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Opportunities and challenges
for aqueous metal-proton batteries

Limin Zhou,1 Luojia Liu,1 Zhimeng Hao,1 Zhenhua Yan,1 Xue-Feng Yu,2 Paul K. Chu,3 Kai Zhang,1,*

and Jun Chen1
Progress and potential

To address the excessive

consumption of fossil fuels, a

tremendous development of

clean and renewable energy

sources is taking place in modern

society, highlighting the

significant position of

electrochemical energy storage

(EES). Among various EES

devices, lead-acid batteries still

dominate the global energy

storage market. However, it is

inevitable that lead-acid batteries

will decline because of their

limited energy and power

densities. Alternative battery
SUMMARY

Benefiting from fast proton diffusion dynamics, aqueous metal-pro-
ton batteries (AMPBs) comprising a proton-storage cathode and a
metal anode serve as an emerging system with tremendous poten-
tial for high-power energy-storage devices. However, there have
been few reports on how to systematically design and construct
high-performance AMPBs. Herein, we describe the common pro-
ton-storage electrode materials and discuss their desirable fea-
tures, including high stability in proton insertion/extraction, high
compatibility in mild acidic electrolytes, and abundant proton-stor-
age sites. In addition, common problems plaguing aqueous electro-
lytes andmetal anodes in AMPBs, such as electrode corrosion, metal
dendrite formation, and hydrogen evolution, are discussed in detail.
Finally, we conclude that stable electrolyte/electrode interfaces and
homogeneous ion distributions are crucial to the charging/discharg-
ing processes. This review would provide guidance on how to ratio-
nally design AMPBs and shed light on future developments.
systems are thus constantly

emerging. Very recently, aqueous

metal-proton batteries (AMPBs),

consisting of a proton-storage

cathode, aqueous electrolyte, and

metal anode, have been

proposed to enhance the energy/

power densities and

simultaneously maintain the high

safety of aqueous batteries.

Although there have been few

reports about AMPBs until now,

this battery system is quite

attractive owing to its

unprecedented electrochemical

reaction kinetics.
INTRODUCTION

As the demand for clean and renewable energy source increases, rechargeable bat-

teries are indispensable for electrochemical energy storage,1–9 and in particular,

aqueous batteries have enormous potential due to the high safety, high ionic con-

ductivity, and low cost of aqueous electrolytes.10–14 Figure 1A presents the key

aqueous battery designs in the past 200 years.15–17 The advent of Li-ion batteries

with high energy densities18 represents an important milestone in the continuous

development of aqueous batteries. Although aqueous metal-ion batteries (AMIBs)

possess high theoretical specific capacities, the ion-diffusion kinetics is restricted,

and battery systems with fast charging ability are in high demand. In 2009, an

emerging class of aqueous batteries based on proton insertion/extraction was pro-

posed15 to overcome the above hurdle. They possess almost the same battery struc-

ture as traditional AMIBs but operate based on a different redox mechanism. During

charging and discharging, the cathode releases or takes up protons (i.e., hydrogen

ions or hydronium ions) supplied by water molecules in lieu of metal ions, and this

type of batteries is termed aqueous metal-proton batteries (AMPBs).

Compared with AMIBs, AMPBs have several obvious advantages, such as superb ion

conductivity in the host structures and rate performance, stemming from the unique

Grotthuss conductionmechanism of protons in the aqueous electrolyte and host ma-

terials, consequently allowing protons to jump rapidly along the hydrogen-bonding

network via oxygen ‘‘bridges’’ (Figure 1B).19 Without energy-demanding desolva-

tion of metal ions, the proton reaction mechanism accelerates ion uptake at the
1252 Matter 4, 1252–1273, April 7, 2021 ª 2021 The Author(s). Published by Elsevier Inc.
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Figure 1. Origin and advantages of AMPBs

(A) Development history of rechargeable aqueous batteries.

(B) Comparison of the ionic diffusion kinetics between AMIBs and AMPBs.
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cathode-electrolyte interface. Insertion and extraction of protons reduce the volume

expansion of the cathodematerials, thereby preventing periodic stress, which would

otherwise affect the device performance. Moreover, the higher electrolyte pH dur-

ing discharge inhibits hydrogen evolution at the beginning of charging, leading to

better cycling stability. Table 1 compares the main properties of AMPBs with those

of other electrochemical energy-storage devices.20–22 AMPBs, which own energy

densities comparable to those of aqueous Zn-ion batteries, ultrahigh power den-

sities, low cost, high safety, and excellent recyclability, are very competitive in

quick-response and large-scale energy storage.

Herein, recent developments in AMPBs are described by focusing on the proton-

dominated host materials (i.e., cathode), proton-providing electrolyte, and metal

anode. The relationship between structural features and electrochemical behavior

of proton-storage hosts for AMPBs is discussed. In addition, major concerns about

the critical proton reaction and main problems of current AMPBs are analyzed in

depth. Although AMPBs are still in the developmental stage, they have enormous

potential for industrial application, and this review would provide guidance on their

future development.

Science and Engineering, and Department of
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Kong, Tat Chee Avenue, Kowloon, Hong Kong,
China
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FORMATION CONDITIONS OF AMPBs

In AMPBs, cathode materials have a strong tendency to store protons, and this can

be achieved by rational design of both the cathode and the electrolyte. Although a
Matter 4, 1252–1273, April 7, 2021 1253
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Table 1. Comparison of AMPB properties with those of other electrochemical energy-storage

systems

System

Energy
density
(Wh kg�1)

Power
density
(W kg�1) Cost Safety Recyclability Reference

AMPB 50–100 1,000–5,000 Low Advanced Advanced Minakshi et al.15;
Wu et al.19

Lead-acid battery 30–50 75–300 Low Advanced Advanced Liu et al.22

Supercapacitor 2.5–15 500�5,000 Moderate Advanced High Liu et al.22

Aqueous Zn-ion
battery

50–100 1,000–3,000 Low Advanced Advanced Jia et al.20;
Song et al.21

Li-ion battery 75–200 75–300 High Moderate Low Liu et al.22

Redox-flow
battery

10–30 – Moderate High Advanced Liu et al.22

Note: the energy density and power density data for AMPBs were collected from the reported publica-

tions, which are discussed in this review.
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full understanding of the proton generation/consumption mechanism in AMPBs re-

quires further efforts, the general consideration is that protons are provided by water

molecules originating from hydrated metal ions in the electrolyte.23 By coordinating

with metal cations, the Lewis-basic lone pair of electrons on the O2� ion in a water

molecule is attracted to the Lewis-acidic metal to decrease the electron density of

the O-H bond, thus producing more active H atoms compared with those from iso-

lated water molecules. Actually, co-insertion of protons and metal ions into the cath-

ode materials is often observed.24,25 Based on the working mechanism of AMPBs,

preferential protonation is related to three key factors: (1) The first is the high pro-

ton-donating ability of the electrolyte. In an aqueous electrolyte, the proton-

donating ability of the electrolyte is related to the Lewis acidity of the metal ions.

The more Lewis acidic the metal ion, the weaker the O-H bond, which results in

higher proton activity and preferential protonation in AMPBs. (2) The second factor

is the high desolvation energy of the metal ions. It is thermodynamically and kinet-

ically hard for metal ions to desolvate with high desolvation energy and then difficult

to participate in the redox process, or metal ion redox lags behind H+ insertion. It

should be noted that for the concurrent inserted reaction of H+ and metal ions,

the desolvation energy of metal ions is close to that of H+. (3) The last factor is the

stable protonated products of the cathode materials.8,26 The stable discharge prod-

ucts have high reaction potential and are first to form. Moreover, the higher desol-

vation energy of metal ions and more stable protonated product of the cathode ma-

terials facilitate the proton insertion energetics. All these factors jointly promote

proton insertion.
PROTON-STORAGE CATHODE MATERIALS

Organic compounds

The typical proton-storage organic compounds usually contain carbonyl (C=O) and/

or imino moiety (=N�) redox centers (Figure 2), and the working potentials can be

adjusted by incorporating electron-withdrawing and electron-donating groups.

The two-proton reactions of anthraquinone (AQ) and tetrachlorohydroquinone

(TCHQ) have been studied in 0.5 M H2SO4 aqueous (aq.) electrolyte, and the work-

ing voltages are �0.16 and 0.50 V (versus Ag/AgCl), respectively (Figures 2A and

2B).27 Hydronium ion storage in 3,4,9,10-perylenetetracarboxylic dianhydride

(PTCDA) has also been probed in 1 M H2SO4 (aq. electrolyte).28 During the first

five cycles, the capacity increases from 68 to 85 mAh g�1 and the reduction potential

increases gradually as well. However, the detailed changes in the initial cycles are
1254 Matter 4, 1252–1273, April 7, 2021



Figure 2. Proton-storage properties of organic compounds

(A) Proton insertion/extraction mechanism of AQ.

(B) Proton uptake/removal mechanism of TCHQ.

(C) Electrochemical reaction mechanism (left) and CV at 1 mV s�1 of PTCDA (right). Adapted with

permission from Wang et al.28 Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(D) Electrochemical reaction process of HATN.
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not clear. Different from sodium or potassium storage behavior, the charge-

discharge polarization of PTCDA in aqueous electrolyte is small, indicating hydroni-

um ions as active charge carriers. The large-scale peak shift in ex situ X-ray diffraction

(XRD) patterns of PTCDA excludes the possibility of naked proton insertion. The

reduction peak at �0.17 V (versus Ag/AgCl) corresponds to H5O2
+ insertion,

whereas that at �0.41 V (versus Ag/AgCl) is assigned to H3O
+ insertion (Figure 2C).

The proton insertion chemistry of diquinoxalino [2,3-a:20,30-c] phenazine (HATN) in

aqueous ZnSO4 has been explored. There are three discharge platforms during

the proton-uptake process, corresponding to the generation of HATN-2H, HATN-

4H, and HATN-6H (Figure 2D).23 Zn4SO4(OH)6$5H2O is detected on the surface of

the HATN-based electrodes during discharging, and the discharged production

does not slow down the proton insertion kinetics.

In addition to smallmolecules, polymers are suitableproton-storagehosts (Figure3).29,30

Sulfo-self-doped polyaniline (PANI-S) serves as the internal proton reservoir with a ca-

pacity of 110 mAh g�1 for 2,000 cycles at 10 A g�1 when using 1.0 M ZnSO4 aqueous

electrolyte.31 Zn4SO4(OH)6$5H2O is formed on discharge based on XRD and energy-

dispersive X-ray spectroscopy (EDS)mapping results, which is attributed to proton inser-

tion andOH� concentration increase near the cathode. PANI-S shows a two-step reduc-

tion process indicative of protonation of �N= and generation of �NH� (Figure 3A).

However, corresponding oxidation of �NH� occurs only over a single-potential range,

implying asymmetric redox of PANI-S. M. Sjödin and colleagues have linked poly(3,4-

ethylenedioxythiophene) (PEDOT) with AQ and benzoquinone (BQ) to form PEDOT-

AQ and PEDOT-BQH2. Both of them exhibit a two-proton transfer process, but their

output voltages are quite different (�0.3 V versus Fc0/+ for PEDOT-AQ and 0.2 V versus

Fc0/+ for PEDOT-BQH2) (Figures 3B and 3C).29 R.Marcilla’s team has developed a series
Matter 4, 1252–1273, April 7, 2021 1255
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Figure 3. Proton-storage mechanism of polymers

(A) Reduction process of PANI framework.

(B) Protonation/deprotonation mechanism of PEDOT-AQ.

(C) Proton insertion/extraction process of PEDOT-BQH2.

(D) Proton-storage mechanism (left) and CVs at 25 mV s�1 (right) of P(DA70-stat-SSA30). Adapted with permission from Patil et al.32 Copyright 2019,

American Chemical Society.

(E) Electrochemical reaction of the copolymer of PEDOT containing pyridine and hydroquinone functionalities.
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of carbonyl-based redox-active polymers (CRPs) bearing catechol pendants, which can

reversibly coordinate with and dissociate from H+, Li+, Zn2+, and Al3+.32 Among these

CRPs, P(DA70-stat-SSA30) displays the best rate capability. Compared with Li, Zn, and

Al storage, P(DA70-stat-SSA30) with proton-storage mechanism shows higher output

voltage and faster diffusion kinetics. In addition, P(DA70-stat-SSA30) can endure a broad

pH range of 1–8, and the corresponding redox potential shows a systematic depen-

dence on pH (Figure 3D). A copolymer of PEDOT involving pyridine and hydroquinone

has been designed to serve as a proton-trap cathode (Figure 3E).33 The incorporated

pyridine serves as a proton donor/acceptor, and the hydroquinone part is a redox cen-

ter. This copolymer coupled with the Li anode provides a working potential of �3.5 V,

and the potential decreases to �3.3 V when combined with a Na anode. The proton-

trapping process is accompanied by anionic insertion, but no alkali-metal insertion is

detected.

Compared withmetal-storage organic compounds, ‘‘proton trap’’ organic species avoid

themolecular polarity changes during the discharging process to reduce the dissolvabil-

ity of the discharge production in the aqueous electrolyte. Furthermore, the proton

insertion chemistry offers faster kinetics and longer lifetime than those ofmetal-ion diffu-

sion, which addresses the problems of poor rate performance and rapid capacity decay

of organic electrode materials in metal-ion batteries. However, some of the asymmetric

redox processes of organic compounds are unclear and intermediates are unknown.

Thus, advanced in situ techniques are required to analyze the protonation/deprotona-

tion behavior, and molecular engineering is needed to improve the output voltage

and stability of organic electrode materials.
Transition metal oxides

Different from organic compounds aided by O-H and/or N-H formation, inorganic

compounds achieve proton storage based on unique structure frameworks or cav-

ities. Various transition-metal oxides have been discovered to possess proton-stor-

age ability, especially vanadium oxide (VxOy) and manganese oxide (MnxOy).

Manganese oxides

Manganese oxides have various empirical formulas, such as MnO2, Mn3O4, and

MnO, as well as crystallographic forms, like tunnel, spinel, and layered structures

(Figure 4A), and some of them have proton-storage ability.15,34,35 The local environ-

ment of the deuteron-insertedMnO2 tunnel structure has been studied by 2Hmagic-

angle spinning NMR, and pyrolusite b-MnO2 with highly defective 1 3 1 tunnels is

more readily intercalated by protons.36 There are two superexchange mechanisms

in the H-O-Mn bonds as shown in Figure 4B. In one, the unpaired electron is trans-

ferred from the half-filled Mn3+ t2g orbital to the completely filled O ps orbital and

finally arrives at the empty H+ 1s orbital to form a pp-ps covalent bond. In the other,

the unpaired electron is transferred from the half-filled Mn3+ eg orbital to a fully filled

O2� sp3 orbital and then reaches the empty H+ 1s orbital via a ps-ps covalent bond.

The H+/Mn+ (M, metal ion) synergistic insertion mechanism has been observed from

many cathode materials to improve rate performance. Rechargeable aqueous Zn/
Matter 4, 1252–1273, April 7, 2021 1257



Figure 4. Proton-storage properties of manganese oxides

(A) Various crystal structures of MnxOy.

(B) Schematic diagrams of two superexchange mechanisms between proton and MnO2. Adapted with permission from Paik et al.36 Copyright 2001,

American Chemical Society.

(C) TEM image (left) with lattice fringes (inset) and charge-discharge curves at different rates (right) of a-MnO2 nanofibers. Adapted with permission

from Pan et al.37 Copyright 2016, Springer Nature.

(D) Structure evolution process of nanosized b-MnO2 during cycling. Adapted with permission from Seo et al.38 Copyright 2018, American Chemical

Society.

(E) SEM images (left) of the electrodeposited ε-MnO2 and GITT curves of the corresponding Zn/MnO2 battery (right). Adapted with permission from Sun

et al.39 Copyright 2017, American Chemical Society.
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Mn batteries with aMnO2 cathode are promising devices for large-scale energy stor-

age, and H+/Zn2+ co-insertion or sequential insertion has been used in the study of

aqueous Zn/Mn batteries. Aqueous Zn/MnO2 batteries consisting of an a-MnO2

nanofiber cathode, mild acidic aqueous electrolyte (2 M ZnSO4 + 0.1 M MnSO4),

and Zn anode have been assembled.37 The MnSO4 additive inhibits dissolution of

Mn2+ ions resulting from the disproportionation reaction of Mn3+ ions, thus

enhancing utilization of the active materials. The discharged product with the lattice

fringe of 0.33 and 0.26 nm is different from the spinel ZnMn2O4 phase, or layered or

tunnel ZnxMnO2 composite, but matches the (210) and (020) planes of monoclinic

MnOOH, which is evidenced by XRD patterns. Scanning transmission electron mi-

croscope-EDS (STEM-EDS) mappings in the discharged state illustrate the absence

of Zn2+ insertion. Moreover, a limited capacity is obtained in organic Zn-based elec-

trolyte without H+, while a significant capacity increase and the same electrochem-

ical behavior are observed compared with that in aqueous electrolyte. Combining

these results, the protons are proved to insert into MnO2 to form MnOOH during
1258 Matter 4, 1252–1273, April 7, 2021
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discharging. The sequent hydroxyl ions react with Zn2+, SO4
2�, and H2O in the elec-

trolyte to produce a flake-like ZnSO4[Zn(OH)2]3$xH2O solid to realize neutral con-

sumption. The fast H+ insertion dynamic contributes to the capacities of 285, 260,

207, and 161 mAh g�1 at 1/3, 1, 2, and 5 C (1 C = 308 mA g�1), respectively (Fig-

ure 4C) and a capacity retention of 92% after 5,000 cycles at 5 C. The electrochemical

reaction equations for this Zn/MnO2 battery system are shown in Equations 1, 2, 3,

and 4 below:
Cathode: MnO2 + H+ + e� 4 MnOOH
 (Equation 1)
1
2Zn

2+ + OH� + 1
6ZnSO4 + x

6H2O 4 1
6ZnSO4[Zn(OH)2]3$xH2O
 (Equation 2)
Anode: 1
2Zn 4 1

2Zn
2+ + e�
 (Equation 3)
Overall: MnO2 + 1
2Zn + 1

6ZnSO4 + x + 6
6 H2O 4 MnOOH +

1
6ZnSO4[Zn(OH)2]3$xH2O
(Equation 4)
Other structures of MnO2 have been evaluated. The electrochemical performance of

tunnel b-MnO2 and layered d-MnO2 cathodes has been investigated in 1 M ZnSO4 +

0.1 M MnSO4 electrolyte,
40 and H+ ions are inserted first before Zn2+. d-MnO2 has

higher initial capacities than b-MnO2 because of more proton-storage space in the

interlayer, but the capacity retention is lower after 100 cycles at 100 mA g�1

compared with b-MnO2.

Some oxides react with H2O to form oxyhydroxide and OH� in alkaline aqueous Zn/

Mn batteries. Although the process is not direct proton insertion, similar proton-

storage behavior is attained. The electrochemical reaction mechanism of nanosized

b-MnO2 has been studied in an alkaline electrolyte containing LiOH and KOH. The

main redox processes are presented in Figure 4D and Equations 5, 6, 7, and 8.38

Based on ex situ XRD analysis, the proton insertion reactions occur during the first

discharge process, and then the two-phase conversion reactions happen during

the charging process at the first cycle. The signal of Li 1s X-ray photoelectron spec-

troscopy (XPS) and ex situ synchrotron XRD at the 100th discharged/charged state

indicate that Li+ and H+ are co-inserted into the host structure of spinel l-MnO2 after

initial activation. In addition, the Bi2O3 additive mitigates the formation of electro-

chemically irreversible ZnMn2O4 to improve the reversible capacity of the nanosized

MnO2 cathode. MnO2 with Bi2O3 additive shows a discharge capacity of 316 mAh

g�1 after 100 cycles, which is much higher than that of the MnO2 without Bi2O3 ad-

ditive (225 mAh g�1):
b-MnO2 + H2O + e� / g-MnOOH + OH� (1st discharge cycle)
 (Equation 5)
g-MnOOH + H2O + e� / Mn(OH)2 + OH� (1st discharge cycle)
 (Equation 6)
Mn(OH)2 + OH� / l-MnO2 + H2O + e� (1st charge cycle)
 (Equation 7)
l-MnO2 + xLi+ + yH2O + (x + y)e� 4 LixHyMnO2 + yOH�

(100th cycle)
(Equation 8)
Matter 4, 1252–1273, April 7, 2021 1259
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Electrodeposited ε-MnO2 with a mild acidic electrolyte exhibits electrochemical

reversibility. Porous MnO2 nanoflakes have been synthesized by electrodeposition

and employed to fabricate a rechargeable aqueous Zn/ε-MnO2 battery with a 2 M

ZnSO4 + 0.2 M MnSO4 electrolyte.
39 There are two plateaus in the discharge curve.

The first plateau at �1.4 V is assigned to H+ insertion, and the second one at �1.3 V

corresponds to Zn2+ insertion. Ex situ XRD patterns identify the equilibrium phase

MnOOH for the MnO2 electrode when discharged to and maintained at 1.3 and

1.0 V. Compared with MnOOH, the discharged electrode presents a smaller mass

loss based on thermal gravimetric analysis, verifying H+ ion insertion rather than

H3O
+ ion insertion. The galvanostatic intermittent titration technique (GITT) test re-

veals that the overvoltages during the first and second plateaus are �80 and

�600 mV, respectively, indicating that the diffusion rate of H+ is larger than that

of Zn2+ (Figure 4E).

In addition, some MnO2 analogs can also store protons. The MnO2H0.16(H2O)0.27
nanosheets (MON) show a H+/Zn2+ synergistic intercalation mechanism,41 in which

the MnO2 analog has a monoclinic manganite structure with the P21/c space group

and 1 3 1 tunnel, and 1 M ZnSO4 (aq.) with 0.2 M MnSO4 (aq.) serves as the electro-

lyte. The appearance of Zn4SO4(OH)6(H2O)5 proved by XRD, scanning electron mi-

croscopy (SEM), and transmission electron microscopy (TEM) results suggests H+

insertion on discharging. STEM-EDS mapping confirms that only H+ insertion

emerges in the initial discharge state and then Zn2+ involves. The intensities of

both Zn 3p and Mn-O-H XPS peaks gradually increase as discharge depth increases,

indicating the synergistic intercalation of Zn2+ and H+ in the MON tunnels. With the

help of inductively coupled plasma mass spectrometry to quantify the two plateaus

during discharge, the first plateau at �1.40 V corresponds to intercalation of about

0.25 H+ and 0.09 Zn2+ per molecule, and the second one at �1.25 V is related to

another 0.20 H+ and 0.14 Zn2+ storage per formula unit. Porous H1.57Mn2O4 micro-

spheres with a spinel structure have been fabricated by the cation-exchange

method, and the materials have a proton-storage capacity of 281 mAh g�1 at 100

mA g�1.42 The electrochemical reaction mechanism suggests that the proton is in-

serted into HxMn2O4 to form MnOOH and reacts with the electrolyte and cathode

to produce Zn4SO4(OH)6∙5H2O and spinel ZnyMn2O4, respectively. The correlated

reactions are listed as follows:
HxMn2O4 + (2 � x)H+ + (2 � x)e� 4 2MnOOH
 (Equation 9)
3Zn2+ + ZnSO4 + 6OH� + 5H2O 4 Zn4SO4(OH)6∙5H2O
 (Equation 10)
HxMn2O4 + yZn2+ + 2ye� 4 ZnyMn2O4 + xH+
 (Equation 11)

MnO2 and its analogs with the tunnel structure have proton-storage ability in a mild

acidic electrolyte containing ZnSO4 or alkaline aqueous solution, and the anode is

usually metal Zn. In a mild acidic electrolyte, co-insertion of Zn2+ ions and protons

is generally observed, and Zn4SO4(OH)6∙5H2O or ZnSO4[Zn(OH)2]3$xH2O is usually

formed on the surface of the Zn anode due to the OH� increase caused by H+ inter-

calation on discharge. A small amount of by-product Zn4SO4(OH)6∙5H2O can be

reversibly generated and dissolved during the charging/discharging process. The

by-products are likely to baffle the ion diffusion and increase charge transfer imped-

ance. Designing a porous electrode can accommodate the precipitates against the

ion diffusion channel blockage. In addition, engineering the electrolyte solvent such
1260 Matter 4, 1252–1273, April 7, 2021
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as with the addition of a crowding agent is effective to immobilize the unreacted

OH� through the hydrogen bonding network.43 It is also feasible to adjust the pH

value of the electrolyte with a buffer-like agent to dilute the OH� concentration.

The MnSO4 additive can suppress dissolution of Mn2+ in the aqueous electrolyte,

but the impact of the electrolyte additive on proton insertion is still unclear. There-

fore, the relationship between the surface discharge products/electrolyte additives

and the proton-storage properties of the active materials needs to be explored

deeply.

Vanadium oxides

Vanadium oxides can serve as a universal host for insertion of diverse cations such as

protons, alkali-metal ions, and multivalent ions because of multiple valences and co-

ordination environments of vanadium.44 Different from manganese oxides, proton

insertion occurs exclusively in some vanadium oxides/metal battery systems. V2O5

with orthorhombic structure and nanorod morphology (Figure 5A) supports revers-

ible proton intercalation/de-intercalation in the Al(OTf)3-based acid electrolyte (pH

2–3). The XRD pattern of V2O5 at the fully discharged state belongs to H1.43V2O5. Ex

situ Fourier transform infrared spectroscopy presents the occurrence of the �OH

bend peak located at 3,504 cm�1 on discharging, illustrating that coordinated O-

H bonds form in V2O5 structures. Also, the red shifts of Ag symmetric vibration

and B2g vibration for V=O bonds imply that the H+ insertion induces bond change.

Using the weak acid CH3COOH as the electrolyte, the battery system still shows a

capacity similar to that in Al(OTf)3 electrolyte. Each V2O5 reacts with one proton

to form triclinic HV2O5 (Equation 12).11 This reaction provides a capacity of �186

mAh g�1 with a discharge plateau of �0.9 V (Figure 5A):
V2O5 + H+ + e� 4 HV2O5
 (Equation 12)

Proton insertion into V2O5 also takes place in an organic electrolyte containing a

trace amount of water. Introducing 2,600 ppm H2O into the 1 M Mg(TFSI)2-di-

glyme electrolyte causes the capacity of the a-V2O5/Mg battery to increase

from �50 to �260 mAh g�1 because of additional proton insertion.47 The

overvoltage of a-V2O5 in Ca-ion batteries decreases after introducing deionized

water into the Ca(TFSI)2-EC/PC electrolyte due to the influence of H+ co-

insertion.48

In addition to V2O5, vanadium oxides with other compositions exhibit reversible pro-

ton uptake and removal. VO2(B) nanorods with the C2/m space group (Figure 5B)

have been used to fabricate the VO2(B)/Zn battery with an aqueous ZnSO4 electro-

lyte. Based on Rietveld refinement analysis for the evolution of unit cell volume

and strain value, there is no significant change for Zn4(OH)6SO4$5H2Oduring cycling,

while there is a small expansion and contraction of the VO2 lattice on discharging and

charging, which is related to proton insertion and extraction. In addition, Zn2+ inser-

tion will cause a large change in element valence for metal oxide. The experimental

XPS result displays a slight change on discharge, signifying maintenance of the VO2

structure and H+ insertion behavior. The redox mechanism is listed as Equation 13,45

and Zn(OH)6SO4∙5H2O, being the discharge product, gradually covers the surface of

the VO2(B) electrode. VO2 shows an initial discharge capacity of 353mAh g�1 at 1.0 A

g�1 (Figure 5B) and the capacity retention is 75.5% after 945 cycles at 3.0 A g�1. Simi-

larly, the proton-storage ability of VO2(M) with the P21/c space group has been inves-

tigated.49 Incorporating with carbon nanotubes (CNTs), the VO2(M)/CNT composite

shows high rate capability, which is attributed to the pseudocapacitive proton (de)

insertion mechanism:
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Figure 5. Proton-storage properties of vanadate oxides

(A) Crystal structure (left), SEM image (middle), and charge-discharge curves (right) of V2O5.

Adapted with permission from Zhao et al.11 Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.

(B) Crystal structure (left), morphology (middle), and charge-discharge curves (right) of VO2.

Adapted with permission from Li et al.45 Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.

(C) Crystal structure (left), SEM image (middle), and CV curves (right) of VOOH. Adapted with

permission from Wang et al.25 Copyright 2019, American Association for the Advancement of

Science.

(D) Crystal structure (left), morphology (middle), and CV curves (right) of NaV3O8∙1.5H2O. Adapted

with permission from Wan et al.46 Copyright 2018, Springer Nature.
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3Zn + ZnSO4 + 11H2O + 6VO2(B) 4 Zn(OH)6SO4∙5H2O + 6HVO2
 (Equation 13)

Hydrated vanadium oxides also have proton-storage ability. The Zn2+ ion and pro-

ton co-insertion mechanism of V10O24∙12H2O together with a Zn anode and 2 M

ZnSO4 electrolyte has been investigated.50 The battery shows a capacity of 327

mAh g�1 at 0.1 A g�1 with two obvious redox pairs (i.e., 0.56/0.73 V, 0.98/1.1 V)

in the cyclic voltammetry (CV) profiles. Similarly, layered V3O7$H2O exhibits the Zn

and proton co-storage behavior, and proton intercalation triggers

Zn4SO4(OH)6∙5H2O precipitation on the electrode surface.35

For some vanadium-based compounds, non-equilibrium phase transformation oc-

curs sometimes in the first cycle. Porous VOOH hollow nanospheres with the ortho-

rhombic tunnel structure (Figure 5C) have been investigated together with the
1262 Matter 4, 1252–1273, April 7, 2021
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electrochemical characteristics of coin cells comprising the Zn foil anode and 3 M

Zn(CF3SO3)2 electrolyte.
25 The VOOH is transferred to Zn0.3V2O5$1.5H2O (ZVO) af-

ter the first discharging cycle, and Zn2+/H+ co-insertion occurs during subsequent

cycles (Equation 14). The H+ insertion into ZVO is verified by exchanging the electro-

lyte. A limited capacity and different electrochemical curves are presented in organic

Zn-based electrolyte; however, the similar charging/discharging performance

compared with that in aqueous electrolyte is observed by introducing 1 wt% H2O.

The quantitative analysis of the inserted Zn2+ and H+ by STEM-EDS also corresponds

to the experimental electron transfer number and capacity contribution. In addition,

the significant difference in the CV profiles between the first and the subsequent cy-

cles confirms the asymmetric phase transformation during the first cycle (Figure 5C).

Interestingly, Zn2+ insertion contracts the lattice but hydronium insertion expands

the lattice, leading to little lattice change during charging/discharging:
Zn0.3V2O5,1.5H2O + 0.75Zn2+ + 1.17H+ + 2.67e� 4

H1.17Zn1.05V2O5,1.5H2O
(Equation 14)
NaV3O8∙1.5H2O (NVO) consists of edge-sharing VO5 tetragonal pyramids and VO6

octahedrons (Figure 5D). The as-prepared NVO nanobelts46 show simultaneous H+

and Zn2+ insertion/extraction in 1 M ZnSO4 + 1 M Na2SO4. The fully discharged

product is H3.9NaZn0.5V3O8∙1.5H2O, and the conversion between H3.9NaZn0.5-
V3O8∙1.5H2O and NaZn0.1V3O8∙1.5H2O occurs in subsequent cycles. The NVO/

Zn battery shows two pairs of redox peaks at 0.55/0.77 and 0.85/1.06 V (Figure 5D)

and a reversible capacity of 380 mAh g�1 at 0.05 A g�1.

Vanadium oxides with tunnel and layered structures show a decent proton-storage

capacity and cyclic lifetime. Interestingly, many vanadium oxides contain crystal wa-

ter, but there have been few investigations on the effects of crystal water on metal-

ion and proton transport. Considering the multiple valences of vanadium and multi-

tudinous structures of vanadium-based compounds, the change in the crystal water

as well as structure evolution/charge compensation of vanadium oxides during the

charging-discharging processes is worthy of in-depth studies.

Titanium oxides

TiO2 has been proposed as a proton-storage host material. Y.-S. Kim et al. have demon-

strated anexclusive proton insertion/extractionmechanism in nanostructural amorphous

TiO2 electrodes in combination with anAlCl3-basedor acetic acid electrolyte.26 The pro-

ton source is considered to be the Brønsted weak acid in acetic acid or the aquo Al3+

complex (i.e., [Al(H2O)6]
3+) (Equation 15). The structure shows a capacity of 115 mAh

g�1 in 0.25 M AlCl3 electrolyte and potential of �0.75 V versus Ag/AgCl. The proton-

ation mechanism of anatase TiO2 nanotube arrays (TNTAs) has been studied in 0.5 M

AlCl3 (aq.) electrolyte (pH 2.0).51 Different from amorphous TiO2, both H+ and Al3+

are electrochemically active for insertion into TNTAs (Equation 16). On discharge, the

atomic ratio of Al3+ to Ti4+ is 0.0106 according to the XPS fitting result, manifesting

that only a few Al3+ ions are involved in the redox process accompanied by H+ insertion.

Almost 88% of the stored protons absorb onto the surface to form hydroxyl groups, and

the remaining stored protons are inserted into the lattice of TiO2:
TiO2 + xe� + x[Al(H2O)6]
3+ 4 TiOOHx + x[Al(H2O)5(OH)]2+
 (Equation 15)
6.24TiO2 + 0.01Al3+ + 5.2H+ + 5.23e� 4 Ti6.24Al0.01-
H0.63O0.79(OH)4.57
(Equation 16)
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Figure 6. Proton-storage properties of tungsten oxides and molybdenum oxides

(A) CV curves at 3 mV s�1 (left top), the corresponding EQCM results with structure evolution (left bottom), and long-term cycling performance (right) of

the tungsten oxide hydrate electrode. Adapted with permission from Jiang et al.53 Copyright 2018, American Chemical Society.

(B) Charging/discharging curves at 1 A g�1 (left) and schematic illustrations of the reaction mechanism (right) of the MoO3 electrode. Adapted with

permission from Wang et al.54 Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Most proton batteries are operated under strong acidic pH conditions. However,

reversible H+ insertion/extraction has been observed from amorphous TiO2 at

neutral pH, and the coupled protons arise from the 4-(2-hydroxyethyl)-1-piperazi-

neethanesulfonic acid (HEPES) buffer solution rather than water,52 implying that pro-

ton insertion may take place in the non-aqueous environment if the electrolyte con-

tains electrophilic components.

Tungsten oxides

The proton-insertionmechanism ofWO3$0.6H2O has been studied using three-elec-

trode cells.53 The pristine WO3$0.6H2O has a hexagonal structure with a space

group of P6/mmm, in which lattice water is located in the tunnels formed by six adja-

cent WO6 octahedra. During proton or hydronium ion insertion, the structure shrinks

along the c axis but swells along the ab plane based on ex situ XRD analysis.

WO3$0.6H2O is then transformed into a mass-stabilized structure with the formula

of WO3$0.89H2O (Figure 6A). According to electrochemical quartz crystal microbal-

ance (EQCM) results, the charge carriers are identified as the proton, and the corre-

sponding protonation process includes three steps as shown in Equations 17, 18,

and 19. First, 0.25 H+ is inserted per formula unit accompanied by the expelling of

0.25 lattice water, and then another 0.30 H+ is inserted without any crystal water

extraction. Finally, each molecular unit allows 0.17 hydronium ions for insertion. A

reversible capacity of �90 mAh g�1 at 1 C (1 C = 100 mA g�1) and capacity

exceeding 80 mAh g�1 after 20,000 cycles at 20 C have been observed (Figure 6A):
WO3$0.89H2O + 0.25H+ + 0.25e� / H0.25WO3$0.64H2O +

0.25H2O
(Equation 17)
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H0.25WO3$0.64H2O + 0.3H+ + 0.3e� / H0.55WO3$0.64H2O (Equation 18)
H0.55WO3$0.64H2O + 0.17H3O
+ + 0.17e� / H0.72WO3$0.81H2O
 (Equation 19)

Molybdenum oxides

H+ insertion into the MoO3 thin film has been studied in the H2SO4 electrolyte, but

the protonation mechanism is not clear.55 The hydrogen-storage mechanism of

MoO3 in the voltage range of �0.5 to 0.3 V has been analyzed. The conversion re-

action (MoO3 + 0.88H+ + 0.88e�/ H0.88MoO3) occurs during the first reduction

process, and a reversible intercalation/de-intercalation reaction (H0.88MoO3 �
0.76H+ � e� 4 H0.12MoO3) takes place in the following cycles (Figure 6B).54 The

MoO3 electrode delivers a capacity of 88 mAh g�1 at 1 C (1 C = 200 mA g�1), and

the Coulombic efficiency is in the range of 97%–99% from the fifth cycle at 5 C.

Although several transition-metal oxides with tunnel or layered structures have been

demonstrated to have proton-storage ability, the relationship between structure

and electrochemical performance is not fully understood. Furthermore, other struc-

tures such as spinel bimetal oxides and hydrotalcite metal hydroxides need to be

studied in detail. It is noted that the selected metal oxides and their derivatives

should possess some acid resistance and stable protonated products in order to

avoid corrosion in the electrolyte.

Other materials

Two-dimensional materials

Two-dimensional transition-metal dichalcogenides (2D TMDs) such as MoS2 and

TiS2 have been investigated in electrochemical energy storage,56,57 and their pro-

ton-storage abilities have attracted attention. Metallic 1T-phase MoS2 nanosheets

have been prepared for supercapacitor electrodes.58 1T-MoS2 shows surface pro-

ton-electrosorption behavior in 0.5 M H2SO4, and the capacitance retention is

over 97% after 5,000 cycles at 2 A g�1.

MXenes are a burgeoning class of 2D materials suitable for proton storage. Free-

standing films consisting of porous delaminated V2C MXene and CNTs have been

prepared, and they show reversible proton and Zn2+ ion co-insertion/extraction

when combined with a Zn anode and an aqueous ZnSO4 electrolyte.
24 The specific

capacity is 190 F g�1 at 0.5 A g�1, and the specific capacity decreases to 90 F g�1

when the current density goes up to 10 A g�1.

Although 2D TMDs and MXenes possess the electrochemical response of protons,

they serve as electrode materials only in supercapacitors, and there have been no

reports about AMPBs based on 2D TMDs or MXene cathodes. Hence, the applica-

bility remains to be determined.

Prussian blue and its analogs

Prussian blue and its analogs are ideal scaffolds for fast ionic diffusion, and their proton-

storage abilities have attracted some attention. TheGrotthuss proton transport pathway

has been discovered in the Turnbull’s blue analog, in which proton transport is accom-

panied by synergistic fracture and generation of O-H bonds along the hydrogen-

bonding chain.19 This Turnbull’s blue analog can be considered as a defective Prussian

blue analog with the general formula of Cu[Fe(CN)6]0.63∙,0.37∙3.4H2O (named as

CuFe-TBA), where , stands for a ferricyanide vacancy. The four pairs of redox peaks

and negligible polarization in the CV curves of CuFe-TBA are quite distinct from those
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with Na+, K+, and NH4
+ insertion, indicating that proton insertion results in various hy-

dration environments through hydrogen bonding. The measured proton conductivity

is 3.65 3 10�4 S cm�1 at room temperature, and the activation energy (Ea) is 0.28 eV,

suggesting Grotthuss conduction (below 0.4 eV). CuFe-TBA shows an excellent rate

capability in 2MH2SO4 electrolyte, which is comparable to that of electrical double-layer

capacitors.

A H+/Na+ co-insertion/extraction mechanism has been proposed for vanadium hex-

acyanoferrate with Fm3m when polyethylene glycol/H2O/NaClO4 ([Na+]:[H2O] 1:4.6

by molar ratio) is used as the electrolyte.59 There are three oxidation peaks at 1.25,

1.02, and 0.70 V and two reduction peaks at 0.40 and 1.45 V. Analysis of the ion-stor-

age mechanism validates that H+ insertion/extraction is related to redox of vana-

dium atoms, and Na+ uptake/removal leads to valence change of the iron atoms.

Unstable structure for proton storage

Some electrode materials such as lithium-containing transition metal oxides suffer

from severe capacity decay during proton insertion.60 This can be explained by

the Li+-H+ exchange mechanism, which leads to a significant change in the stacking

sequence of the oxygen layers. For instance, the oxygen stacking sequence of

Li2MnO3 switches from the O3 type (ABCABC) to the P3 type (ABBCCA) during

Li+-H+ exchange, resulting from the strong interlayer O-H-O bonding. The contin-

uous flipping of the electrode structure shears the oxygen layer and reduces the

crystallinity of the materials, consequently undermining the electrochemical perfor-

mance. Thus, lithium-storagematerials are generally regarded to be unsuitable elec-

trode materials for proton batteries.

Different types of materials have been attempted for AMPBs. The organic com-

pounds with a carbonyl group and/or imino moiety enable the structure to reversibly

insert/extract protons. Incorporating electron-withdrawing or electron-donating

groups can enhance the output voltage of a battery system, which is useful to in-

crease energy density. For inorganic hosts with layered or tunnel structure, the

robust frameworks in conjunction with a suitable electrolyte facilitate a reversible

proton reaction to realize desired cycle life and capacity. Besides, there are other

hosts or structures that are worthy of investigation for AMPBs, for instance, metal

chalcogenides/phosphides and polyanion compounds. However, blind attempts

are not advised. Suitable proton-storage frameworks can be obtained by big data

screening based on the proton-insertion conditions.
SELECTION OF ELECTROLYTES AND ANODES FOR AMPBs

Although many types of materials can store protons, not all of them can be used as

the cathode in AMPBs. First, the electrolyte should be compatible with the proton-

storage materials, and modulating the electrolyte composition will change the elec-

trochemical reaction mechanism. Second, the redox potential of the anode metal

should be lower than that of the proton-storage host. Third, preferential anode

metal deposition is required rather than other ions in the electrolyte to ensure

reversible plating/stripping of the metal anode. By considering these three limita-

tions, although many proton-storage materials have been tested on a three-elec-

trode system, the design of real AMPBs is quite challenging. The aqueous electro-

lytes and metal anodes are very important to AMPBs. The detailed battery

composition and electrochemical performance of recently reported metal-proton

batteries are listed in Table 2, and a mild acid electrolyte with the Zn anode seems

to be the decent choice.
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Table 2. Detailed battery composition and electrochemical performance of recently reported metal-proton batteries

Battery composition
Cathodic
discharging
mechanism

Capacity
(mAh g�1

at mA g�1)

Output
voltage
(V)

Cycling
performance
(retention at mA g�1)
(cycles)

Rate performance
(mAh g�1 at mA g�1) ReferenceCathode Anode Electrolyte

HATN Zn 2 M ZnSO4 proton insertion 405 at 100 �0.55 93.3% at 5,000 (5,000) 123 at 20,000 Tie et al.23

a-MnO2 Zn 2 M ZnSO4 + 0.1 M MnSO4 co-insertion of Zn2+

and proton
285 at 103 �1.35 92% at 1,540 (5,000) 113 at 3,080 Pan et al.37

b-MnO2 with 4% Bi2O3 Zn 1 M KOH + 3 M LiOH co-insertion of Li+

and proton
506 at 61.6 �0.8 >90% at 308 (100) �100 at 616 Seo et al.38

ε-MnO2 Zn 2 M ZnSO4 + 0.2 M MnSO4 co-insertion of Zn2+

and proton
290 at 90 �1.35 �57% at 1,885 (300) �70 at 1,885 Sun et al.39

MnO2H0.16(H2O)0.27 Zn 1 M ZnSO4 + 0.2 M MnSO4 co-insertion of Zn2+

and proton
276 at 30.8 �1.32 79% at 1,848 (2,000) 115 at 3,080 Zhao et al.41

H1.57Mn2O4 Zn 2 M ZnSO4 + 0.1 M MnSO4 proton insertion 281 at 100 �1.4 97.2% at 1,000 (1,000) 109 at 3,000 Wu et al.42

V2O5 Al 2 M Al(OTf)3 proton insertion 186 at 120 0.9 65% at 120 (50) – Zhao et al.11

VO2(B) Zn 1 M ZnSO4 proton insertion 353 at 1,000 �0.55 75.5% at 3,000 (945) 272 at 3,000 Li et al.45

VO2(M)/CNTs Zn 2 M ZnSO4 proton insertion 248 at 2,000 �0.7 84.5% at 20,000 (5,000) 195 at 40,000 Zhang et al.49

V10O24∙12H2O Zn 2 M ZnSO4 co-insertion of Zn2+

and proton
327 at 100 �0.85 �57% at 1,000 (3,000) 152 at 2,000 Liu et al.50

Zn0.3V2O5$1.5H2O Zn 3 M Zn(CF3SO3)2 co-insertion of Zn2+

and proton
426 at 200 �0.75 �64% at 10,000 (20,000) 335 at 10,000 Wang et al.25

NaV3O8∙1.5H2O Zn 1 M ZnSO4 + 1 M Na2SO4 co-insertion of Zn2+

and proton
375 at 100 �0.8 82% at 4,000 (1,000) 165 at 4,000 Wan et al.46

V2C@CNT Zn 1 M ZnSO4 co-insertion of Zn2+

and proton
190 F g�1 at 500 �0.6 70% at 500 (4,000) 90.2 F g�1 at 10,000 Wang et al.24

Electrodeposited
MnO2

Zn acidic chamber at
cathode side: 2.5 M
H2SO4 + 0.5 M MnSO4;
alkaline chamber at anode side: 6 M
KOH +0.2 M ZnO + 5 mM vanillin;
neutral chamber at
middle side: 0.5 M K2SO4

proton insertion
(water generation)

616 at 100 �2.7 �98% at 500 (200 h) 611 at 1,000 Zhong et al.61
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Figure 7. Investigations on proton insertion priority

(A) Different cation insertion behaviors of V2O5 by regulating the electrolytes. Adapted with

permission from Zhao et al.11 Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(B) pK[Li+] for LiCo1/3Ni1/3Mn1/3O2 cathode in an aqueous solution. Circles with a cross inside

represent ill performance, solid black circles stand for normal performance, and solid white circles

mean the states between normal and ill performance. Adapted with permission from Shu et al.60

Copyright 2013, American Chemical Society.
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Solvent and salts in AMPB electrolytes

The electrolyte acidity is a key factor for proton insertion,26 and the cation (H+, Li+,

Na+, and Al3+) intercalation/de-intercalation chemistry in orthorhombic V2O5 with

different electrolytes has been investigated.11 V2O5 prefers proton insertion in the

acidic electrolyte (pH = 2–3) even though Li, Na, or Al salts are added (Figure 7A).

First-principles calculation has been performed based on the density functional the-

ory to predict the effects of pH on Li+ or H+ intercalation into lithium transition-metal

oxides (LixMOy).
60 If pH < 2:245+DE +Ecorr +DFvib

kTln10 +pK½Li + �, where DE and DFvib are the

atomic total and vibration energy differences, respectively, between Li1+xMOy and

HLixMOy, and Ecorr stands for the zero-point energy difference between H and Li

atoms. H+ will be inserted into LixMOy (Figure 7B), but the protonated LixMOy is

not as stable as the lithiated one.

Restricted by the hydrogen evolution reaction (HER) and oxygen evolution reaction

(OER) in the aqueous solution, an aqueous electrolyte can work between the lowest un-

occupied molecular orbital and the highest occupied molecular orbital of only 1.23 eV,

meaning that themaximum stable open-circuit voltage (Voc) for a long shelf life is 1.5 V.62

The ‘‘water-in-salt’’ electrolyte can broaden the voltage window to 4.0 V in aqueous Li-

ion batteries.63–65 It seems paradoxical to suppress theHER and simultaneously enhance

the proton-giving ability of the electrolyte for AMPBs, and so a proper balance must be

struck. Suitable electrolytes need to be explored for high-voltage AMPBs, and high-

voltage proton-storage materials must be identified as well.
Anode metals

So far, only Zn and Al have been successfully applied to AMPBs, and most studies

have focused on Zn-based AMPBs because of the low cost, high volumetric/gravi-

metric capacity (5,851 mAh cm�3 and 820 mAh g�1), and high compatibility with

an aqueous electrolyte.20,65 Mg and Ca anodes have large potential since V2O5

with an organic electrolyte containing Mg or Ca salts shows proton insertion. Never-

theless, alkali metals are difficult to use as the anodematerials for AMPBs on account

of high activity with water molecules.

The Zn anode suffers from Zn dendrites and hydrogen evolution interfacial is-

sues.66,67 Zn dendrites originate from uneven current distribution and ion concentra-

tion, while hydrogen evolution is attributed to the side reactions between the Zn

anode and an aqueous electrolyte during Zn plating. Although several strategies
1268 Matter 4, 1252–1273, April 7, 2021



Figure 8. Proton-storage properties of a DZMB

(A) Schematic diagram of a DZMB.

(B) Discharging curves at different current densities.

(C) Cycling performance at 500 mA g�1. Adapted with permission from Zhong et al.61 Copyright 2020, Springer Nature.
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have been attempted to homogenize the ion distribution at the zinc/electrolyte

interface andmodulate the interface composition, for example, by means of 3D scaf-

fold construction, epitaxial growth induction, nucleation site design, and solid elec-

trolyte interphase (SEI) film modulation,67,68 it is difficult to completely solve all the

problems for the Zn anode. Similarly, the Al anode is plagued by hydrogen evolution

and self-corrosion, and the electrochemical reaction kinetics of Al plating/dissolu-

tion is sluggish due to the dense passivation layer on the Al anode. Thus, aqueous

Al-proton batteries face more challenges than aqueous Zn-proton batteries.

A metal anode reacts easily with an acid electrolyte, leading to hydrogen evolution and

metal corrosion. To avoid this side reaction, a Zn/MnO2 batterymodel based on an elec-

trolyte-decoupling strategy has beenproposed, which separates the electrochemical re-

actions at the Zn anode in an alkaline KOH (aq.) electrolyte and the MnO2 cathode in an

acidic H2SO4 (aq.) electrolyte (Figure 8A).61 The decoupled Zn/MnO2 battery (DZMB)

shows an output voltage of �2.7 V (Figure 8B), which is larger than that of the conven-

tional Zn/MnO2 battery (�1.5 V). Moreover, the capacity of the DZMB does not change

when the current density increases from100 to 1,000mAg�1 (Figure 8B), and the capac-

ity retention is 98% after cycling for 200 h at 500 mA g�1 (Figure 8C).

Inspired by the well-formed SEI to enable reversible reaction in Li-ion or Li-metal bat-

teries, Al//MnO2 aqueous batteries have been studied by constructing an SEI film on
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Figure 9. Summary of the requirements for the cathode, anode, and electrolyte in AMPBs
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an Al anode surface.69 The pretreated Al anode in AlCl3 + 1-ethyl-3-methylimidazo-

lium chloride ionic liquid (IL) possesses N-enriched organic and inorganic compos-

ites on the interface from the IL decomposition, which can erode the passivating

Al2O3 oxide and prevent the repeated formation of passivation film. Moreover,

the interface can transform and remain intact in aqueous electrolyte. Assembled

with a MnO2 cathode, a specific capacity of 380 mAh g�1 and a discharge voltage

of 1.3 V are achieved using 2MAl(CF3SO3)3 electrolyte. Subsequently, the reversible

insertion/extraction of protons in a V2O5 host delivers a capacity of 200 mAh g�1

over 50 cycles based on the same anode protection and electrolyte.11
CONCLUSION AND OUTLOOK

This article provides an overview of the proton-storage materials, metal anodes, and

aqueous electrolyte for AMPBs. Compared with non-aqueous batteries and AMIBs,

the requirements for AMPBs are more stringent, and the important conditions are

summarized in Figure 9. Proton-storage materials can be divided into two cate-

gories: organic compounds and inorganic frameworks. The proton-storage sites

on organic compounds are usually the carbonyl (C=O) and/or imino moiety (=N�)

centers, whereas inorganic frameworks store protons using tunnels or interlayers.

Based on our latest understanding, proton-storage materials should have a stable

structure/skeleton for proton insertion/extraction, high compatibility in a mild acid

electrolyte, high proton-storage capacity, fast proton diffusion kinetics, and low

cost. The electrolytes can also be classified into two types: acid and alkaline. The

proton-storage mechanism is different for different electrolytes, and it is easier to
1270 Matter 4, 1252–1273, April 7, 2021
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achieve a higher capacity in a mild acidic electrolyte due to co-insertion/extraction

of metal ions and protons. The high interface compatibility between the electrode

and the electrolyte, low corrosion, and broad voltage window are also key consider-

ations for electrolytes. Metal anodes with multiple electron transfer can be used in

AMPBs. Similar to AMIBs, issues such as dendrite formation and hydrogen evolution

should be addressed. Reversible metal plating/stripping is also very important, and

therefore a suitable current collector is crucial.

To realize practical applications of AMPBs, many challenges must still be overcome.

Regarding the design of the proton-storage frameworks, big data screening is an effec-

tive way to identify the possible proton-storage materials. It is worth noting that even

though current research claims no inhibition of ion transfer resulting from the by-prod-

ucts formed by the non-redox reactions between metal ions and OH�, the massive

solid-state by-products are likely to baffle the ion diffusion and lead to increased charge

transfer impedance. To inhibit the by-product formation, lowering the pH value of the

solutionmay affect the anode stability. Constructing a porous cathode to accommodate

the precipitates can be adopted to relieve ion migration barrier. Controlling the electro-

lyte chemistry enables the system to avoid by-product formation, such as the addition of

a buffer-like agent to dilute OH� concentration and engineering the solvent with a

crowding agent to confine the residual OH� ions through the hydrogen bonding

network. Furthermore, proper modification and design of a suitable electrolyte are crit-

ical to inhibit the HER and OER for high-voltage AMPBs. The ‘‘water-in-salt’’ and ‘‘local

high concentration’’ electrolytes are possible and should be studied. Finally, it is neces-

sary and urgent to solve the commonproblemsplaguingmetal anodes, such as dendrite

formation and hydrogen evolution. In this respect, better understanding of the current

collector chemistry, interface engineering, and metal/alloy anode thermodynamics is

inevitable for future development.
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