electrodes. To address this issue, binder-free
and self-supported electrodes have been developed such as
phenothiazine on reduced graphene oxide (rGO) electrode,®]
covalent organic frameworks (COF)@rGO film,[%! diquinox-
alinophenazine (6CN-DQPZ)@MXene electrode,*”] and flexible
polyaniline@MXene.[%8!

2.3. Proton as Charge Carriers and its Transport Mechanism

Proton as a charge carrier inherits the advantages of aqueous bat-
teries such as the merits of rich reserves, low cost, and rapid
kinetics of electrochemical storage. Meanwhile, finding suit-
able electrode materials is crucial for the development of APBs.
Figure 1 shows the timeline of APBs, demonstrating the mile-
stones of organic molecules that have been used as electrode ma-
terials. As a matter of fact, the first APB can be dated back to the
lead—acid batteries in 1859, where a H, SO, solution supplied the
proton source, and Pb and PbO, were used as the anode and the
cathode, respectively.l®] The cell reaction based on conversion-
type electrode materials can be described as follows.

PbO, + Pb + 2H,S0, = 2PbSO, + 2H,0 2)

Later on, previous research work has already proven that H*
can have a reversible insertion into metal oxides (e.g., RuO,, and
MnO,).771 In 2009, an emerging Zn//MnO, cell demonstrated
that the proton insertion/extraction mechanism operates in a
Li,SO, electrolyte as well.l”2) However, compared with the flour-
ishing inorganic materials for proton storage, the development
of organic materials is relatively slow. In 2017, Ji’s group first
demonstrated the crystalline 3,4,9,10-perylenetetracarboxylic di-
anhydride (PTCDA) can reversibly store the hydronium ions via
ex situ X-ray diffraction.[’?] Later, Wang’s group reported that
the PTO/PYT electrode can also store protons via a coordination
reaction.l’”#] Interestingly, Sjodin’s group designed an all-organic
proton battery cell, which facilitates the development of organic
electrodes for APBs.[””] A large potential difference between the
electrodes is beneficial to a high energy density. Thus, various
APBs employing organic and inorganic materials with a large po-
tential difference as cathode and anode, have been proposed and

Adv. Mater. 2023, 2302199 2302199 (4 of 22)

developed.[*545776] Significantly, in the past decade, abundant
redox-active organic molecules (e.g., sodium anthraquinone-2-
sulfonate, phenothiazine, naphthalene diimide derivative, etc.)
have been proven to show a high electrochemical performance in
supercapacitors with H,SO, solution as the electrolyte,[4>6577.78]
which can also be potential candidates for APBs.

Protons possess anomalously high ionic conductivity in a wa-
ter environment, which unlocks rapid kinetics for APBs. The
high ionic conductivity of protons originates from the promi-
nent Grotthuss mechanism. In detail, protons can move be-
tween the adjacent H,O lattice with the breaking and the for-
mation of hydrogen bonds. Meanwhile, a series of similar dis-
placements can be triggered via the hydrogen-bonding network,
which endows protons with ultrafast migration along the H,O
chain.l”! Hence, the development of novel electrode materials
for H* storage is very important to construct high-performance
APBs.

2.4. Small Molecules/Polymers for H* Storage

Organic electrode materials are mainly composed of carbon(C),
hydrogen (H), oxygen (O), and other elements (e.g., N, F, Cl, etc.),
which have been successfully used for the metal-ion and non-
metallic ion storage, showing the advantages of good chemical
stability, non-toxic nature, and low cost.[38!] Recently, owing to
the substantial advancement in materials, electrochemical pro-
ton insertion into organic electrodes in aqueous media has been
demonstrated to be feasible in battery/capacitor electrodes.[*382]
Therefore, a lot of organic electrode materials based on small
molecules or polymers have served as the host materials for H*
storage in APBs. As shown in Figure 2, according to the state
change of redox-active units during the charging and discharging
process, organic electrode materials can be classified into three
types: n-type, p-type, and bipolar type.[*6:83]

During the electrochemical reaction, n-type organic com-
pounds including quinones, imides, phenazines, azos, and
amides, first undergo a reversible reduction process to form a
negatively charged state by accepting electrons. Conversely,
p-type organic molecules such as imide, carbazole, and
phenazinel®®! derivatives show positively charged states
by donating electrons. Bipolar-type organic molecules (e.g.,
polyaniline, polypyrrole, and conductive polythiophene skeleton)
can simultaneously serve as electron acceptors and electron
donors, which can be either reduced or oxidized.!®! In general,
the majority of the molecular structures of the p-type organic
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Figure 2. The proton-storage mechanisms of n-type, p-type, and bipolar-type organic electrodes in APBs.

electrode materials are redox-inactive. In contrast, n-type organic
electrode materials possess rich active sites per weight, showing
a higher specific capacity.l®*!

The proton-storage mechanism in oxygen-containing and
nitrogen-containing organic electrode materials (OEMs) is dis-
played in Figure 3. Obviously, the N and O heteroatoms
are the main redox-active centers for reversible proton up-
take/removal. The oxygen-containing OEMs (e.g., PYT), phenan-
threnequinone (PQ),!¥”! and emodin molecules(®®) can undergo
a reversible transformation from the —C=0O bond to the -C-
OH bond (Figure 3a,b). As for the nitrogen-containing OEMs
(diquinoxalino[2,3-a:2’,3’-cJphenazine (HATN)) with the C=N
groups, the proton can be reversibly stored in the C=N active sites
to form the C-NH- bond during the discharge process.[®") More-
over, the HATN molecule possesses six N atoms as active centers,
indicating the structural evolution from the HATN to the HATN-
6H (Figure 3c). Interestingly, the bis(phenylamino)phenothiazin-
5-ium iodide (PTD-1) with phenylimino groups and phenoth-
iazine heterocyclic rings shows n/p-type reactions at a low po-
tential and p-type reactions at a high potential.[®®! As shown in
Figure 3d, the I~ originated from the pristine PTD-1 sample and
is replaced by SO,2~ from the electrolyte. During the discharge
process (from 1.1 to 0.1 V), the phenothiazine heterocyclic ring
gains two electrons, accompanying the release of SO,2~ (or I7)
and the proton coordination (step 1). When the voltage returns
to 1.1V, the SO,*~ is extracted and the proton is released (step 2).
Subsequently, during the further charge process, the phenylim-
ino groups are oxidized and are further bound with SO,%~ (step
3). Step 4 is the opposite redox process of step 3. Therefore, the
PTD-1 shows a hybrid charge-storage mechanism of n/p-type at
alow potential (steps 1 and 2) and p-type at a high potential (steps
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3 and 4), endowing a high capacity and a high maximum voltage
for the Zn//PTD-1 battery.

2.5. Organic Materials as Anodes

According to the electrode potential in an APB, a higher poten-
tial electrode is the cathode, while a lower potential electrode
is the anode. Therefore, organic materials can be used as cath-
ode or anode, depending on the choice of electrode materials
matched. Recently, inspired by the fascinating H*-storage chem-
istry, a variety of inorganic and organic materials have been devel-
oped to store protons. Especially during the past few years, many
research achievements in the inorganic type electrode materials
(Ru0,,® MnO,,*?! M00,,!”*] MXene,**l and Prussian blue ana-
logues (PBAs)[®) have surged for storing protons in strong or
mildly acidic electrolytes. The inorganic type electrode materi-
als mainly depended on the insertion/extraction process, where
the proton is intercalated into the crystal lattice of host mate-
rials, showing a good electrochemical performance. Among all
the inorganic type electrode materials, the Mn-based materials
and PBAs have also attracted increasing attention as cathode
materials in APBs for their high reaction potential and capac-
ity (Figure 4a).°°! Moreover, based on the deposition/dissolution
mechanism (Mn?*/MnO, solid-liquid state reaction), the MnO,
cathode can possess a high cathodic potential (1.229 V vs stan-
dard hydrogen electrode (SHE)) and a high theoretical capacity
(616 mAh g71) .l rendering it a promising cathode material for
APBs.

In addition, the development of suitable anode materials
for APBs is still a challenge due to the propensity of the
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Figure 3. Proton-storage mechanism in oxygen-containing and nitrogen-containing OEMs. a) The proton-storage mechanism and CV curves of
PYT/PTO and PQ. Reproduced with permission.[8’] Copyright 2020, Chinese Chemical Society. This figure has been published in CCS Chemistry
[2027]; [Skeleton Engineering of Isostructural 2D Covalent Organic Frameworks: Orthoquinone Redox-Active Sites Enhanced Energy Storage] is
available online at [https://doi.org/10.31635/ccschem.020.202000257; https://www.chinesechemsoc.org/doi/10.31635/ccschem.020.202000257]. b)
Emodin molecules. Reproduced with permission.[38] Copyright 2021, Elsevier B.V. ¢) Structural evolution and protonation pathway during the discharge
process of diquinoxalino[2,3-a:2’,3"-c]phenazine (HATN). Reproduced with permission.[#] Copyright 2020, Wiley-VCH. d) Proton-storage mechanism
of bis (phenylamino) phenothiazin-5-ium iodide (PTD-1). Reproduced with permission.[*®] Copyright 2021, Wiley-VCH.

hydrogen evolution reaction (HER). Because HER can not only
change with pH but also can lead to safety concerns due to
gas evolution. Organic materials, with the characteristic of re-
versible proton storage, can be served as cathode or anode, de-
pending on the selection of the other electrode material. To
date, quinone-based compounds, with multi-carbonyl redox cen-
ters, have attracted much attention for proton insertion. Espe-
cially, PTO/PYT, as a typical redox-active molecule, potentially
delivers a high output capacity for Li* and Zn?* storage.[*3%8]
Wang’s proved that the PTO can be used as a solid-state pro-
ton buffer in a 0.5 M H,SO, solution, attributed to the highly
reversible enolization reaction of the PTO."*] Subsequently, the
same group proposed a novel hydronium-ion battery (Figure 4b)
in a hybrid electrolyte (2 M MnSO, +2 M H,SO,), employ-
ing PTO and MnO,@graphite felt (GF) as the anode and
the cathode, respectively*! During the charging/discharging
process, the cathode showed a reversible Mn?**/MnO, depo-
sition/dissolution behavior on the GF and the anode demon-
strated a reversible quinone/hydroquinone redox reaction of the
PTO with H,;O" as the charge carrier. The overall charge-storage

Adv. Mater. 2023, 2302199 2302199 (6 of 22)

mechanism can be explained using the following reaction mech-
anism.

Mn®* + 6H,0 = MnO, + 4H,0" + 2e~ 3)
PTO + 2e” +2H,0* = PTO - 2H + 2H,0 4)

The typical three-electrode measurement was first used to in-
vestigate the electrochemical performance of the anode and the
cathode. The CV curves show that the PTO anode possesses two
pairs of symmetric peaks (Figure 4c). Meanwhile, the PTO anode
delivers a high specific capacity of 208 mAh g~! at 0.16 mA cm™2.
Figure 4d shows the ex situ FT-IR spectra of the PTO anode dur-
ing the discharging/charging process in a three-electrode system
with (2 M MnSO, + 2 m H,SO,) solution as the electrolyte, where
the characteristic absorption peak at #1670 cm™! corresponds
to the redox-active carbonyl groups of the PTO molecule. Mean-
while, the absorption peak intensity correlates to the content of
redox-active carbonyl groups of the PTO molecule. Obviously,
the peak intensity of the carbonyl groups decreases and then

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

95LB01 7 SUOLULLOD dAIIe1D) 3[cfed ! ddte Uy Aq peusenob ae e VO ‘85N JO 3N o} Akeiq1 18Ul IUO A8 ]I LD (SUONIPUOD-PUE-SWLBIALI0O" A3 | 1M Afe.d jBu JUo//Scy) SUONIPUOD pue S 1 U89S *[£202/60/52] Uo Ariqiauliuo Ajim ‘ABojouyos 1 O AisieAiun sewiryD Aq 66T20EZ0Z WPe/Z00T OT/I0p/W0d A8 | Aleiq 1 puljuo//Sdny woj papeo|umod ‘0 ‘S60rTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
am 2 b 2e 2e
T E" (MnO,/Mn**
%15 o 3 [
q .~~~ R=—=5F"— PR o Mn
> 119, o ~ V. AW ‘
- s T T o il LS +2H,0 +4 H,0 . O
05/ & = A N | & '\}-4n0 B
= = o ‘g -2 H,0")) I'hot S : 4
=z ol sl I 5 d i e 7/ ' 2
5 g Jo" x 9 B < < - g
= o i il < ¢ oy o
g05° F s LB5*28 X
50 100 150 200 250 ‘ | - Ay
o 5 - y/
Specific Capacity (mAh g™") d 2 7/
C -
Discharge Re-charge 0
1}
z ~ c
E 3 100 =
£ 2] =
3 £ 4 4 F
! 2
3 ‘73 200
0 8
-2
o b2 94 a8 1700 1650 1700 1650 06 04 02 00
Potential (V vs. Ag/AgCl) f Wavelength (cm™") Potential (V vs. Ag/AgCl)
121 (+) MnO/Mn?* 116 I 1250 %
(o]
T 1] 12 E2020 electrolytes| e
2 S 1200 €
408 < %8 g * ok Colloid >
> ko) R 1150 S
< 0.6 {04 = * g
= > 100 8
T 0.4 o % 8
|5 Z 50 S
2 02{ .| 1043 [ Pristine i 2
4 (2]
01 ()PTO {08 » {0 2
0 5 10 15 20 25 0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Time (min) Cycle Number (n)

Figure 4. a) A comparison of the reaction potentials and specific capacities for different proton electrodes. Reproduced with permission.[?¢! Copy-
right 2022, Elsevier B.V. b) Schematic illustration of the as-assembled PTO//MnO, @GF proton battery. c) The CV curves at various scan rates, and

d) the ex situ FT-IR spectra of the PTO anode. b—d) Reproduced under the

terms of the CC-BY Creative Commons Attribution 4.0 International license

(https://creativecommons.org/licenses/by/4.0).14°] Copyright 2020, The Authors, published by Springer Nature. e) GCD curves, and f) cycling perfor-
mances in £2020 electrolytes (2 M H,SO, + 2 M MnSO,). e,f) Reproduced with permission.[°l Copyright 2022, Elsevier B.V.

returns to the original state, during the discharge and
recharge processes, further confirming the reversible
quinone/hydroquinone redox reaction of the PTO. More-
over, the vibration of the carbonyl groups always exists even
in the fully reduced state, demonstrating that carbonyl groups
cannot be exhausted from the H,O" storage. The as-fabricated
PTO//MnO, @GF prototype battery delivers a high capacity of
210 mAh g! at 0.16 mA cm™? (based on the mass loading of
the PTO anode), and even at a high current density of 400 mA
cm~2, the hydronium-ion battery can maintain a reversible
capacity of 66 mAh g=!. Compared with other proton-based
batteries/capacitors, the PTO//MnO, @GF hydronium-ion bat-
tery shows a relatively high energy density of 132.6 Wh kg~! at
a power density of 25.6 W kg~!, which is calculated based on
the mass loading of the PTO and the deposited (or dissolved)
MnO, during cycling. Interestingly, the PTO//MnO,@GF
battery delivers a specific capacity of 134 mAh g=! at 0.4 mA
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cm™2 at —40 °C, and even at —70 °C, the battery still shows a
specific capacity of 110 mAh g=! at 0.4 mA cm~2. Here, due to
the presence of protons, the freezing point of the (2 M MnSO,
+ 2 M H,SO,) electrolyte reduces to approximately —41.6°C,
but the diffusion coefficient of Mn?* still cannot be calculated
in the mixed electrolyte, due to the fact that proton, Mn?*,
and SO,?" are all potentially involved in the electrochemical
energy-storage processes. Moreover, the charge-transfer process
is more complicated in a frozen state. Therefore, more attention
should be paid to ion diffusion in frozen electrolytes in the
future. Later, Zhao’s group demonstrated that the MnO,/Mn?**
electrolysis reaction can generate homogeneous and stable col-
loids in H,SO, (>1.0 m).° These colloidal particles are mainly
composed of solid core (MnO, nuclei) and the adsorbed sulfate
anions, protons, manganese cations, and their hydrated forms,
resulting in a lot of water molecules being confined around
the colloidal particles. Furthermore, the limited amount of free
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water is beneficial for enhancing the stability of the anode,
resulting in a prolonged cycling life for APBs. As shown in
Figure 4e f, the PTO//MnO, @GF proton batteries can remain
operational for more than 20000 cycles at 0.5 A g~! in a colloid
electrolyte (E2020, 2 m H,SO, + 2 M MnSO,), confirming the
colloid-in-acid electrolyte can improve the cycling life and can
guarantee excellent reversibility of the PTO//MnO, @GF battery
system. Actually, some electrode materials show poor cycling
stability in traditional acid electrolytes, for the co-intercalation
of free water molecules. Therefore, reducing the amount of free
water in electrolytes may be an effective means to increase the
cycling stability of APBs. Interestingly, with the introduction of
surfactants such as poly(ethylene glycol) (PEG), the amount of
free water decreases due to the formation of hydrogen bonds be-
tween water and the PEG molecules, leading to the suppression
of the co-intercalation of free water molecules.””! The resulting
full-cell proton battery (VHCEF//MoO;) delivers high stability up
to 2000 cycles (77.4% capacity retention) in a PEG-containing
4.2 M H,SO, electrolyte. This strategy also provides an oppor-
tunity to improve the cycling stability of APBs using organic
materials as electrodes.

Despite PTO proving its worth as an excellent anode for pro-
ton storage, it is still not very clear how proton intercalation oc-
curs at the electrode-electrolyte interface. Zhao’s group!!®! used
ex situ thermogravimetric analysis (TGA) and electrochemical
quartz crystal microbalance measurements to record the mass
changes of the PTO electrode during the charging/discharging
process. The large-scale mass changes for the PTO electrode in-
dicate that H,O molecules and protons get into the lattice of
the PTO together, where the charges of protons can be effec-
tively shielded for the existence of H,O molecules. When the
H,O molecules and protons co-insert into the PTO lattice, the
PTO electrode shows a relatively low interfacial resistance at the
electrolyte-electrode interface due to the low Coulombic repul-
sion. Therefore, the PTO electrode shows an excellent electro-
chemical performance using a three-electrode system in a 4.2 m
H, SO, electrolyte, showing a high specific capacity of 376 mAh
gt at0.05 A g! (0.25 C, defining 1 C = 0.2 A g™'). It is note-
worthy that the PTO electrode exhibits an impressive discharge
time of only 7 s at 50 A g™' (250 C), and its capacity recovers re-
markably well as the current density decreases, indicating excel-
lent rate performance. Meanwhile, the PTO-based full cell with
Ky, VO, ;[Fe(CN)4lps-4-1H,O (VHCEF) as the cathode, delivers a
high capacity of 85 mAh g~! (based on total mass), and an out-
standing power density (>10* W kg~!) comparable with superca-
pacitors. An in-depth insight into the proton-storage chemistry
at the electrolyte-electrode interface is vital for the development
of ultrafast APBs.

The successful application of PTO has stimulated researchers
to develop more quinone-based compounds as the anode for
APBs. Meanwhile, it is very important to unveil the charge-
storage mechanisms of quinone-based compounds during the re-
dox processes. For example, Chen’s group designed three differ-
ent quinones, including benzoquinone (BQ) and its derivatives
for APBs.I>’] Firstly, for the three quinone-based compounds, the
CV measurements were conducted in a three-electrode system
with a 0.5 M H, SO, solution as the electrolyte, to evaluate the re-
dox potentials. As shown in Figure 5a, the TMBQ shows the low-
est reduction potential, attributed to the electron-donating effect
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of the methyl groups. The TMBQ exhibits a higher LUMO en-
ergy, further confirming its lower reduction potential (Figure 5b).
In addition, the TMBQ-based device shows a high capacity of 300
mAh g 'at0.326 Ag™! (1C=326 mA g!). The APB was assem-
bled in a mixture of (0.5 M H,SO, + 1 M MnSO,) electrolyte with
the TMBQ as the anode, and commercially available GF modified
with carbon nanotubes (HGF/CNTs) as the cathode (Figure 5c).
The proton battery delivers a reversible capacity of 320 mAh g~! at
0.326 Ag™! (1C)and even at 32.6 A g~* (100 C), the proton battery
still delivers a high capacity of 148 mAh g~! (Figure 5d). As shown
in Figure 5e, compared with the reported aqueous batteries, the
TMBQ//MnO, aqueous hybrid battery shows a higher power and
energy density. Furthermore, the as-assembled TMBQ//MnO,
aqueous hybrid battery delivers a capacitance retention of 77%
after 4000 cycles (Figure 5f). This work demonstrates the proton
storage and transport mechanism in quinone-based electrodes
and provides a promising direction for high-performance APBs.

2,6-Dihydroxyanthraquinone (DHAQ), as a typical redox-active
anthraquinone (AQ)-based molecule, delivers a specific capac-
ity of 110 mAh g~! in 1 m H,S0,.1% The APB was assembled
employing DHAQ as the anode, a piece of carbon felt as the
cathode, and (0.5 m MnSO, + 1 M H,SO,) as the electrolyte,
showing a discharge capacity of around 90 mAh g™' at 1.13 A
g~!. The DHAQ//carbon felt APB demonstrates a non-ideal elec-
trochemical behavior due to the limited capacity of the DHAQ.
Therefore, rational design and fabrication of organic electrodes
are of great importance for improving the overall electrochemi-
cal performance of APBs. Besides, it has been proven that ALO-
based anode also exhibits a reversible storage of H*, which can
be matched well with the carbon felt-based cathode accompanied
by the Mn?**/MnO, conversion reaction.l®! Besides, the H,SO,
and MnSO, mixed solution is replaced with (2 v HBF, + 2 M
Mn(BF,),), endowing the electrolyte with a low freezing point
(=160 °C). Accordingly, the ALO//CF proton batteries achieve a
discharge capacity of 85 mA h g=! at —90 °C.

r-Conjugated N-containing organic compounds, with rich
C=N moieties as active sites, have attracted much attention for
energy storage due to their high theoretical capacity.[1%?! Here,
diquinoxalino [2,3-a:2',3’-c] phenazine (HATN) with six C=N
moieties, was designed to assure the capability of H* storage.
The HATN//B-MnO, proton battery shows a high specific ca-
pacity of 260 mAh g=! at 0.1 A g~!, which can be attributed
to the abundant N active centers and the z-conjugated struc-
ture of the HATN anode.'® In another example, Xu’s group
reported a new APB, where the phenazine derivative (dipyri-
dophenazine [DPPZ]) was used as the anode, and indium hex-
acyanoferrate (InHCF) was employed as the cathode.'**] The
DPPZ is N-heterocyclic and a redox-active molecule, showing a
low potential and a high theoretical specific capacity. PBAs show
a reversible intercalation/deintercalation of H* and a high out-
put potential, which can be used as a suitable cathode material
for APBs. The as-constructed DPPZ//InHCF proton battery de-
livers a low and reversible specific capacity of 37 mAh g'at1 A
g1 based on the total mass loading of the active materials of the
cathode and the anode, and at 10 A g~!, the proton battery can de-
liver a capacity of 30.1 mAh g~!. In addition, the DPPZ//InHCF
proton battery shows an energy density of ~28 Wh kg~!. In or-
der to design a binder-free and flexible electrode for APBs, Yan’s
group integrated a redox-active polymer (PDPZ) with titanium
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Figure 5. a,b) Comparison of the CV curves at 1 mV s™' (a) and the LUMO energy levels (b) of benzoquinone (BQ) and its derivatives. c) Schematic
illustration of the as-assembled TMBQ//MnQ, aqueous hybrid battery. d) Rate performance, e) Ragone plot, and f) cycling performance at 5 C of the
TMBQ//MnO, hybrid battery. a—e) Reproduced with permission.l>’l Copyright 2022, Wiley-VCH.

carbide (Ti,C,T,) MXene via a facile vacuum-assisted filtration
approach,> where the PDPZ polymer is comprised of PDPZ
structural unit (Figure 6a). As shown in the SEM and TEM im-
ages of the PDPZ@MXene composites (Figure 6b,c), the PDPZ
nanoparticles are embedded into the 3D laminated architecture
of the MXene, which can facilitate the electron transfer and lead
to a fast redox reaction. The in situ FTIR measurements con-
firm the reversible proton uptake reaction between the C=N and
the C-N/N-H bonds in the PDPZ molecules (Figure 6d). To in-
vestigate the practical applications of binder-free electrodes in
portable and wearable electronic devices, a quasi-solid and flex-
ible APB was constructed using PDPZ@MXene as the anode,
CuFePBA@MXene as the cathode, and poly(vinyl alcohol) (PVA)-
H, SO, gel as the electrolyte, delivering a high specific capacity of
74.5 mAh cm™ at 1 A cm™ based on the entire device volume.
Moreover, the flexible APB can reach a maximum power density
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of 6000 mW cm™3. Interestingly, the as-assembled APB not only
works under various bending deformations but also shows ex-
cellent capacitance retention of ~98.2% after 10 000 cycles. De-
spite the considerable cyclic retention rate demonstrated in the
above literature, maintaining high cycle stability can be challeng-
ing due to significant water loss during the cycling process for
flexible electrolytes (such as polyacrylamide and PVA, among
others). Flexible electrolytes without polymers, such as “water-
in-salt” electrolytes, can provide a higher water retention ability,
increase the electrochemical window of devices, and reduce the
dissolution of electrode materials.'®! Thus, the development of
a “water-in-salt” electrolyte system is still needed to meet the re-
quirements for portable and wearable APBs.[1%]

To increase the cycling performance, a feasible approach is
the polymerization of organic compounds, which is expected to
show a suppressed solubility in electrolytes and a fast electron
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Figure 6. a) The preparation of the PDPZ@MXene composite. b) SEM image and c) TEM image of the PDPZ@MXene composites. d) In situ FT-IR
investigation on the PDPZ@MXene electrode. a—d) Reproduced with permission.[>*] Copyright 2022, Wiley-VCH.

transfer.[!”] For example, Tao’s group constructed an APB us-
ing polyaniline (PANI) as the anode, carbon felt as the cathode,
and 3.5 M Mn(ClO,), as the electrolyte.l'® The APB delivers a
discharge capacity of 85 mA h g™! based on the mass of PANI
at a high current density of 18 A g~!, showing an excellent rate
performance. In addition, the APB exhibits capacity retention of
82% after 500 cycles. The Mn(ClO,), electrolyte can reduce the
freezing point to —122 °C, endowing a discharge capacity of 112
and 52.9 mAh g=! at —50 and —70 °C, respectively, for the APB.
Furthermore, PANI can be introduced into the MoO; electrode
to improve electrical conductivity and cycling stability.!®! The
PANI-MoO; nanobelt electrode delivers a higher specific capac-
ity of 236.1 mAh g~ at 1 A g~' and excellent capacitance reten-
tion of 95.5% after 6000 cycles using a three-electrode system
ina 1 M H,SO, electrolyte, which can be attributed to the syn-
ergistic effect between the PANI and the MoO,. Here, the pro-
ton battery—supercapacitor hybrid device was assembled with the
PANI-MoO; as the anode and nitrogen-doped activated carbon
as the cathode, showing a maximum energy density of 43.3 Wh
kg™! at a power density of 800 kW kg~!. In addition, polyimide
(PI) was also designed using 1,4,5,8-naphthalenetetracarboxylic
dianhydride (NTCDA) and urea, which can be used as the anode
to match with the MnO, @GF cathode.['' The PI//MnO, @GF
device delivers capacitance retention of 67.9% at 5 A g~' after
5000 cycles.

2.6. Organic Materials as Cathodes

Itis highly desirable to use organic materials with a high capacity
and a high redox potential (a low LUMO energy) as cathode mate-
rials in full APBs because cathode materials often determine the
energy density which depends on the voltage window. To further
extend the voltage window, the selection of suitable anode mate-
rials with a low redox potential, can lead to an improvement of
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the energy density. In general, a metal (such as Pb) is selected
as the anode for its relatively low redox potential (—0.36 V vs
SHE), high structural stability, and excellent energy-storage capa-
bility in the H,SO, electrolyte.''!) Niu’s group used p-chloranil
(PCHL) as the cathode to assemble an aqueous Pb//quinone bat-
tery (Figure 7a), demonstrating the H* insertion chemistry in
an anti-freezing electrolyte (5 m H,SO,).'*?! The porous rGO
foam was introduced to further improve the electrical conduc-
tivity and stability of the hybrid cathode. In general, the freez-
ing of water is due to the formation of hydrogen bonds between
water molecules.'3] However, as shown in Figure 7b, the SO,>~
in the anti-freezing electrolyte can interact with water molecules
via hydrogen bonding, leading to the breaking of the hydrogen
bonds between the water molecules, which can not only reduce
the freezing point of aqueous electrolytes but also can provide
a high ionic conductivity even at —70 °C. To ensure the poten-
tial matching between the PCHL cathode and the Pb anode, the
individual electrode was measured using a three-electrode sys-
tem with a 5 m H,SO, as the electrolyte. Obviously, the PCHL
cathode shows a high output potential (Figure 7c) and the cal-
culated LUMO energy (—4.35 eV) of PCHL is lower than most
of the organic materials, further demonstrating its high reduc-
tion potential. The CV and GCD curves (Figure 7d—f) manifest
the kinetic reversibility during the redox reaction and a much
larger capacitance of the Pb//PCHL-rGO battery (208 mAh g-!
at 0.2 A g7! and a reversible capacity of 84 mAh g=! even at
100 A g7!), which is superior to the reported aqueous battery
(Figure 7g). The Pb//PCHL-rGO battery also delivers good cycle
stability after 3000 cycles at 10 A g! (Figure 7h). Moreover, the
low-temperature electrochemical performance of the Pb//PCHL-
rGO battery was tested in a 5 M H,SO, electrolyte. It shows a
discharge capacity of 119 and 87 mAh g! at a current density
of 0.1 A g7! at —40 and —70 °C, respectively, and a long cy-
cle stability at extremely cold conditions (—70 °C). Currently, a
highly concentrated acidic solution remains a viable option for
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Figure 7. a) Schematic illustration of the as-fabricated Pb//PCHL-rGO battery. b) The anti-freezing mechanism for acid electrolytes. c) CV curves of the
anode and the cathode materials in a three-electrode system. d) CV curves at 0.2 mV s™', e) GCD curves, and f) rate capability of the Pb//PCHL-rGO
battery. g) A comparison of the capacity with other aqueous batteries. h) Cycling performance. a—h) Reproduced with permission.l"?] Copyright 2021,

Wiley-VCH.

low-temperature electrolytes in APBs. Additionally, due to the
fast reaction kinetics of the H* insertion chemistry, this work
represents a new opportunity to construct APBs working at low
temperatures.

Later on, as shown in Figure 8a, PTO/PYT with a fast ki-
netics of H* uptake/removal and a reasonable reduction po-
tential (0.5 V vs SHE) was matched with the Pb anode in an
acidic electrolyte (1 m H,SO,), where the discharged PTO cath-
ode can be further oxidized by the dissolved oxygen via H*
extraction.['™] Interestingly, the cathode of the discharged PTO
and oxygen from air show a large potential difference, as oxygen
has a higher standard electrode potential in an aqueous acidic
medium than in a neutral medium, leading to a spontaneous re-
dox reaction. Therefore, the Pb//PTO battery can not only show
an excellent electrochemical performance for the fast reaction ki-
netics via H* insertion chemistry but also exhibits enhanced air-
rechargeability. The CV curves of the Pb//PTO battery show two
pairs of distinctly reversible redox peaks (Figure 8b), which can
be attributed to the reversible two-step redox reactions during the
charge/discharge process. In addition, as shown in Figure 8c, the
resulting Pb//PTO battery exhibits a high specific capacity of 229
mAh g™ at 0.2 A g7! and a reversible capacity of 77 mAh g™
even at a high current density of 120 A g='. After repeated self-
charging/galvanostatic discharging, the Pb//PTO battery also de-
livers a capacity retention of 68% at 1 A g~!. The exciting results
stimulate researchers to develop aqueous self-powered systems
with long cycle life.

Apart from those carbonyl-containing organic materials,
organic electrodes with nitrogen as the active center have
been developed to serve as the cathode owing to the easy
and controlled synthesis of the nitrogen-containing organic
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compounds.' Lu’s group presented a 2,5-dichloro-1,4-
phenylene Dbis((ethylsulfonyl)amide) (HDC) cathode with
nitrogen as the active center (Figure 7d),’% showing a higher
working potential (~1.0 V vs SHE) than the reported cathodes,
such as tetrachloro-1,4-benzoquinone (TCBQ) (0.91 V vs SHE)
and PTO (0.51 V vs SHE).[!%] Besides, the HDC possesses a
high theoretical capacity of 148 mAh g1, highlighting it as a
potentially novel cathode material. Meanwhile, the cost-effective
quasi-solid electrolyte (QSE) was also designed to further im-
prove the potential window and the mechanical properties.
The HDC//activated carbon (AC) full cell was fabricated by
sandwiching HDC cathode, QSE, and AC anode, showing a
discharge capacity of 50 mAh g~! at a current density of 0.1 A g~}
(32mAh g at 1 A g71), coupling with stable cycle performance
(showing capacity retention of 89.7% over 2000 cycles at 1 A
g™1). Later, a metal-free quasi-solid flexible battery was fabricated
to further evaluate the electrochemical performance of the HDC
(Figure 7e). The results show that the assembled battery exhibits
good cycling stability (Figure 7f), high Coulombic efficiency, and
excellent flexibility. This work provides a strategy to improve the
output potential of cathode materials in H*-storage chemistry via
grafting with electron-withdrawing atoms (-F, —Cl, -I) or groups
(-SO,-). In addition, more stable and electrode-compatible
quasi-solid electrolytes need to be developed to further widen
the working window of the electrolyte.

2.7. Organic Materials as both Anodes and Cathodes
To date, all-organic batteries employing organic materials as

both the anode and the cathode have emerged as promising
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Figure 8. a) Schematic illustration of the self-charging Pb//PTO battery. b) CV curves at different scan rates, and c¢) GCD curves of the Pb//PTO battery.
a—c) Reproduced with permission.["1¥] Copyright 2022, Wiley-VCH. d) Energy-storage mechanism of the HDC. e) Illustrations of the HDC//AC full
quasi-solid flexible device, and f) the corresponding cycling performance at 0.1 A g~'. d—f) Reproduced with permission.[”8] Copyright 2022, Wiley-VCH.

energy-storage units based on metal-ion electrolytes containing
Li* or Na* due to the merits of sustainability and environmen-
tal friendliness.['”118] However, these all-organic batteries based
on metal-ion electrolytes still suffer from some drawbacks, such
as the sluggish ion-transport and safety concerns of metal ions.
Fortunately, due to the fascinating proton chemistry, all-organic
batteries consisting of both redox-active molecules are designed
to further boost the flourishing of metal-free APBs. As early as
2017, Sjodin’s group successfully assembled an all-organic pro-
ton battery in a proton donor and acceptor slurry consisting
of 2-fluoropyridinium triflate and 2-fluoropyridine (Figure 9a),
where the AQ and benzoquinone (BQ) functionalized poly(3,4-
ethylenedioxythiophene) (PEDOT) were used as the anode and
the cathode, respectively.””! Even without any conducting ad-
ditives in the materials, the PEDOT, as the conducting poly-
mer backbone, can ensure rapid electron transport. Simultane-
ously, the PEDOT can suppress the dissolution of redox moi-
eties into the electrolyte. The conducting polymer of PEDOT-AQ
and PEDOT-BQ with the quinone/hydroquinone (Q/QH,) redox
couple, exhibits a reasonable potential difference in the three-
electrode voltammogram (Figure 9b). To investigate the effect of
PEDOT-AQ or PEDOT-BQ (Figure 9c) for the two-electrode bat-
tery, the cells were assembled with an n/p ratio of approximately
1:2 (negative limiting) or 2:1 (positive limiting). The resulting all-
organic proton battery possesses a specific capacity of 103 and
120 mAh g~! via using PEDOT-AQ and PEDOT-BQ as the lim-
iting material, respectively, further verifying the feasibility of all-
organic APBs.

Inspired by the aforementioned promising results, Sjédin’s
group further designed thiophene-based trimeric structures,
functionalized with naphthoquinone (NQ) or hydroquinone
(QH,) pendent groups.l'"”l As shown in Figure 9d, the pendants
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were used as charge carriers for protons showing a reversible re-
dox reaction with a two-electron-transfer process, which deter-
mines the electrochemical performance of the APB. Firstly, the
so-called post-deposition polymerization method was adopted to
prepare polymers, with the terthiophene trimer (Figure 9e) as
precursors. Typically, the trimeric structures were deposited as
a layer onto the conductive substrate, by drop-casting the trimer
solution and by removing the solvent under vacuum. The de-
posited trimer was further polymerized to form conducting poly-
mers by applying a voltage (0.81 V vs SHE) in a 0.5 M sul-
furic solution. This method of polymerization is named post-
deposition polymerization, demonstrating the numerous advan-
tages such as easy processing, high material utilization, and
high electron conductivity, without the need for conductive addi-
tives and binders. Once the post-deposition polymerization was
demonstrated to be feasible, the QH, and NQ as the pendant
groups were attached to the 3,4-propylenedioxythiophene to form
two new trimers, named as EP(QH,)E and EP(NQ)E, respectively
(Figure 9f). These trimers were further polymerized to form the
redox-active conducting polymers, which can be employed as the
anode (pEP(NQ)E) and the cathode (pEP(QH,)E) to assemble
novel APBs in acid electrolytes. A 3.3 m H,SO, electrolyte was
used to investigate the electrochemical performance of the APB
at a low temperature (—24 °C). The assembled battery delivers a
specific capacity of 60 mAh g~! coupled with an average cell volt-
age of 0.4 V. The authors proposed a strategy to further improve
the capacity by optimizing the linkage or by increasing the num-
ber of redox groups. In 2021, the same group used quinizarin
(Qz) to prepare conducting polymers using a similar method.[12"]
Here, the naphthoquinone (NQ) and quinizarin (Qz) based con-
ducting polymers served as the anode and the cathode, respec-
tively, for the APB in a protic ionic liquid electrolyte (Figure 9g),
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Figure 9. Schematic illustration of all organic APBs. a) The conducting polymer of PEDOT-AQ and PEDOT-BQ served as the anode and the cath-
ode, respectively. b) The CV curves of PEDOT-AQ and PEDOT-BQ in three-electrode, c) Specific capacity of PEDOT-BQ. a—c) Reproduced with
permission.l”>] Copyright 2017, American Chemical Society. d) The AQ and QH, were used as the anode and the cathode of APBs. e) Thiophene-
based trimeric precursors for the post-deposition polymerization process. f) The QH, as a pendent group was attached to the conducting polymer.
d-f) Reproduced with permission.[’"®l Copyright 2020, The Authors, published by Wiley-VCH. g) PEDOT units functionalized with AQ and BQ were
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delivering a capacity of 62 mAh g~! and capacity retention 0of 80%  anode and the cathode, respectively, due to the large difference
after 500 cycles. in the LUMO energy level between the DTP-AQ (—3.72 eV) and
Conducting polymers with the possibility of tailoring elec-  the DTP-NQ (—3.81 eV) (Figure 10d). Meanwhile, the CV curves
trochemical properties provide more opportunities to improve  of the two electrode materials show a significant potential differ-
the performance of APBs. In addition, the donor-acceptor (D—  ence (Figure 10e) and high specific capacities (Figure 10f), ensur-
A) conjugated polymers can allow the charge transfer from  ing the possibility to construct an all-organic proton battery. The
the donor unit to the acceptor unit within the molecule, re-  as-fabricated proton battery shows a high specific capacity of 78
sulting in an enhancement of the charge transport. Apart mAh g™ at0.5 A g™}, capacity retention of 50% at a high current
from the mentioned thiophene-based trimeric conducting poly-  density of 20 A g~!, and cyclability of 66% after 1000 cycles at 1 A
mers, Tang’s group reported the synthesis of dithieno[3,2-b:2",3’-  g! (Figure 10g). The decrease in the specific capacity after long-
d]pyrrole (DTP) twisted quinone based conducting polymers for  term cycling is due to the possible degradation of the quinone-
high-performance all-organic proton battery (Figure 10a).1°2] The ~ based polymers, which requires a further delicate design of their
twisted DTP-AQs or DTP-NQs are the redox-active units, which  chemical structures.
can promote charge transport along the conjugated backbone and The advent of new technologies of the “Internet of Things”,
facilitate the electrochemical reaction kinetics (Figure 10b). The  smart packaging and clothing, and flexible electronic devices, has
all-organic proton battery (Figure 10c) was fabricated by employ-  led to a demand for energy-storage systems that are lightweight,
ing the NQ-based materials and the AQ-based materials as the  cost-effective, and flexible, while also capable of powering these
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Elsevier B.V.

devices. All-polymer batteries are one type of energy-storage
system that holds the potential to meet these requirements.
Chao’s research group designed an all-polymer-based APB, in
which the capacitive-type catechol-based polymer, diffusion-type
anthraquinone-based polymer, and 0.5 M H,SO, solution served
as the anode, the cathode, and the electrolyte, respectively.'?!]

The as-fabricated proton battery delivers a high specific capacity
of78.1 mAh g~!at0.5 A g~! accompanied by a voltage plateau (0.3
to 0.9 V). Therefore, the rational design of polymers can signifi-
cantly enhance the electrochemical performance of APBs. In ad-
dition, some organic copolymers (AN-TA and AN-PA) were syn-
thesized, which are composed of different tertiary amines show-
ing reversible proton storage.['??! The assembled proton battery
exhibits an enhancement of the electrochemical performance at
a sub-zero temperature (—25 °C). The traditional PANI, with a
reversible proton insertion/extraction, can be used as the cath-
ode for the APB. The as-constructed diquinoxalino-phenazine
(DPZ)//PANI device shows a maximum specific capacity of 61.5
mAh g~! based on the total mass loading of the active materials
of the cathode and the anode. Moreover, the assembled hexaaza-
trinaphthalene (HATN)@MZXene//PANI flexible proton battery
delivers a specific capacity of 90.1 mAh cm~3 based on the vol-
ume of the whole device, demonstrating its great potential for
practical applications.[>>123]

Apparently, based on the abovementioned research, it is ob-
served that all-organic proton batteries generally include two dif-
ferent molecules with a large difference in the redox peak po-
sition between the anode and the cathode, resulting in a more
complicated operation process and a high cost. It is necessary
to develop a symmetric all-organic proton battery, by using one
molecule with two distinct redox couples. Originally, quinone-
amine polymers played dual roles as both the cathode and the an-
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ode in symmetric all-organic APBs, indicating the high potential
of these quinone-amine polymer-based electrode materials for
practical applications.** Subsequently, Niu’s group prepared a
r-conjugated poly(2,9-dihydroquinoxalino[2,3-b]phenazine) (PO)
molecule, which can be used as the anode and the cathode
of symmetric all-organic proton battery in a ZnSO, electrolyte
(Figure 11a).'%] The LUMO and HOMO energy levels of the
PO and its protonation products (P and PR) are investigated
(Figure 11b), where the LUMO energy of PO and PR is —3.62
and —0.41 eV, respectively. Obviously, the large difference in the
LUMO energy between PO and PR can result in a high output
potential, ensuring the fabrication of the symmetric all-organic
proton battery. The CV curve of the Zn/PO half battery shows
two redox couples at about 1 and 0.4 V vs Zn/Zn?* (Figure 11c),
which is consistent with the above results. Compared with the
reported proton battery, the symmetric all-organic proton battery
(PO//PO) delivers a high specific capacity of 147 mAh g=' at 0.1
A g7! and excellent rate performance (90 mAh g™ at 2 A g™'),
which broadens the applications of organic molecules for pro-
ton batteries. However, the proton-storage chemistry of organic
electrodes in aqueous electrolytes containing Zn** is still contro-
versial due to the competitive role between proton and Zn** dur-
ing the energy-storage process, which requires more experimen-
tal research and theoretical support to unveil the exact energy-
storage mechanism.

Furthermore, bipolar electroactive organic molecules, with
electron-accepting and electron-donating properties, hold great
potential for the symmetric all-organic proton battery. Tao’s
group designed a bipolar poly(aminoanthraquinone) (PNAQ)
via a simple one-step oxidative polymerization reaction.!'?!
The introduction of the polyaniline-like skeleton can improve
the conductivity and stability of the PNAQ. Moreover, the
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Figure 11. a) Schematic illustration of symmetric all-organic APBs. b) The

Cycle numbers

LUMO and HUMO energy of PO and its protonation products (P and PR).

c) CV curve of the Zn//PO half battery. a—c) Reproduced with permission.['?*] Copyright 2022, Wiley-VCH. d) The working mechanism of the symmetric
battery. ) The CV curves of PNAQ in a 4 m H,SO, electrolyte. f) Discharge capacity at different temperatures. g) Rate performance and h) cycling
stability of symmetric battery at —70 °C. d-h) Reproduced with permission.['26] Copyright 2021, Wiley-VCH.

quinone-based moieties (the anode) and the benzene ring-
based units (the cathode) of the PNAQ correspond to the
H* reversible uptake/removal and the adsorption/desorption of
HSO,” (Figure 11d), respectively. Obviously, the CV curves of
the PNAQ show obvious redox peaks in the range of approxi-
mately —0.2 to 0.25 V vs Ag/AgCl or ~0.25-1.0 V vs Ag/AgCl
(Figure 11e), confirming the bipolar character of the PNAQ. Fi-
nally, the symmetric all-organic proton battery delivers a dis-
charge capacity of 85 and 60.4 mAh g' at 25 and —70 °C, re-
spectively (Figure 11f). As shown in Figure 11g,h, even at —70 °C,
the symmetric all-organic proton battery still shows excellent rate
performance (a discharge capacity of 55.1 mAh g™' at 2.4 A g71)
and superior cycling stability. Besides, some bipolar quinone-
based small molecules (alizarin) can be used as both the anode
and the cathode of the symmetric all-organic proton battery.!!?’]
These encouraging results further broaden the chemistry of all-
organic proton batteries. Although finding compatible organic
cathode and anode materials poses challenges, the pursuit of
replacing metal-based electrodes with organic ones is mean-
ingful as it promises to eliminate metals entirely from batter-

Adv. Mater. 2023, 2302199 2302199 (15 of 22)

ies, ultimately enabling the development of metal-free batteries
(Table 1).

3. Conclusion and Outlook

Protons, as the smallest and lightest ions, hold great promise in
high-performance energy-storage devices. By carefully choosing
appropriate anode and cathode materials, implementing a strate-
gic approach to molecular engineering and organic electrode
materials, and fine-tuning electrolytes, APBs have the poten-
tial to achieve exceptional operational safety, high energy and
power density, and long-term cycling stability. In this review, we
have summarized the recent development of organic electrode
materials in APBs. Compared with traditional inorganic-type
electrode materials such as manganese oxides, vanadium oxides,
molybdenum oxides, and PBAs, organic materials have attracted
significant attention as advanced materials for APBs due to
their structural diversity, rich proton-storage sites, and abundant
resources. The low density of organic materials facilitates the
fast diffusion and accommodation of ions during charge and
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Table 1. The comparison of various proton batteries using organic electrodes.
Cathode Anode Electrolyte Out voltage Capacity Cycle life Energy/power Refs.
(retention) density [Wh
kg™!/kW kg™]
Pristine carbon felt O 2mH,SO, + - - 21200 (489 [96]
% “ ° 2 M MnSO, days)
Electro-deposoted O 2mH,SO, + 0.3-1.3V 210 mAh g~' at 0.16 mA cm™2 5000 (~80%) 132.6/30.8 [49]
MnO, @GF ° “ 3 2 M MnSO,
GF modified with 0.5 M H,SO, + 0.3-13V 320 mAh g 'at0.148 Ag™! 4000 (77%) 166.4/— [57]
carbon nanotube  *® R 1M MnSO,
N=:En;\
R’ R -C1
Carbon felt i 1M H,S0, + 02-1.6V 100 mAh g~' at 0.63 A g™’ 2600 (100%) [101]
O‘O 0.5 M MnSO,
Carbon felt " HY 2MHBF, +2Mm 13V 145.5mAh g Tat TAg™! 500 (~100%) 110/1.650 [58]
QxS
p-mn0O2 Nl 0.05 m 0.4-1.4V 253 mAhg'at0.1A g™’ 2000 (~93%) 118/52.4 [103]
g H,S0,+0.2 m
_g\;\'i": MnSO,
MnO, @GF R 2l 2 M H,S0, + 05-1.7V 77mAhglat1A g™ 5000 (67.9%) 91.87/- o]
I O \N/(} 2 M MnSO,
W
E N
Indium = 0.05 M H,S0O, 0.2-1.5V 37mAhglat1Ag™ 3000 (76.1%) 28/ [104]
hexacyanoferrate N I
(InHCF) @n/ .
e )
CuFePBA@ MXene PVA-H,SO, 0-15V 745 mAhcm™ at 1Acm™ 10000 (~98.2%) 64.3 mWh cm™ [54]
Indium Z 0.05 M H,SO, + 0.2-1.2V 1344 mAhglat1Ag™! 5000 (82.5%) [137]
hexacyanoferrate LN I 1M KCl
(InHCF) @("/ .
g
Pb 1M H,S0, 05-1.0V 236 mAh g~ at02A g 1000 (~68%) [114]
o Pb 5 M H,S0, 0.6-1.4V 208 mAh g~ at02 A g™ 3000 (+60%) Mz
cl Cl
cr 'l
o
(Continued)
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Table 1. (Continued).
Cathode Anode Electrolyte Out voltage Capacity Cycle life Energy/power Refs.
(retention) density [Wh
kg™ /kW kg™]
1M H,SO,-PVA -0.3-0.7V 50 mAhg~' at0.1A g™ 2000(~90%) - [76]
Pyridine-based 0-0.7V 103 mAh g~ at0.12 A g™! - - [75)
z proton
protic ionic 0.8V 62mAh g~ at0.12A g™’ 500 (80%) - [120]
liquid
electrolyte
: 0/@, 8 : : 2 m HCl 1.1V 80mAhglatTAg™! 1000 (84%) 33.9/0.423 [122]
9 OH 1M H,S0, 0-0.9V 78 mAh g~ at0.5A g™’ 2000 (~50%) - [62]
° OH
PANI@CNT Q PVA-H,SO, 0-13V 90.1 mAh cm™ at 500 mAcm™ 500 (%100%)  58.5 mWh cm™ [55]
Wi
w_g;g:b_\;:@_w
PANI on graphene N H,SO,~PVA 0-15V 186.4 mAh g~' at 0.0615 A g™’ - 40.88 mWh [123]
paper g cm™3
;\ Ig'
M LN 2 M ZnSO, 0.2-1.2V 147 mAh g ' at0.1A g™! 500 (94%) - [125]
OO, OC Yy
O Q 4 M H,SO, 0.1-1.2V 77mAhg T at 12Ag™! 500 (70%) - [126]
<= =
O o
1M H,S0, 1.04V 163 mAh g~'at2.233 A g™ 100 (47%) - [127]

o OH oH
986 '
' L
[

discharge. However, due to their lightweight, organic electrodes
exhibit low tap density, resulting in a lower volumetric capacity
of organic electrode materials. Additionally, organic molecules
are still susceptible to inevitable dissolution issues during
charge—discharge processes. Polymerization of small organic
molecules into polymers seems to be an effective way to solve
the problem of material dissolution into electrolytes.

Although significant progress has been madein APBs, there
are still challenging issues that need to be addressed in the future.
Organic electrode materials typically possess a narrow potential

Adv. Mater. 2023, 2302199 2302199 (17 of 22)

window, which can reduce the energy density of APBs. Therefore,
it is necessary to develop new organic electrode materials that
contain redox-active groups with a wider operating voltage range
and a higher specific capacity. This will heavily rely on the judi-
cious structural design and morphological control of innovative
organic electrode materials. Importantly, it is necessary to iden-
tify their redox potentials when novel organic electrode materials
are designed. Simultaneously, molecular engineering strategies
can be employed to adjust the redox potentials by introducing
electron-withdrawing groups for n-type organic compounds, or
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Table 2. The advantages and disadvantages of different organic materials, electrolytes, and additive optimization.

www.advmat.de

Parameter Type Advantages Disadvantages
Organic materials n-type 1) High specific capacity; 2) high energy 1) Low redox potential; 2) normally high
density. solubility.
p-type 1) High redox potential; 2) Fast kinetics. 1) Low specific capacity
Bipolar-type conductive polymers 1) High conductivity. 1) Low capacity; 2) sloping plateau.

Electrolytes Aqueous acid electrolytes (e.g., 1)

H,SO,, H3PO,, etc.)

Water-in-salt 1)

Water-in-acid (concentrated H,PO, 1)
electrolyte)

Non-aqueous (protonated 1)
pyridinium triflate derivate in
acetonitrile (ACN))

Electrolyte additives Water-in-sugar (super-concentrated 1)

glucose)

Molecular crowding electrolyte (e.g., 1)
poly(ethylene glycol), glycerol,
glycine)

Low cost; 2) high ionic conductivity; 3)
strong proton donating capability.

Reduced water activity; 2) improved
stability of electrode materials; 3)
extended operating voltage.

Stable cycle life; 2) fast
electrode/electrolyte interfacial
kinetics; 3) extremely low-melting
temperature.

A high working potential; 2) weak
solvation capability.

Reduced water activity; 2) improve the
electrode materials stability; 3)
expanded operating voltage.

Low cost; 2) reduced water activity; 3)
improved stability of electrode
materials; 4) the suppression of HER
(hydrogen evolution reaction); 5)
expanded working potential window.

1) The dissolution of electrode
materials; 2) the corrosion of
electrode materials and current
collectors; 3) a narrow voltage
window.

1) High cost; 2) increased electrolyte
viscosity; 3) low conductivity; 4)
reduced ion diffusion rate.

1) High cost; 2) the corrosion of current
collectors.

1) Increased toxicity and high cost; 2)
flammable materials; 3)
environmental issues.

1) The increase of electrolyte viscosity;
2) low conductivity; 3) reduced ion
diffusion rate.

1) The diffusion of protons can be
obstructed; 2) inferior rate
performance; 3) low conductivity.

by utilizing other emerging molecular systems such as imine-
carbonyl compounds, which can improve the output voltage and
stability of organic electrode materials. In terms of the synthesis
of redox-active organic molecules and their polymerization, one
future direction is to avoid multiple organic synthesis steps to-
gether with the use of more environmentally compatible solvents
or under solvent-free conditions. Environmental friendliness and
cost-effectiveness are the two crucial factors that should always
be taken into consideration. Although bipolar organic molecular
systems are promising candidates for APBs, their current elec-
trochemical performance is still limited, necessitating the devel-
opment of new bipolar polymers/small molecules with advanced
designs of their chemical structures. To uncover the H*-storage
mechanisms of organic materials in APBs, a deep understand-
ing of the structure-property relationship from the perspective
of the molecular level and the performance of APBs, is highly
desired. In most of the discussed examples, the mass loading
of the conductive additive is rather high, dramatically decreas-
ing the amount of redox-active organic materials. Therefore, the
number of conductive additives in the composition of electrodes
should be minimized. The use of a conducting polymer back-
bone (e.g., PEDOT) can provide rapid electron transport and
serve as an anchor for the redox group. This makes it a pos-
sible option for producing organic electrode materials without
adding conducting additives. In addition to carbon-based mate-
rials, other 2D materials such as MXenel'?#12%1 and black phos-
phorus can be promising alternatives as conductive fillers.[130-132]

Adv. Mater. 2023, 2302199 2302199 (18 of 22)

Moreover, the covalent functionalization of 2D materials with
redox-active organic molecules can be potentially explored as
well, which can provide more robust and stable electrode sys-
tems during electrochemical processes. However, the degree of
covalent functionalization on 2D materials should be delicately
tuned.

Moreover, as shown in Table 2, the rational design and en-
gineering of electrolytes, such as water-in-salt, water-in-acid, or
non-aqueous electrolytes, is significant in reducing structural
degradation and capacity fading issues. With the introduction of
electrolyte additives (e.g., glucose, poly(ethylene glycol), glycerol,
glycine, etc.), the formation of hydrogen bonds between water
and electrolyte additives results in the reduction of water activ-
ity, which favors to improve the stability of electrode materials
and expand the working potential window. In addition, if the mo-
larity/molality of the acidic electrolyte such as H,SO, increases,
the hydrogen bonds between the water molecules can be broken
due to the interaction of SO,>~ and water molecules via hydro-
gen bonding, which can reduce the freezing point of aqueous
electrolytes (5 M H,SO,, =70 °C). The corrosion of electrode ma-
terials, separators, and current collectors in acidic solution needs
to be paid more attention to, and it is important to develop acid-
and corrosion-resistant separator materials for the development
of APBs. In addition, a high concentration of salts, such as 3.5 m
Mn(ClO,),, can be utilized as an electrolyte to mitigate the corro-
sion of stainless steel current collectors and enhance the stability
of the electrode materials.
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Once the energy-storage performance is optimized further ap-
plications may be considered. To broaden the scope of their appli-
cations, more effort should be given to the fabrication and under-
standing of low-temperature (—40 to —70 °C) APBs which will be
invaluable for end-user applications such as aerospace technolo-
gies, telecommunications, and polar expeditions, where conven-
tional batteries may show subpar performance. In this context,
the development of suitable electrolytes to meet these operating
conditions is highly demanded. Design of novel all-organic APBs
by making full use of the advantages of organic electrodes, for
example, all-polymer-based or bio-based APBs, is an interesting
direction that should be largely explored. To characterize APB-
based systems, there are other emerging and promising tech-
niques that can be considered, such as synchrotron radiation and
neutron scattering spectra, as well as optical fiber sensing.[133-136]
For instance, optical fiber sensing has been employed to moni-
tor various parameters in batteries, including temperature, elec-
trolyte density, state-of-charge, ion kinetics, oxygen concentra-
tion, and degradation process.['3>13¢] In terms of manufacturing
techniques, 3D printing and roll-to-roll processing might be use-
ful tools for the large-scale production of APBs.

APBs are being actively researched and developed, and hold
the potential to afford a low-cost, high-energy, safe, and stable
energy-storage solution. While there is still a long way to go be-
fore these batteries can be fully optimized and mass-produced for
practical applications, the journey is certainly worth considering.
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