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1. Introduction

invented the lead–acid battery more than
 (
Rechargeable batteries are serving society and are continuing to develop
 
according
 
to
 
application
 
requirements.
 
Recently,
 
rechargeable
 
batteries
 
with
 
high
 
energy
 
density,
 
power
 
density,
 
stability,
 
and
 
rate
 
performance,
 
as
 
well
 
as low cost have attracted the attention of researchers globally. However,
 
achieving all these merits in a single rechargeable battery system is difficult.
 
Accordingly, many approaches are reported to improve the pe
rformance of
 
different
 
energy
 
storage
 
devices.
 
Nevertheless,
 
reports
 
on
 
a
 
general
 
research
 
method
 
to
 
improve
 
the
 
performance
 
of
 
battery
 
systems
 
are
 
still
 
limited.
Herein, the current progress of rechargeable batteries and the corresponding
 
opportunities and challenges are summarized. The principles of electro-
 
chemical reactions
 
for
 
lead–acid
 
batteries,
 
metal–ion
 
batteries,
 
metal–sulfur
 
batteries, and metal–air batteries are introduced and compared. The tech-
 
nological
 
challenges
 
in
 
the
 
development
 
of
 
rechargeable
 
batteries
 
on
 
the
 
basis of
 transports of electrons and ions are comprehensively
 
analyzed. 
In
 
particular, approaches
 for regulat
ing electronic and ionic transports are com-
 
prehensively
 discussed for the enhancement of electrochemical performance.
 
Some advanced energy
 
storage materials with
 
good electronic and
 
ionic
 
conductivities are also highlighted. Furthermore, several perspect
ives on
 
potential research directions for the choice and design of high-performance
 
rechargeable
 
batteries
 
for
 
practical
 
application
 
are
 
proposed.
)160 years ago, such typical rechargeable battery is still in use today.[3] With the emergence of electric vehicles (EVs),[4] plug-in hybrid electric vehicles (PHEVs),[5] and 3C (computer, communication, con- sumer) electronics,[6] rechargeable bat- teries are required to have higher energy density and power density.[7] In this con- text, high-electrochemical-performance lithium-ion batteries matched with dif- ferent cathode active materials are rap- idly developed and widely used.[8] The advantages of lithium–sulfur battery and lithium–air battery are gradually high- lighted in the face of challenges from increasing demands for energy density. Thus, attempts to apply these batteries are being made.[9] Simultaneously, some metal elements of sodium, magnesium, aluminum,   potassium,   calcium,   and zinc are being used to replace lithium to improve performance and reduce costs.[10] Thus, rechargeable batteries can be clas- sified into lead–acid batteries, metal-ion batteries, metal–sulfur batteries, and metal–air batteries.
Various rechargeable batteries exhibit distinct advan- tages, such as the low cost and ease of recycling of lead–acid

To satisfy the increasing energy usage demands worldwide,[1]
series energy storage devices have been studied, developed, and applied, especially rechargeable batteries.[2] Since Planté

batteries,[11]   high energy density, and long life of metal-ion
batteries.[12] However, a series of issues due to unsatisfac- tory electronic and ionic transports needs to be addressed.[13]
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Figure 1. Review scheme of opportunities, challenges, and potential research directions for rechargeable batteries.

 (
www.advancedsciencenews.com
) (
www.advmattechnol.de
)

Such unexpected electron and ion transports may lead to poor charge/discharge performance, short cycle life, battery failure, and security issues.[14] To resolve the above issues, some strat- egies have been chosen to obtain high-performance recharge- able batteries, such as nanoscale, doping, coating, composite, porosity, mixing, and electrolyte modification.[15–17] Moreover, various reviews summarized these problems and presented solutions.[18–20] For instance, Hao et al.[3b] summarized the roles of carbon materials in lead–acid batteries. Our group reported the recent progresses in the lithium dendrite suppression method based on its growth mechanism for lithium anode pro- tection.[21,22] Sun and co-workers[23] reviewed the chemical and electrochemical fundamentals for sodium–air batteries. Zhang’s group[24] highlighted the progress in high-sulfur-loading lithium–sulfur batteries enabled by hierarchical design princi- ples at multiscale. Cui and co-workers[25] first summarized the key progress in material design and advanced characterization techniques for lithium anodes. However, these reviews focus on single electrode, electrolyte, interface, or batteries. Research viewpoints that have comprehensive universality have not been given. Redox reactions during charge/discharge processes are the consistent principles for all rechargeable batteries, while the essential mechanism is the transports of electrons and ions in the electrochemical processes.[3b,26] Consequently, systemati- cally summarizing the existing problems of rechargeable bat- teries and providing universal guidance to improve their prop- erties and performances are necessary.
 (
4
)Herein, we summarize the current progress of various rechargeable batteries and the corresponding opportunities and challenges (Figure 1). The principles of electrochemical reac- tions for lead–acid batteries, metal-ion batteries, metal–sulfur batteries, and metal–air batteries are introduced and com- pared. The critical issues and challenges of various recharge- able batteries are analyzed and discussed to pave the way for the development of next-generation rechargeable batteries. Approaches for regulating the kinetics of electronic and ionic transport, including controlling phase transition, suppressing electrode active material orientation, introducing the electro-

kinetics and electrical conductivity properties, and thus the per- formances of various rechargeable batteries. We also highlight some advanced energy storage materials with ideal electronic and ionic conductivities for high-performance rechargeable batteries, such as low-dimensional materials, porous materials, hybrid materials, and biomass materials. Furthermore, several perspectives on potential research directions for the choice and design of high-performance rechargeable batteries for the prac- tical application of 3C electronics, flexible and wearable devices, smart grid systems, and transportation are proposed.


2. Principles and Bottlenecks of Rechargeable Batteries
Various rechargeable batteries possess a consistent underlying principle, namely, ion is transported between electrodes and electrolytes, and redox reactions take place in electrodes in internal circuits, corresponding to the electronic transport in electrodes and external circuit.[9,27] Redox reactions and ionic transports depend on battery types.[28] At present, mainly four types of batteries–lead–acid battery,[3a] metal-ion battery,[29] metal–sulfur battery,[30] and metal–air battery[31]—are active in the field of electrochemical energy storage because of their advantages. We describe these rechargeable batteries focusing on their principle of electrochemical reactions and point out key development bottlenecks.


2.1. Lead–Acid Battery

Since the lead–acid battery was invented by Plante, it has been used for more than 160 years due to its low cost and long cycle life.[32] A schematic of the lead–acid battery is shown in Figure 2a, constituting of PbO2 cathode, Pb anode, and H2SO4 electrolyte. The electrochemical reactions during the charge/ discharge processes are as follows (Equations (1)–(3))

catalytic phase, and modifying the surface and interface, are comprehensively discussed for enhancing the ion diffusion

Cathode: PbO2  2e  SO2  4H  PbSO

4  2H2O 

(1)
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Figure 2. a) Schematic of lead–acid battery. Reproduced with permission.[33] Copyright 2019, Web page. The photographs b) anode and c) cathode of a failed lead–acid battery. Reproduced with permission.[34] Copyright 2009, Elsevier. d) Cathode grid cross-section showing corrosion layer and cracks (scale bar: 500 m). Reproduced with permission.[35] Copyright 2002, Elsevier. e) Schematic representation of the basic processes that take place at the anode of lead–acid batteries cycled under hybrid electric vehicle operating conditions. Reproduced with permission.[36] Copyright 2012, The Electro- chemical Society. f) Hydrogen gassing rate on pure lead and lead alloy electrodes. Reproduced with permission.[37] Copyright 1994, Elsevier.
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4
)Anode: Pb  2e  SO2  PbSO4

Total: PbO2  2H2SO4  Pb  2PbSO4  2H2O

(2)

(3)

solubility (process B), resulting in a slight involvement in the charge process (process A). During cycling, the larger PbSO4 crystals grow further, leading eventually to anode progressive sulfation. Unreduced PbSO4 crystals precipitate onto the Pb

For practical utilization, the cathode breakage, irrevers- ible sulfation, and hydrogen evolution are the key issues that affect the electrochemical performance of lead–acid bat- teries.[38] Guo et al.[34] proved that some ribs of the cathode grid were severely corroded in a failed battery even though the frame was still in good condition and the cathode had rela- tively good mechanical property. However, severe softening appears in cathode active materials, especially at the top of the cathode (Figure 2b), while the anode remains in good condition (Figure 2c). Cathode grid corrosion is concluded to be a per- manent failure and cannot be reversed.[39] Ball et al.[35] reported a typical grid cross-section with cracks and pores (Figure 2d). The corrosion layer extends around the whole perimeter of the grid, and pores and cracks are visible at a number of locations within the cathode active materials. Although no obvious anode damage can be observed in the photo (Figure 2c), the poten- tial irreversible sulfation phase transition also leads to battery failure.[40] Pavlov and Nokolov[36] described schematically the elementary processes during charge/discharge of the negative plates and the processes of PbSO4 recrystallization, as shown in Figure 2e. During discharge, smaller PbSO4 crystals with high solubility are formed on the surface of Pb anodes. Sub- sequently, the formed Pb2 ions will participate in the charge process (process A). Unfortunately, parts of the Pb2 ions con- tribute to the growth of the larger PbSO4 crystals with low

anode surface, limiting the contribution to the charge process and reducing the anode charge acceptance, resulting in bat- tery failure. In addition to the irreversible transformations of cathode and anode,[40b] the hydrogen evolution phenomenon is another key factor that affects battery performance.[41] Normally, gases vented from lead–acid batteries are mainly oxygen and hydrogen.[42] During charging, the fundamental anode reac- tion may be accompanied by hydrogen evolution because of the residual elements contained in the anode grid alloy. Lam et al.[37] reported the polarization curve for different percent- ages of Sb in Pb–Sb alloys in Figure 2f, proving that Sb additive lowers the overpotential of hydrogen evolution and aggravates hydrogen evolution. Hydrogen gas gathers and releases con- tinuously at the top of a battery,[43] causing electrolyte dry-out, thermal runaway, and serious safety problems of the battery.[44]
To solve the above problems, our group systematically sum- marized the strategies and methods for improving the perfor- mance of lead–acid batteries.[38] The addition of Ca, Sn, As, Ag, In, Sm, Te, Ce, and Li can reduce the electrochemical cor- rosion rate of electrode grids because these elements provide a barrier that hinders contact between the electrolyte and the electrode.[45] The addition of suitable carbon materials to the negative electrode could suppress the sulfation phenomenon efficiently. Thus, the batteries produced in this way were called lead–carbon battery.[46] Furthermore, our research proved that
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the conductive carbon material derived from the zeolite imi- dazolate framework-8[3a] and chitosan[40a] can suppress sulfa- tion through the formation of a conductive network, leading to improved electrochemical performances. For another case, the additives of In2O3, Bi2O3, Ga2O3, and N-doped carbon are able to decrease the hydrogen evolution rate by enhancing the overpotential of hydrogen evolution.[47,48] The reasonable use of additives to optimize the electrochemical performance of lead– acid batteries is still a major challenge for large-scale energy

example, the principle of the classic LiCoO2 battery is as follows (Equations (4)–(6))[53]

Cathode: CoO2  e  LiCoO2  Li	(4)

Anode: LiC6  e  6C Li	(5)

storage applications.

Total: CoO2  LiC6  LiCoO2  6C

(6)




2.2. Metal-Ion Battery

At the beginning of the 1990s, the lithium-ion battery with LiCoO2 cathode and graphite anode was successfully pro- duced and applied,[49] leading to the development of various cathode active materials, such as LixNiO2,[50] LixMnO3,[51] and LiFePO4.[52]
As a kind of rocking-chair batteries, lithium-ion batteries possess similar reaction principles (Figure 3a[15]). As an

All lithium-ion batteries with graphite anodes deliver a con- sistent anode principle, even if the electrolytes are different.[54] Of course, various cathode active materials display different electrochemical redox reactions and different voltages of charge and discharge. The reduction/oxidation of transition metal cor- responds to the insertion/extraction of lithium ion.[55]
The graphite anode possesses high specific capacity, suitable potential, simple preparation process, and low cost.[56] There- fore, research focused on the cathode materials.[8] During the development of the lithium-ion battery cathode, issues such
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Figure 3. a) Transport pathways of the lithium-ion and the electron in a lithium-ion battery under discharging process. Reproduced with permission.[15] Copyright 2015, Royal Society of Chemistry. b) Crystal structure of LiFePO4 illustrating 1D lithium-ion diffusion channels oriented along the [010] direc- tion. c) Schematic illustration of lithium ion diffusion impeded by immobile point defects in 1D channels. Reproduced with permission.[60] Copyright 2020, American Chemical Society. d) Cycling degradation mechanisms of high-voltage LiNi0.5Mn1.5O4 cathode. Reproduced with permission.[65] Copyright 2013, American Chemical Society. e) A section of the crystal structure of LiNi0.8Co0.15Al0.05O2. The first shell consists of oxygen atoms labeled as I. The second shell is nickel atoms labeled as II, and the third shell is lithium atoms labeled as III. Reproduced with permission.[74] Copyright 2015, Elsevier.
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as low conductivities, poor structural stability, and high cost resulted in poor high-C rate performance, low energy density, low power density, and poor cycling.[57]
In general, the conductivities include electronic and ionic conductivities, constrained by the composition and structure of the active materials. The olivine structure of LiFePO4 delivers a lower intrinsic electronic conductivity (109 s cm1),[58] while the 1D ionic transport channel exhibits poor ion conductivity (1014 to 1016 cm2 s1).[59] Malik et al.[60] described that lithium- ion migration occurs preferentially via 1D channels oriented along the [010] direction of the orthorhombic crystal structure, as shown in Figure 3b. This condition is significantly different from diffusion in 2D or 3D, being impeded by the presence of immobile and low mobility defects (Figure 3c) in the diffusion path. As a result, the pure-phase LiFePO4 cannot be used as the cathode. For this reason, many studies aiming to improve the electrochemical performance of the LiFePO4 materials have been conducted, with the common strategies focusing on doping, nanosize, coating, composite, and porosity.[61,62] Our group has devoted much effort to prepare a carbon-coated porous LiFePO4 composite cathode material by using adenosine disodium triphosphate biological template and carbon thermal reduction method[26a] to modify the commercial LiFePO4 mate- rial using metal–organic framework (MOF)-based porous carbon materials.[63,64] The resultant carbon-coated LiFePO4 composite achieved excellent electrochemical performance because of the synergistic improvements of electronic and ionic conductivities. The poor structural stability of the cathode active material comes from two aspects. On the one hand, long-term rapid lith- ium-ion intercalation/extraction causes severe volume changes, leading to structural damage (such as LiCoO2, LiFePO4, and Li3V2(PO4)3).[61] Thus, a nanoscale coating layer on the active material is well recognized as an effective method to buffer the volume changes of active materials. For example, we coated commercial LiFePO4 particles by using carbonized zeo- lite imidazolate framework-8, resulting in an excellent cycle life (increased to more than twice).[64] On the other hand, the side reaction between the cathode material and the electrolyte caused structural damages (such asLixMnO3, LiNi0.5Mn1.5O4, and LiNixCoyMnzO2).[8] Pieczonka et al. described the dissolu- tion behaviors of Mn and Ni in LiNi0.5Mn1.5O4/graphite full cells, as shown in Figure 3d.[65] The amounts of dissolved Mn and Ni, diethyl ether, and the decomposition product of diethyl carbonate in electrolyte increased with the state of charge, temperature, and storage time. The decomposition of elec- trolyte could be explained by the self-discharge behavior of LiNi0.5Mn1.5O4, which promotes electrolyte oxidation. In addi- tion, HF is believed to be generated during the formation of diethyl ether (via dehydration reaction from EtOH and another decomposition product of diethyl carbonate), which can accel- erate Mn and Ni dissolution from LiNi0.5Mn1.5O4. In addition, various reaction products formed as a result of Mn and Ni dis- solution, such as LiF, MnF2, NiF2, and polymerized organic species, were found on the surface of LiNi0.5Mn1.5O4 elec- trodes, which would increase battery impedance. For this case, methods for enhancing the structural stability of LiNi0.5Mn1.5O4 cathodes were developed, including doping,[66] cathode surface
coating,[67] and electrolyte modification;[68] please see our pre-

Insufficient reserves of transition metal elements, especially element cobalt and element nickel, are the main reason for the high price of lithium-ion battery cathode materials.[69,70] Using cheap transition metal elements such as manganese and alu- minum to replace high-priced transition metal elements has become a key way to solve this problem.[71,72] Recently, commer- cial LiNi0.8Co0.15Al0.05O2 with high specific capacity has provided a way to reduce costs.[73] Kleiner et al.[74] reported the use of LiNi0.8Co0.15Al0.05O2 as cathode in commercial lithium-ion bat- teries. Figure 3e shows a fraction of the crystal structure where the inner (orange), middle (blue), and outer (purple) rings out- line the first, second, and third coordination spheres around an absorbing nickel atom, respectively. The Roman numerals indicate that the first shell is oxygen atoms, the second shell is nickel/cobalt/aluminum atoms, and the third shell is lithium ions. Zhu et al.[75] reported that the LiNi0.8Co0.15Al0.05O2 cathode exhibited a reversible capacity of 220.5 mAh g1 at 0.1 C and an excellent long-term cycling stability with 93.6% capacity reten- tion after 80 cycles at 0.1 C.
The low reserves and high price of lithium sources are fun-
damental reasons for the high cost of lithium-ion batteries.[76] During the development of metal-ion batteries, cheap metal ele- ments that can replace lithium to form sodium-,[77] calcium-,[78] magnesium-,[79] aluminum-,[80] potassium-,[81] and zinc-[82] ion batteries are emerging and widely studied. Similar to research on lithium-ion batteries, the research and development of high-per- formance cathode materials, including carbon materials,[83] metal compounds,[84] and composite materials,[78] is an indispensable research direction for these metal-ion batteries.[85] The improved utilization and protection of metal anodes also play an impor- tant role in battery performance, with porous metal electrodes possibly being the best choice.[21,22] Yang et al.[10] systematically compared the above batteries recently (Figure 4). They pointed out that multivalent cation battery systems, especially Al3, are considered more promising because of their high capacity (8035 mAh cm3 and 2976 mAh g1), acceptable energy density, high safety, and lower cost. In addition, hybrid ion batteries with different metal ions are another development direction for metal-ion batteries because ion exchange improves battery performance.[26a,85]

2.3. Metal–Sulfur Battery

In the process of exploring high-performance cathode mate- rials for lithium-ion batteries, sulfur was selected as the cathode active material due to its high theoretical capacity of 1672 mAh g1.[22] When matching with a lithium metal anode to form a lithium–sulfur battery, its theoretical energy density can reach 2600 Wh kg1.[86] Sodium–, potassium–, and mag- nesium–sulfur batteries have emerged to reduce the cost and improve energy/power densities of batteries.[87] The most rep- resentative among these metal–sulfur batteries is the lithium– sulfur battery (Figure 5a),[88] which is mainly composed of lithium metal anode, organic electrolyte, and sulfur composite cathode. Its principle is as follows[89]

vious review.[8]

Cathode :S8  16Li  16e  8Li2S 

(7)
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Figure 4. Elemental abundance, ionic radii, standard electrode potential (vs NHE), and gravimetric and volumetric capacities of different metal anodes. Reproduced with permission.[10] Copyright 2019, Wiley.


Anode: Li  Li  e	(8)

the sulfur cathode to be reoxidized. Such shuttle effect leads to self-discharging and low Coulombic efficiency, even forming an

Total :S8  16Li  8Li2S

(9)

internal short circuit.[96] II) Lithium anode reacts with the elec- trolyte to form a nonuniform solid electrolyte interphase (SEI)

Such reaction principle looks simple. However, the charge and discharge processes deliver a voltage profile with two pla- teaus in ether-based electrolytes, as shown in Figure 5b.[90] For discharge process, sulfur is lithiated to form a series of long- chain lithium polysulfide species (S8  Li2S8  Li2S6  Li2S4) and dissolved in ether-based electrolytes, which delivers a higher voltage plateau of 2.35 V and 25% theoretical capacity of 418 mAh g1. Upon further lithiation, the above long- chain polysulfides transform short-chain sulfide species (Li2S4  Li2S2  Li2S) and reprecipitate onto the cathode, which correspond a lower voltage plateau of 2.1 V and 75% theoretical capacity of 1255 mAh g1. The charging process is the opposite. Unlike lead–acid batteries and metal-ion batteries, metal–sulfur batteries undergo the reaction process of solid–liquid–solid tran- sition, resulting in the challenges of capacity fading and poor cycling stability.[91] Therefore, metal–sulfur batteries have not been commercialized yet. On the one hand, several challenges exist on the sulfur cathode side:[92] I) low conductivity of sulfur and lithium sulfide leads to low utilization of sulfur cathode active material;[93] II) the continuous loss of sulfur cathode active material caused by the dissolution of long-chain lithium poly- sulfides into the electrolyte and nonprecipitation back onto the cathode as lithium sulfide at the end of discharge results in low discharge capacities and rapid capacity decay;[94] III) large volu- metric expansion of sulfur upon lithiation (a large volumetric expansion of 80%) causes pulverization and structural damage at the electrode level.[95] On the other hand, the following chal- lenges are faced for the lithium anode side. I) Long-chain lithium polysulfides (Li2S4 to Li2S8) from the cathode in the electrolyte can diffuse to the lithium anode to be reduced to form lower-order polysulfides, subsequently diffusing back to

on the surface with ionic conduction and electronic insulation. Thus, the lithium metal surface is not passivated sufficiently, leading to continuous, undesirable side reactions with the elec- trolyte and resulting in poor reversibility and low Coulombic efficiency.[97] III) The growth of lithium dendrites breaks and reforms SEI, further consuming lithium anode and electrolyte. Dendrites that break off will become dead lithium, resulting in low Coulombic efficiency. More seriously, dendrites potentially penetrate the separator and lead to internal short circuits.[98]
Among these challenges, polysulfide   shuttle   effect (Figure 5c)[99] and dendritic growth (Figure 5d)[100] are the critical problems that restrict the scale expansion of the metal–sulfur battery. The former issue can be addressed via material develop- ment and structural designs of the sulfur hosts. To tackle the shuttle effect and prolong battery life, the ideal cathodes for metal–sulfur batteries can be designed[99] i) as highly conductive materials for improved electrochemical kinetics, ii) with a large surface area for loading a large amount of insulating sulfur or sulfide species to hinder the agglomeration of elemental sulfur nanoparticles, iii) with nanoporous structures for encapsulating sulfur and its reaction product—lithium polysulfides—within the sulfur hosts, iv) with hierarchical porous structures for enhancing mass transport of the interface between the cathode and the electrolyte, v) with chemical interactions for promoting the adsorption of polysulfides to suppress the shuttle effect, and
vi) with a covered interlayer on the sulfur hosts for spatially con- fining the polysulfides within the cathode side. Kang et al.[101] demonstrated that cathode porosity is an important parameter to optimize lithium–sulfur battery energy density. It proved that electrodes with the porosity of 50–60% are suggested for a prac- tical lithium–sulfur battery design. Chabu et al.[102] designed a
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Figure 5. a) Illustration of the charge (red)/discharge (black) process involved in a rechargeable lithium–sulfur battery consisting of lithium metal anode, organic electrolyte, and sulfur composite cathode. Reproduced with permission.[88] Copyright 2013, American Chemical Society. b) A typical two-plateau charge/discharge voltage profile of lithium–sulfur batteries in ether-based electrolytes. Reproduced with permission.[90] Copyright 2016, Royal Society of Chemistry. c) Schematic of the design and structure of sulfur hosts in a lithium–sulfur battery. Reproduced with permission.[99] Copyright 2018, Wiley.
d) Lithium dendrite growth on the lithium metal anode in lithium–sulfur battery. Reproduced with permission.[100] Copyright 2014, Wiley. e) Mechanism
of cooperative lithiophilic and sulfiphilic interfaces of S-doped carbon and Ni3S2 for enhanced adsorption and electrocatalytic conversion of lithium polysulfides. Reproduced with permission.[108] Copyright 2019, Wiley. f) NDHC@C preparation and the proposed confinement effects for polysulfides (a color version of this figure can be viewed online). Reproduced with permission.[109] Copyright 2020, Elsevier. g) Schematics of the formation of SEI with and without BTB additive and the corresponding effect of the formed SEI in shielding LiPSs from Li anode. Reproduced with permission.[110] Copyright 2020, Wiley. h) Schematic illustrations of the working principle of the lithium–sulfur battery with D-HVS@PP separator. Reproduced with permission.[116] Copyright 2020, American Chemical Society.


bipyramidal sulfur/graphene oxide cathode with a sulfur con- tent of 92%. Sulfur particles were uniformly coated by a thin wall of graphene oxide and residual polyvinylpyrrolidone molecules,

facilitating electron/ion transportation and restraining the diffu- sion of polysulfides through interfacial chemical interaction. To drive the conversion of sulfur, Wang et al.[103] reported niobium
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tungsten oxide microspheres as an electroactive host in the electrochemical window to sulfur, showing good electrochem- ical activity for lithium storage and strong adsorption toward polysulfides. The sulfur-based composite with a tap density of
1.56 g cm3 showed a volumetric capacity of 1605.3 mAh cm3, almost 1.9 times of that for the conventional sulfur/carbon composite. Yeon et al.[104] synthesized nitrogen-incorporated honeycomb-like nanoporous carbons (n-hC) with a surface area of 2071 m2 g1, pore volume of 1.11 cm3 g1 and N content of 3.47% derived from lignin, in which sulfur is confined in the micropores to inhibit polysulfide dissolution, thereby showing the facile, reversible redox kinetics of sulfur and the improved performance of sulfur cathode. Similarly, Sun et al.[105] reported a hybrid sulfur host composed of Al2O3 homogenously deco- rated in nitrogen-rich mesoporous carbon framework. Such host features a polydispersed spherical morphology and a mesoporous configuration with a high surface area and large pore volume that can accommodate a high sulfur content up to 73.5 wt%. Wang et al.[106] introduced spherical metal oxides with high tap density as carbon-free hosts of sulfur, showing the superior synergistic effect of adsorption and electrocatalytic conversion of soluble intermediate polysulfides. They also built stable conductive frameworks and open channels in porous electrodes for fast transport of electrons and active diffusion of electrolytes, achieving good utilization and stable cycle perfor- mance of the sulfur cathode. The S/LiNi0.8Co0.1Mn0.1O2 com- posite exhibited a capacity decay rate of 0.057% per cycle after 500 cycles at 0.1 C and a volumetric capacity of 1601.9 mAh cm3. Zhou et al.[107] reported the preparation of sulfur electrode sup- ported by porous vapor silica, which displayed excellent elec- trochemical performances. For a typical case, Zeng et al.[108] proposed a hierarchical electrode design to address the issues corresponding to cathodes. Nickel foam acts as a conductive scaffold. The heteroatom-doped host carbon with desired lithi- ophilicity and electronic conductivity serving as a reservoir for loading sulfur can trap lithium polysulfides and promote elec- tron transfer to interfacial adsorbed lithium polysulfides and Ni3S2 sites. The sulfurized carbon nanofiber forest can facilitate Li-ion and electron transport and retard lithium polysulfide dif- fusion as a barrier layer (Figure 5e). Sulfiphilic Ni3S2 has been demonstrated as both a chemical anchor with strong adsorption affinity to lithium polysulfides and an efficient electrocatalyst for accelerating kinetics for redox conversion reactions. Syner- gistically, all functional units promote the lithium ion-coupled electron transfer for binding and redox conversion of lithium polysulfides, resulting in high reversible capacities, remarkable cycle stability, and excellent rate capability. Yan et al.[109] reported the synthesis of nitrogen-doped carbon materials with hierar- chical pore architecture and a core–shell-type particle design that includes an ordered mesoporous carbon core and a polar microporous carbon shell (Figure 5f ). The ordered mesoporous carbon not only provides sufficient space for high sulfur loading induced by the high-pore-volume particle core, but also ena- bles the dual effect of physical and chemical confinement of the polysulfides to stabilize the cycle life by adsorbing the sol- uble intermediates in the polar microporous shell. The initial discharge capacity with a sulfur loading up to 72 wt% reaches more than 900 mAh g1 at 0.5 C. Cycling performance indicates
90% capacity retention over 250 cycles at 0.5 C.

To address the issue of dendritic growth, Wei et al.[110] tai- lored an organosulfur-containing SEI for the stabilization of the Li anode by employing 3,5-bis(trifluoromethyl) thiophenol as an electrolyte additive. The organosulfur-containing SEI protected the Li anode from detrimental reactions with lithium polysulfides and decreased its corrosion (Figure 5g). A lithium– sulfur battery delivered 82 cycles with an organosulfur-con- taining SEI in comparison to 42 cycles with a reference SEI. This work provokes vital insights into the role of the organic components of SEI in the protection of the Li anode in practical lithium–sulfur batteries.
Dendritic growth on the lithium metal anode is the most serious problem among various metal–sulfur batteries. Yao et al.[111] reported that the formation of a compact inorganic layer (CIL) between Li anode and ionic liquid is an effective strategy to block Li polysulfides and suppress the shuttle effect. A CE of 96.7% was achieved with CIL-protected Li anode in contrast to 82.4% for bare Li anode while no lithium nitrate was employed. Furthermore, the corrosion of Li during cycling was effectively inhibited. A total of 80.6% of the initial capacity after 100 cycles was retained with CIL-protected ultrathin (33 m) Li anode compared with 58.5% for bare Li anode. This study pre- sents a feasible interfacial regulation strategy to protect Li anode with the presence of Li polysulfides and opens avenues for Li anode protection in lithium–sulfur batteries under practical conditions. Kong et al.[112] investigated a Li-rich lithium–mag- nesium (Li–Mg) alloy as an anode based on the consideration of improving the stability in the bulk and at the surface of the lithium anode. The robust passivation layer is formed on the surface of the Li–Mg alloy anode, reducing side reactions and enabling the smooth surface morphology of the anode during cycling. The mixed electron and Li-ion conducting matrix of the Li-poor Li–Mg alloy as a porous skeleton structure can also be formed after delithiation, guaranteeing the structural integrity of the anode in the bulk during Li stripping/plating process. Han et al.[113] employed MOF-modified gel polymer electrolyte (GPE) to stabilize the lithium anode. In view of the abundant pores in the MOF skeleton, GPE not only immobilized the large-size polysulfide anions but also caged electrolyte anions into the pores, facilitating a uniform flux of Li ions and homo- geneous Li deposition. Lin et al.[114] reported a class of double- layer photonic crystal (DLPC)@S/DLPC@Li full cell based on a distinctly constructed DLPC with a 3D-ordered interconnected structure. This full cell not only ensures the uniformity of microscopic electrochemical reaction but also solves common problems such as low conductivity of sulfur, poor cycle life, and lithium dendrite growth. Impressively, the full cell exhibits superior electrochemical performance with a high reversible capacity of 703.3 mAh g1 even at an extremely high rate of 10 C and excellent cycle performance with 1200 cycles with about 0.0317% capacity loss per cycle at 0.5 C. Ren et al.[115] designed spontaneous reactions for protecting porous lithium electrodes. A reaction between molten lithium and sulfur-impregnated carbon nanofiber formed a fibrous network with a lithium shell and a carbon core. Then, they coated the surface of this porous lithium electrode with a composite of lithium bismuth alloys and lithium fluoride through another spontaneous reaction between lithium and bismuth trifluoride solvated with phos- phorous pentasulfide, which also polymerizes with the lithium
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sulfide residual in the electrode to form a solid electrolyte layer. This protected porous lithium electrode enables stable operation at 6.0 mA cm2 for 200 cycles. Wang et al.[116] used 2D hexagonal VS2 flakes as the building blocks to assemble nanotowers on the separators, forming a symmetrical double- side-modified polypropylene separator without blocking the membrane pores (Figure 5h). Benefiting from the sulfiphilic and lithiophilic properties, high interfacial electronic conduc- tivity, and the unique hexagonal tower-form nanostructure, the recyclable VS2 hexagonal nanotower (HVS) double-side-modi- fied commercial polypropylene (PP) separator (D-HVS@PP separator) guaranteed rapid ion/electron transfer and realized uniform lithium nucleation growth during cycling.

During the discharge process, Li is oxidized to Li ions, which diffuses from the anode to the cathode through a membrane. At the same time, electrons move via the external circuit from the anode to the cathode, where the ORR occurs. During the charging process, Li ions from the cathode diffuse into the anode through a membrane. The OER occurs at the cathode, and Li ions deposit as neutral Li on the Li anode. The simplest net reaction envisioned for the hybrid battery is a four-electron process

Cathode: O2  2H2O 4e  4OH	(15)

Anode: Li  Li  e	(16)




2.4. Metal–Air Battery

Overall: 4Li  O2  2H2O  4LiOH

(17)



Another effective strategy to achieve high energy density is the exclusion of the cathode active material from the battery, making the battery smaller and lighter. Therefore, metal–air batteries have been developed.[117] Metal–air batteries employ a dissolu- tion/precipitation reaction on the anodes during the electro- chemical process rather than the intercalation mechanism.[118] Unlike the intercalation reaction, a dissolution/precipitation reac- tion involves an evolution in the crystal structure of the electrode material. According to the differences of electrolytes, metal–air batteries are divided into three categories: 1) nonaqueous, which are alkali metals that react violently with water as anodes, such as lithium and sodium, 2) hybrid, which are alkali metals that react violently with water as anodes, such as lithium and sodium,
3) aqueous, which uses a transition metal as anodes, such as aluminum, zinc, and magnesium. Three typical cases of non-

A zinc–air battery is composed of three main components: a zinc anode, an alkaline (KOH) electrolyte, and an air cathode, as schematically illustrated in Figure 6c.[120] For discharge, oxygen diffuses through the air cathode with the catalyst layer, allowing the reduction of oxygen to hydroxide ions (ORR) in the alkaline electrolyte with the electrons obtained from the electrochemical oxidation of the zinc anode. On charge, oxygen will evolve and diffuse out of the air cathode (OER), whereas zinc is deposited at the anode. The simplest net reaction envisioned for the non- aqueous battery is a four-electron process

Cathode: O2  2H2O  4e  4OH	(18)

Anode: Zn  2OH  ZnO  H2O  2e	(19)

aqueous lithium–air battery, hybrid lithium–air battery, and aqueous zinc–air battery are selected to describe the principles.
The chemistry proposed for a nonaqueous lithium–air bat-

Overall: 2Zn  O2  2ZnO

(20)

tery is as follows,[119] corresponding to Figure 6a. During the dis- charge process, metal lithium is oxidized at the anode to form lithium ion. The electrons flow through an external circuit and the lithium ions generated from this reaction reduce oxygen (oxygen reduction reaction, ORR) to form Li2O2 (and possibly Li2O) in the cathode. For the charge process, lithium metal is plated out on the anode, and O2 is evolved at the cathode (oxygen evolution reaction, OER). The simplest net reaction envisioned for the nonaqueous battery is a two-electron process

 (
2
)Cathode: O2  e  O	(10)

 (
2
2
)O  e  O2	(11)

Anode: Li  Li  e	(12)

The above electrochemical principles show that the disso- lution/deposition of metal anode and reduction/evolution of oxygen in cathode are two keys of typical metal–air batteries. The reaction principle of metal–air batteries lies in OER and ORR.[26c,121] OER is molecular oxygen generated via the proton/ electron coupled processes.[122] It is also an electron-coupled uphill reaction in the charge of metal–air batteries, corre- sponding to the oxidation of hydroxyl groups (OH) and/ or oxygen anion (O22 and/or O2) transforming into O2.[123] Contrary to OER, ORR is a dissociative adsorption process, beginning with O2 adsorption on a catalyst surface;[124] please refer to our previous review for a specific description.[26c] Gen- erally, a nonaqueous electrolyte requires a two-electron reac- tion, while an aqueous electrolyte requires a four-electron reaction.[125] Therefore, the key issue of metal–air batteries is the ideal electrocatalysts, which should possess the following advantages:[126] 1) a highly conductive and porous catalyst sub-

Total: Li  O2  LiO2

LiO2  Li  Li2O2

(13)

(14)

strate, 2) nanostructured catalyst particles, 3) abundant and well-dispersed catalyst sites, and 4) environmentally benign properties of the chemical composition of the catalyst. Our pre- vious report discussed the recent progress of electrocatalysts

A classic example for the hybrid lithium–air battery by con- structing Li/aprotic electrolyte/Li ion-conducting membrane/ aqueous electrolyte/air electrode is shown in Figure 6b.[119]

in detail.[26c] Carbon-based catalysts are a typical kind of ORR electrocatalysts.[92,127] Heteroatoms are used to alter the surface structure, electronic properties, and adsorption/desorption
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Figure 6. Types of metal–air batteries: a) nonaqueous lithium–air battery. b) hybrid lithium–air battery. Reproduced with permission.[119] Copyright 2010, American Chemical Society. c) aqueous zinc–air battery. Reproduced with permission.[120] Copyright 2014, Springer Nature. d1) Synthesis route for the structural transformation of WeN/C@Co9S8@WS2-hollow carbon nanocage, and d2) comparative OER Tafel plots. Reproduced with permission.[147] Copyright 2020, Elsevier. e1) Fe/Ni–N–C (3-N coordinated), e2) ORR, and e3) OER Tafel plots obtained from the RDE polarization curves, respec- tively. Reproduced with permission.[148] Copyright 2021, Elsevier. f) Schematic of the synthesis procedure for Fex@N/HCSs catalysts. TEM image of Fe20@N/HCSs material. Reproduced with permission.[150] Copyright 2020, Wiley.


behaviors toward oxygen intermediates,[128] providing additional ORR active sites and promoting the electrocatalytic kinetic processes of oxygen.[129] Heteroatom-doped carbon mate- rials are expected to replace the traditional Pt-based catalyst

electrode.[130,131] Metal-based catalysts are used for metal–air batteries due to their superior OER performance and good cycle stability.[132] Metal alloys and transition metals have been used as OER catalysts for metal–air batteries.[133] As a class of





 



bifunctional ORR and OER catalysts, metal oxides are widely studied owing to their high activity, stability, and low cost for metal–air batteries.[134,135] The electrocatalytic activity of metal oxides can be enhanced by altering their compositions, crystal structures, and morphologies.[136] MOF-derived nanostructured materials are promising ORR/OER bifunctional electrocata- lysts because of their large specific surface area, robust mor- phology, and porosity.[137] Perovskite oxides have high ionic/ electronic conductivity, and their specific structure can provide rich oxygen vacancies.[138] Oxygen vacancies can enhance the transfer of oxygen ions, and the optimized chemical composi- tion can improve ORR and OER performance.[139] Single-atom catalysts (SACs) are a breakthrough point in the electrocatalysis community due to their outstanding advantage of maximum atom utilization efficiency for OER and ORR performance.[140]
Among various ORR/OER bifunctional   electrocatalysts, the composites of metal/metal compounds and carbon mate- rials have become the latest research hotspot.[141] Li et al.[142] prepared a bifunctional catalyst (Co3O4/N-rGO) through a one-pot synthesis method. This catalyst exhibited good ORR and OER activity, high current stability, and methanol toler- ance. Li et al.[143] reported 2D CoFe/SN-doping and tailor-made open porous carbon nanosheets with a specific surface area of 1004 m2 g1 and a pore volume of 1.25 cm3 g1, exhibiting superior catalytic activity for ORR (E1/2  0.843 V) and OER (Ei10  1.504 V) in alkaline medium, as well as a power den- sity of 169 mW cm2 and outstanding stability for 5100 min in zinc–air battery. Transition metal (i.e., Co, Fe, W, etc.) and nonmetal (i.e., N, S, P, etc.) heteroatom-doped porous carbon is apparently a promising electrocatalyst due to its low cost and preeminent electrical conductivity.[144] In general, the ORR/OER catalytic activity is observably enhanced via nonmetallic dopants that effectively modulate the electronic structure of carbon[145] and metallic dopants that form transition metal–nitrogen active sites.[146] Liu et al.[147] prepared N-doped C hollow metal–organic frame structure materials as a template. WS2 nanocrystals were grown and encapsulated in ZIF-67 with interfacial W-N cou- pling centers. After pyrolysis, ZIF-67 becomes Co, N-doped C materials, and the growth of WS2 was suppressed, forming mul- tifunctional group W-N/C@Co9S8@WS2 materials (Figure 6d1). With the unique frame pore structure and the synergistic effect of WS2, Co9S8, and W-N multifunctional groups, W-N/C@ Co9S8@WS2 exhibited E1/2  0.84 V and a slight Tafel slope of 41 mV dec1 (Figure 6d2) when employed as electrocatalysts for OER and a potential of 1.79 V to achieve the current density of 10 mA cm2 in 0.1 M KOH. Li et al.[148] demonstrated that the FeNi dual-site architecture can serve as a superior bifunc- tional catalyst for both ORR and OER by coupling with Ni, Fe 3D electron delocalization (Figure 6e1). The as-constructed catalyst exhibits outstanding ORR efficiency with a comparable onset potential of 1.005 V and half-wave potential of 0.861 V. The best ORR kinetic activity was reflected in an 80 mV dec1 Tafel slope (Figure 6e2) of Fe/Ni–N–C. The low Tafel slope of 69 mV dec1 (Figure 6e3) is indicative of higher OER catalytic activity. The outstanding catalytic performance is due to mod- erate spin polarization in the reaction center of Fe and the con- ductive nature via ferromagnetic coupling with Ni. This work opens up a new direction for the study of double atomic cata- lysts. Tomon et al.[149] reported bifunctional electrocatalysts of

hollow Co3O4 nanorods with oxygen vacancies toward ORR and OER for high-performance lithium–air batteries. Wang et al.[150] constructed Fe3O4 nanoparticles inside N-doped hollow mesoporous carbon spheres (N/HCSs) yolk–shell structure (Fex@N/HCSs) as a bifunctional electrocatalyst for ORR and OER (Figure 6f ). In situ growth of Fe3O4 nanoparticles was effectively controlled and confined by utilizing the N/HCSs and melting–diffusion strategy, and its conductivity and struc- tural stability were significantly improved. Yolk–shell structured Fe20@N/HCSs ecosystem with Fe–Nx active sites exhibited high ORR/OER activity and stability. Zinc–air battery assembled with Fe20@N/HCSs achieved an open-circuit voltage of 1.57 V, a power density of 140.8 mW cm2, and a long-term cycling per- formance of more than 300 h. This work provides a new avenue for the design and optimization of other high-performance yolk–shell materials with nanoscale confinement structures.


3. Challenges
Various rechargeable batteries with different operation mecha- nisms can be roughly divided into four categories: lead–acid batteries,[151] metal-ion batteries,[152] metal–sulfur batteries,[153] and metal–air batteries.[154] However, the performance of these batteries is hindered by the core issues, namely, electronic and ionic transports,[155] which are influenced by four key parameters such as, the electrode, electrolyte, electrode/electrolyte interface, and surface reactivity (Figure 7). The irreversible sulfation of the anode in the lead–acid battery is caused by the delay of electron transports in the anode discharge product (PbSO4).[39] The poor high-C rate performance of lithium-ion battery cathode mate- rials is caused by insufficient ion and electron transport kinetics in electrode and interface. Unsatisfactory polysulfide ion trans- port in the electrolyte leads to the degradation of metal–sulfur battery performance and anode dendritic growth. Similarly, the low efficiency of metal–air battery cathode catalysts is caused by poor electrode electronic conductivity and low electrode surface
[image: ]
Figure 7. Challenges of electronic and ionic transports involving in the electrode, electrolyte, electrode/electrolyte interface (referred to as inter- face), and surface reactivity (referred to as surface) of the rechargeable batteries.
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adsorption/desorption of OH ions. Generally, many efforts mainly focus on the modification of electrodes (doping, coating, adding, nano, composite, etc.), electrolytes (additive, ionic liquid, etc.), and separator (solid-state, surface treatment, etc.). Next, we will review the regulation of electronic and ion kinetics according to different strategies.


4. Approaches for Regulating Electronic and Ionic Kinetics
A high energy barrier that originates from unexpected elec- tronic and ionic kinetics is considered a major obstacle to satisfactory performance in advanced rechargeable battery sys- tems.[156] Electronic and ionic kinetics need to be regulated by applying approaches such as accelerating phase transition, sup- pressing electrode active material orientation, introducing the catalytic phase, and modifying the surface and interface.


4.1. Regulating Phase Transition

During the charge and discharge processes of rechargeable batteries, phase transition happens all the time due to the transports of electrons and ions.[157] Structural phase transi- tions can be used to alter the properties of a material without adding any additional elements and are therefore of significant technological value.[158] To understand the phase transition in rechargeable batteries, the schematic illustrations in Figure 8a show a O3–P3 phase transition based on the gliding of TMO2 layers.[159] Sodium ions in the O3-type phase are originally sta- bilized at edge-shared octahedral sites with ABCABC oxygen packing. Sodium ions at prismatic sites become energeti- cally stable when sodium ions are partly extracted from the O3-type phase, associated with formation of vacancies. Part of the TMO2 slabs glides by (1/3, 2/3, 0) without breaking MeO bonds, resulting in the formation of the P3 phase. In gen- eral, such phase transition does not need the chemical bond to break during ionic insertion and extraction.[160] The adjust- ment of the phase transition is mainly used for electrode mate- rials that apply ion insertion and extraction as the mechanism of action,[157b,161] such as LiFePO4,[158b] TiO2,[162] Mn3O4,[163]
Na2/3Ni1/3Mn7/12Fe1/12O2,[164] and K5/9Mn7/9Ti2/9O2.[165]
Regulating such phase transition is beneficial to improve the electrochemical performance of rechargeable batteries. In 2015, our group introduced the electrochemically active porous glass of Na2O–FeO–V2O3–P2O5–biocarbon (NFVPB) to modify LiFePO4/NaFe3V9O19 cathode active materials.[26a] The amor- phous nature of the NFVPB glass retards the anisotropic Li-ion diffusion in the LiFePO4 electrode, increases the Li/Na mixed- ion and electronic transport, extends the electroactive zone, and facilitates the transfer kinetics. The NFVPB glass phase may also create a low-energy nonequilibrium path of phase trans- formations in LFP/NFV composite nanoparticles via a contin- uous change in the structure (Figure 8b1). This is a fast phase transformation process that avoids a classical nucleation pro- cess, that is, major structural rearrangement across a moving interface. These low-energy nonequilibrium paths of phase transformations may help improve the high-rate performance

of LFP/NFV composite nanoparticles despite the large misci- bility gap of Li and Na at room temperature (Figure 8b2). Wang et al.[159] found that the O3-type phase transforms reversibly into a P3-type phase of NaNi0.5Mn0.2Ti0.3O2 upon Na dein- tercalation/intercalation by using in situ X-ray diffraction, ex situ X-ray absorption spectroscopy, and scanning transmission electron microscopy. The substitution of Ti for Mn enlarges the interslab distance and could restrain the unfavorable and irreversible multiphase transformation in high-voltage regions that is usually observed in O3-type NaNi0.5Mn0.5O2, resulting in improved Na cell performance. Li et al.[166] demonstrated a zinc hybrid ion battery (ZHIB) with an unusual capacity enhance- ment even within 18 000 cycles by employing V2CTx (Tx rep- resents surface functional groups such as F, OH, O) MXene as the cathode (Figure 8c) because of MXene delamina- tion and an unexpected phase transition during cycling. Both the original cathode and secondary derivative contribute to capacity simultaneously, resulting in unusual capacity enhance- ment. Consequently, the specific capacity of 508 mAh g1 and high energy density of 386.2 Wh kg1 are realized. In studies of phase transitions for rechargeable batteries, in situ tests are very important, especially in situ XRD[167] and in situ TEM.[168] Huang et al.[169] disclosed the multistep phase transitions of lay- ered bismuth from BiNaBic-Na3Bi (cubic)h-Na3Bi (hex- agonal) during Na intercalation and alloying processes by in situ transmission electron microscopy (Figure 8d). The struc- ture transition is from the ABCABC stacking type of c-Na3Bi to ABABAB stacking type of h-Na3Bi. Lateral ductility can effi- ciently alleviate the in-plane mechanical strain caused by the Na migration. Thus, the few-layer bismuth nanosheet exhibits potential cyclability for Na-ion batteries.
The undesired phase transition results in poor electrochem- ical performance. For example, a P2-type layered framework suffers from undesired P2–O2 phase transition, which leads to rapid capacity decay and limited reversible capacities.[171] Thus, this type of phase transition needs to be suppressed. Metal atomic substitution is a common and effective route. Jiang et al.[170] developed Ru-substituted P2-Na0.6MnO2 as a prom- ising sodium host with a high reversible capacity and cycle life, revealing that Ru substitution could improve electronic and ionic conductions and particularly suppress the phase transi- tion of P2OP4, resulting in the extension of the single-phase reaction region (Figure 8e). Ru substitution not only enhances the specific capacity (209.3 mAh g1) but also improves the rate capability (100 mAh g1 at 50 C) and cycling stability. Wang et al.[171] proved that the unexpected phase transition of sodium- based layered oxides was mitigated by substituting nickel ions with   magnesium   to   obtain   Na0.67Mn0.67Ni0.33xMgxO2 (0  x  0.33). The capacity retention of the P2-type cathode material was remarkably improved as the P2–O2 phase transi- tion was suppressed during cycling (Figure 8f).


4.2. Suppressing Electrode Active Material Orientation

In rechargeable batteries, some metal elements, such as lead, lithium, sodium, zinc, and aluminum, can be used as anode electrodes directly due to their high theoretical specific capacity.[172] During the charge and discharge processes, the
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Figure 8. a) Schematic illustration of the O3–P3 phase evolutions during the Na insertion/extraction process. Reproduced with permission.[159] Copy- right 2017, Wiley. b1) Low-energy nonequilibrium paths of the phase transformation process in LFP/NFV composite nanoparticles, the classical phase transformation process in LFP. b2) First charge/discharge curves of the LFP/NFV/NFVPB-2 cathode at different rates. Reproduced with permission.[26a] Copyright 2015, Royal Society of Chemistry. c) Schematic illustration of the possible mechanism of the structural and phase transition of the V2CTx cathode. Long-term cycling performance of V2CTx-based ZHIB at 10 A g1. Reproduced with permission.[166] Copyright 2020, American Chemical Society.
d) Structural evolution of bismuth NS at different sodiation stages. HRTEM images and the corresponding FFT patterns of bismuth NS, NaBi, cubic Na3Bi, hexagonal Na3Bi; scale bar: 2 nm. Atomic structure models for different stages of phase evolutions and their plane distances corresponding to HRTEM (vacuum of bismuth NS  15 Å). Reproduced with permission.[169] Copyright 2019, American Chemical Society. e) Suppressed high-voltage phase transition of P2-type oxide cathode for high-performance sodium-ion batteries. Reproduced with permission.[170] Copyright 2019, American Chemical Society. f) Cycling performance of various P2-type Na0.67Mn0.67Ni0.33xMgxO2 electrodes (x  0, 0.02, 0.05, 0.10, and 0.15) during 50 cycles. Reproduced with permission.[171] Copyright 2016, Wiley.


change in the composition of the metal electrode can easily cause the orientation growth of metal crystals because of the nonuniform charge distribution and larger state of charge.[173] The oriented growths of electrode active materials may accel- erate the disappearance of active sites in the electrode then reduce the electronic and/or ionic conductivities of the elec- trode, thereby causing the electrode to fail.[174] Typically, lithium anode suffers from battery degradation caused by metal lithium electrode orientation during the charge/discharge process through dissolution and deposition.[175] In general, the crystal growth includes two processes of nucleation and growth, which are the key processes to control the crystal orientation.[176] We

proved that the metal lithium growth in lithium-ion batteries was controlled obviously because graphitized mesoporous carbons (GMCs) regulate the lithium growth along the mesoporous structure and the particle voids, resulting in the significant extension of the operation time of the lithium-ion battery without dendrite formation.[21]
Various studies indicate that the 3D porous frameworks are effective designs for the control of metal crystal growth.[177] Liu et al.[178] synthesized a freestanding and highly flexible 3D cur- rent collector made of carbon nanofibers (CNFs) conformally coated by continuous Sn layer by electrospinning method. The Sn layer enables a lithiophilic and alloyable carbon skeleton
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Figure 9. a) Scheme of Li-plating and -stripping behavior for CNF and CNF-Sn-5% composite electrode. The CNF-Sn-5% electrode enables a smooth and conformal coating of Li during plating because of the lithiophilicity and alloyability of the nanofiber surface and complete Li removal during strip- ping because of reinforced electric contact. The CNF electrode enables loose Li injection in the voids of CNF network during plating. Substantial residual Li grains remained after stripping. Reproduced with permission.[178] Copyright 2019, American Chemical Society. b) Illustration of dendrite and crack suppression. In a Li–Na alloy electrode, Li adsorbs on the tips to repel incoming Na and forces Na deposition on adjacent regions away from the tips. At the Na electrode, no Li is adsorbed on the tips to repel incoming Na; thus, Na is deposited on the tips. Without DOL, the electrolyte reacts with the alloy to form a rigid SEI that will crack during cycling. After DOL is added, it reacts with the alloy to form an elastic SEI, thus preventing SEI cracking. Reproduced with permission.[181] Copyright 2019, Springer Nature. c) Schematic illustration of plating/stripping of K metal on CNT scaffold (upper panels) and DN-MXene/CNT scaffold (lower panels). Reproduced with permission.[182] Copyright 2020, Wiley. d) Design principles for den- drite suppression with porous polymer/aqueous solution hybrid electrolyte for Zn–metal anodes. Reproduced with permission.[183] Copyright 2020, American Chemical Society. e) Schematic for GMC additive controlling the electrode structure in LABs during charge/discharge process. Reproduced with permission.[3a] Copyright 2018, The Electrochemical Society. SEM images of f1) Pb and f2) Pb/NC-800 samples after cycle tests. Reproduced with permission.[40a] Copyright 2019, Elsevier.


surface and provides uniform and continuous Li nuclea- tion sites (Figure 9a), leading to unusual conformal Li plating behavior and effective inhibition of Li dendrites. Surface treat- ment of electrode can also be used to suppress the oriented growth of metal electrodes,[21] You et al.[179] employed the tam- arind seed polysaccharide (TSP) with an ultrahigh degree of backbone substitution, high viscosity and hardness, excellent elasticity, and remarkable stability in organic electrolytes for

Li metal anode protection. A TSP protective film with optimal thickness was easily coated on the Cu foil (TSP-Cu), which favors the homogeneous electrodeposition of Li metal on the Cu foil and successfully inhibits the formation of dendrite during prolonged cycles. Adding an additive in electrolyte is an effec- tive in situ surface treatment. For example, Wang et al.[180] pro- posed the use of an optimal amount of lithium iodide (LiI) as a functional additive in ether-based electrolyte for dendrite-free





 



Li deposition. The additive could induce electrolyte polymeriza- tion to in situ form a robust SEI layer enriched with elastic oli- gomer on the Li surface. Furthermore, the LiI in the electrolyte heightens the ionic conductivity of the formed SEI and facili- tates the migration of Li ion, remarkably promoting the uniform deposition of Li at the Li/electrolyte interface and suppressing the growth of Li dendrite. For another case, Ma et al.[181] reported how the use of a Li–Na alloy anode and an electrolyte additive realizes an aprotic bimetal Li–Na alloy–O2 battery with improved cycling stability (Figure 9b). Electrochemical investigations show that the stripping and plating of Li and Na and the robust and flexible passivation film formed in situ (by 1,3-dioxolane additive reacting with the Li–Na alloy) suppress dendrite and buffer alloy anode volume expansion and thus prevent cracking, avoiding electrolyte consumption and ensuring high electron transport efficiency and continued electrochemical reactions.
In addition to metallic lithium, the oriented growth of other metals also needs to be suppressed during electrochemical pro- cesses. Tang et al.[182] reported a potassium anode prepared by confining potassium metal into a titanium-deficient nitrogen- containing MXene/carbon nanotube freestanding scaffold. The high electronic transport and fast potassium diffusion in this scaffold enable reduced local current density and homogeneous ionic flux during the plating/stripping processes. Such “potas- sium-philic” MXene sheets can induce the nucleation of potas- sium and guide potassium to uniformly distribute in the scaf- fold upon cycling (Figure 9c). Consequently, the potassium metal anodes exhibit a dendrite-free morphology with high Coulombic efficiency and long cycle life during the plating/stripping pro- cesses. Hong et al.[183] used phase-field simulations to analyze the design space for a porous polymer/aqueous ZnSO4 hybrid elec- trolyte. The dendritic growth could be suppressed, utilizing both the mechanical suppression effect from the polymer framework and the high diffusivity from the aqueous electrolyte (Figure 9d). Similarly, the lead anode suffers from issues caused by anode-oriented growth during charge/discharge processes on the basis of crystal phase transition,[3b,173b] as discussed in Section 2.1. For this case, designing and constructing a con- ductive network are an effective method to suppress this ori- entation. Our group[3a] reported GMCs derived from zeolitic imidazolate frameworks-8 (ZIF-8) by controlling the annealing parameters as porous media in the Pb anode for suppressing the sulfation orientation. The cycle performance of lead–acid batteries with GMC additive (38013 cycle numbers) is about
8.5 times that without additive (4408 cycle numbers) because of the GMCs good physical and chemical properties in forming the conductive network (Figure 9e). In the search for a cheap and effective carbon material, N-doped carbon (NC) derived from chitosan was synthesized to suppress the oriented growths of PbSO4 crystals.[40a] We found that the size of anode discharge products was reduced from 18 m (Figure 9f1) to 3 m (Figure 9f2) after the conductive network was utilized, and its cycle life increased to 3.6 times in large-scale batteries.


4.3. Introducing the Electrocatalytic Phase

In rechargeable batteries, the electrocatalytic phase exists in the metal–air battery, as discussed in Section 2.4 for the ORR

and OER reactions. With the great kinetic challenges of insu- lating end-redox products (S/Li2S) and massive lithium poly- sulfide migration in lithium–sulfur batteries, the introduction of the electrocatalytic phase in sulfur cathode to regulate ionic transport has become a new hot spot in the electrocatalytic field.[184,185] Complex S/Li2S deposition and accumulation on conductive scaffolds pose a high barrier for both charge and mass transport, especially under high sulfur loading and low electrolyte/sulfur ratio conditions.[186] Various catalysts with high activity for stabilizing the lithium–polysulfide shuttle process were reported recently, thus improving the electro- chemical performance of lithium–sulfur batteries.[187]
Recently, catalysts for lithium–sulfur batteries mainly include three categories: 1) heteroatom-doped metal-free cata- lysts (strong chemical affinity toward LiPSs and high catalytic activity for LiPS redox);[188] 2) metal-based catalysts (intriguing structural and electronic properties);[189] and 3) heterostruc- tural catalysts (high chemical interaction with LiPSs and good interfacial LiPS redox kinetics).[190] The heterostructural cata- lysts are the most popular of the three categories because of the synergistic effect of metal-free materials and metal/metal compounds.[140b] Ma et al.[191] designed a host that consists of a crisscrossed network of CNT-reinforced CoS nanostraws (CoS-NSs; Figure 10a). Its capillarity effect and chemisorp- tion of CNTs/CoS-NSs efficiently suppressed the shuttle effect and promoted the redox kinetics of polysulfides. The sulfur- encapsulated CNTs/CoS-NSs exhibited a rate capability of 1045 mAh g1 at 0.5 C and 573 mAh g1 at 5.0 C because the electrocatalytic effect of CoS facilitates the redox conversion of sulfur species. Similar to metal–air batteries, SACs are also a breakthrough point in the electrocatalysis community due to their outstanding advantage of maximum atom utilization effi- ciency in lithium–sulfur batteries.[140a] Du et al.[192] reported that monodisperse cobalt atoms embedded in nitrogen-doped gra- phene (Co–N/G, Figure 10b1) can trigger the surface-mediated reaction of Li polysulfides. The Co–N–C coordination center serves as a bifunctional electrocatalyst to facilitate both the for- mation and the decomposition of Li2S in discharge and charge processes, respectively, because of the reduction of the energy barrier (Figure 10b2). The S@Co–N/G composite, with a high S mass ratio of 90 wt%, can deliver a gravimetric capacity of 1210 mAh g1, and it exhibits an areal capacity of 5.1 mAh cm2 with a capacity fading rate of 0.029% per cycle over 100 cycles at 0.2 C at 6.0 mg cm2 S loading on the electrode disk. Zhang et al.[193] prepared single nickel (Ni) atoms on nitrogen-doped graphene (Ni@NG) with Ni–N4 structure and introduced Ni@ NG to modify the separators of lithium–sulfur batteries. The oxidized Ni sites of the Ni–N4 structure act as polysulfide traps, efficiently accommodating polysulfide ion electrons by forming strong S2xNi–N bonding. In addition, charge transfer between the LiPS and oxidized Ni sites endows the LiPS on Ni@NG with low free energy and decomposition energy barrier in an electrochemical process, accelerating the kinetic conversion of LiPS during the charge/discharge process. The large binding energy of LiPS on Ni@NG also shows its ability to immobilize the LiPS and further suppress the undesirable shuttle effect.
Li et al.[186]   expanded atomic electrocatalysts to lithium–
sulfur chemistry, thus deepening the kinetic understanding of sulfur species evolution. The as-designed atomic electrocatalyst
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Figure 10. a) Formation and reversible discharge/charge mechanisms of S@CNTs/CoS-NSs. Reproduced with permission.[191] Copyright 2018, American Chemical Society. b1) TEM and HAADF-STEM images showing the structure of Co–N/G. b2) Energy profiles for the reduction of LiPSs on N/G and Co–N/G substrates. (Insets) The optimized adsorption conformations of intermediate species on N/G and Co–N/G substrate. Reproduced with permission.[192] Copyright 2019, American Chemical Society. c) Stable operation of Li–S cells, cycling stability. Reproduced with permission.[186] Copyright 2019, Wiley. d1) EDX mappings of carbon, nitrogen, and iron in SAFe@g-C3N4 material, respectively. d2) Schematic of the structure of battery cell and cycling performance of the SAFe@gC3N4-based device at the rate of 0.2 C for 200 cycles. Reproduced with permission.[194] Copyright 2020, American Chemical Society. e1) The calculated delithiation models of Li2S with and without SAFe catalyst on the NC surface. e2) Comparison of delithi- ation energy barriers of pristine Li2S and Li2S@NC with/without the SAFe catalyst. e3) The long cycle performance of the Li2S@NC:SAFe cathode at 2 C and 5 C. Reproduced with permission.[156] Copyright 2019, Elsevier.


endowed the lithium–sulfur battery with a cyclic decay rate of 0.10% in 300 cycles (Figure 10c), a capability of 1035 mAh g1 at 2 C, and an impressive areal capacity of 10.9 mAh cm2 at a sulfur loading of 11.3 mg cm2 because of the atomically dis- persed lithiophilic and sulfiphilic sites on conductive substrates, thereby encouraging the application of emerging electroca- talysis in other multielectron/multiphase reaction energy sys- tems. Lu et al.[194] designed single-atom materials to accelerate polysulfide conversion for Li–S batteries (Figure 10d1). Nitrogen sites in the structure not only anchor polysulfides to alleviate the shuttle effect but also enable the high loading of single-atom irons. Density functional theory (DFT) calculations indicate that single-atom sites reduce the energy barrier of electrochemical reactions and thus improve the rate and cycling performances of batteries. The coin battery shows impressive energy storage properties, including a high reversible capacity of 1379 mAh g1

at 0.1 C and a high rate capacity of 704 mAh g1 at 5 C. The ratio of electrolyte dosage/energy density is as low as 5.5 g Ah1. It exhibits excellent cycling performance with a capacity retention of 90% even after 200 cycles at 0.2 C (Figure 10d2).
The SAC not only helps the initial cycle by lowering the activa- tion energy barrier but also boosts the lithium–sulfur battery rate performance over an ultralong cycle life. Wang et al.[156] proved that atomically dispersed single iron atoms promote the delithia- tion of a relatively inert Li2S cathode and accelerate reversible elec- trochemical conversion reactions during its long-term cycling. The delithiation energy barriers of pristine Li2S, Li2S on NC, and Li2S on NC with SAC are compared by DFT calculation. The main Li evolution process consists of Li–S bond breaking in Li2S and the exit of lithium ion, both of which require high energy (Figure 10e1). The energy barrier of pristine Li2S is as high as 3.4 eV per chem- ical formula, while the energy barrier of Li2S@NC:SAFe is merely





 



0.81 eV (Figure 10e2). This finding indicates that the highly active SAC could dramatically decrease the energy barriers for delithia- tion of Li2S and facilitate the transport of Li ion in the electrode. Figure 10e3 shows the ultralong cycling performance of Li2S@ NC:SAFe-based cells at higher rates. After 1000 cycles at 2 and 5 C, the cells can still maintain high capacities of 490 and 315 mAh g1 (based on S), corresponding to extremely low average capacity decay rates of 0.04% and 0.06% per cycle, respectively.


4.4. Modifying Surface and Interface

The modification of the surface and interface in recharge- able batteries is a complex and practical process that involves electrode material coating, separator treatment, and electro- lyte optimization.[8,195] Generally, the surface modification of electrode active materials is an efficient route to improve the structural stability and electrolyte wettability, thereby enhancing the high-C rate performance and cycle stability of rechargeable batteries. For example, we[64] provided a 10 nm coating layer, with metal zinc, graphite-like carbon, and uniform and simple connecting mesopores on the surface of commercial LiFePO4 cathode particles (LFP/CZIF-8, Figure 11a1). The improved struc- tural stability and electrolyte wettability after coating resulted in a discharge specific capacity of 159.3 mAh g1 at 0.1 C and a discharge specific energy of 141.7 mWh g1 after 200 cycles at 5.0 C (the retention rate is 99%, Figure 11a2). The surface treatment of electrode materials by using special technology is more controllable and efficient. Deng et al.[196] modified the surface of LiNi0.5Mn1.5O4 cathode materials by applying atomic layer deposition (ALD) technology. Deng et al.[197] designed a dual-functional Li3PO4 (LPO) modification by using ALD tech- nology for Ni-rich layered oxide cathodes to achieve high per- formance (Figure 11b1). The modified cathode demonstrates a significantly improved initial capacity of 170.6 mAh g1 at 0.1 C, better rate capability, and reduced polarization compared with the bare cathode. More importantly, stable long-term cycling is achieved with a low capacity degradation rate of 0.22 mAh g1 per cycle for 300 cycles at 0.2 C (Figure 11b2).
A separator is used to prevent electronic transports between the anode and the cathode in a rechargeable battery and to ensure reasonable ionic transports between the anode and the cathode at the same time.[198] Therefore, the separator is usu- ally an insulator with a large number of suitable pore struc- tures. The effect of separator treatment for regulating electrons and ions mainly focuses on the transports of ions and selec- tion of ions between the anode and cathode in the battery.[199] Wu et al.[200] constructed a temperature-gated 2D cationic nano- channels, stemming from the stacking of functionalized mont- morillonite (MMT) lamellae, for controllable osmotic energy harvesting (Figure 11c). Excellent cation selectivity was obtained after electronegative modification, with an output power of
150 mW m2 as a separator for osmotic power harvesting. To
suppress the shuttle effect and slow conversion rate of soluble polysulfide compromise, Hu et al.[201] reported a separator con- figuration (CoS2/HPGC/interlayer) as an efficient polysulfide trapping barrier for lithium–sulfur batteries (Figure 11d). As a functional interlayer, this configuration enhanced conductivity, promoted polysulfide trapping capability, and accelerated sulfur

electrochemistry. It delivered a capacity of 846 mAh g1 after 250 cycles, corresponding to a high capacity retention of 80.2% at
0.2 C and 519 mAh g1 after 500 cycles at 1 C. Moreover, with the CoS2/HPGC/interlayer, the lithium–sulfur battery enabled a low self-discharge rate with a very high capacity retention of 97.1%.
Electrolyte is as important to batteries as blood is to humans and is the key channel for ionic transports between the anode and the cathode in nonsolid rechargeable batteries, including nonaqueous electrolyte and aqueous electrolyte.[202] Generally, various rechargeable batteries correspond to suitable metal salts, such as LiPF6 to lithium battery,[203] NaPF6/NaClO4 to sodium battery,[204] and AlCl3 to aluminum battery.[205] Therefore, electro- lyte modification focuses on the electrolyte solvent. The transport speed of metal salt ions in aqueous electrolytes is much higher than that in nonaqueous electrolytes, which is why this section discusses only electrolyte modification in nonaqueous systems. For nonaqueous electrolyte modification, the selection of organic solvents and the utilization of additives are two effective routes to regulate ionic transport.[8,206] Li et al.[207] reported hybrid N-propyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl) amide (Py13TFSI) and ether electrolyte for regulating lithium ionic transport. The reversibility of Li plating/stripping can be remarkably increased by the synergy between Py13TFSI ionic liquid and Li salt concentration. The hybrid electrolyte can enhance the stability of SEI layer by the in situ passivation pro- cess. Xie et al.[208] reported two imidazolium redox ionic liquids (RILs), each with one ion modified with ferrocene (Figure 11e). The redox ionic liquid 1-(methylferrocenyl)-3-ethylimidazolium bis(trifluoromethanesulfonyl)imide, [FcEIm][NTf2] presented a ferrocene on the cation, which forms a dication upon oxidation and remains in the liquid phase. The second RIL was obtained by modifying ferrocene with an anionic function, the structure of which is inspired by the NTf2 anion. In 1-ethyl-3-methylim- idazolium ferrocenylsulfonyl-(trifluoromethylsulfonyl)-imide, [EMIm][FcNTf ], the anion is the electroactive species and has been shown to deposit on electrodes when oxidized to the zwit- terion [FcNTf]0. When the ionic liquid’s anion is modified with ferrocene, self-discharge is fully suppressed due to the deposition of a film on the electrode. Stokes et al.[209] reported the positive effects of the addition of SEI forming additives (EC and VC) on the performance of Si NWs anodes in a 0.1LiTFSI– 0.6PYR13FSI–0.3PYR13TFSI IL electrolyte (Figure 11f1). The base IL electrolyte used combines FSI and TFSI ions to access a combination of properties such as wide electrochemical window, good chemical and thermal stability, flame retardancy, and negli- gible vapor pressures. The incorporation of electrolyte additives leads to not only significant morphological changes in the Si NW arrays during cycling (formation of a connected active mate- rial network vs textured NW formation) but also to crucial SEI composition differences (specifically a suppression of parasitic Li silicate formation). After 250 cycles (Figure 11f2), the anodes retained capacities of 1148 mAh g1 (no additive), 1443 mAh g1 (EC), and 1605 mAh g1 (VC).

5. Advanced Energy Storage Materials
The technological challenges were clarified in the development of various rechargeable batteries, and approaches for regulating
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Figure 11. a1) Schematic illustration of the synthesis process. a2) The discharge specific energy of different cathode samples for 10 cycles at 0.1–10.0 C rates, respectively, then for 100 and 200 cycles at 10.0 and 5.0 C rates, respectively. Reproduced with permission.[64] Copyright 2018, Springer Nature. b1) Schematic illustration of the detailed structure of HLPO@NMC811. b,c) HR-TEM images of the secondary LPO coating layer on the HLPO@ NMC811 surface at different magnifications. (b2) Long-term cycling stability of the HLPO@NMC811 cathode at 0.2 C. Reproduced with permission.[197] Copyright 2020, Elsevier. (c) Schematic illustration of biological temperature-sensitive transient receptor potential channels producing a bioelectrical signal in response to the thermal stimulus and biomimetic temperature-gated 2D cationic nanochannels based on MMT for constructing an osmotic




 



electronic and ionic transports were discussed. It provides key technical guidance for the manufacture and assembly of high- performance rechargeable batteries. Moreover, some advanced energy storage materials with good electronic and ionic con- ductivities maybe further promoted the advancement of high- performance rechargeable batteries. Here we give a discussion, including low-dimensional materials, porous materials, hybrid materials, and biomass materials.


5.1. Low-Dimensional Materials

Materials with a dimensionality smaller than three are called low-dimensional (LD) materials, including 2D, 1D, and 0D materials.[210] 1) 0D materials do not have one dimension out- side of the nanometric size range, are made up of a small number of atoms or molecules, and the size of the particles is in the order of nanometers.[211] 2) 1D materials, such as carbon nanotube,[212] have only one dimension outside of the nano- metric size range. 3) 2D materials have two dimensions out- side of the nanometric size range, with the typical examples being graphene[213] and nanosheets.[214] Many LD materials exhibit very peculiar physical phenomena due to the specificity of the crystal structure.[213] For example, the electrons in these materials are confined to a 1D linear chain or a 2D plane for transports, so their conductivity will be particularly good in one (or two) lattice direction.[210]
LD materials are of particular interest due to their aniso- tropic-tunable properties, which greatly influence their perfor- mances.[215] As a typical kind of 0D nanodomain, quantum dots (QDs) contain only a small number of atoms. Much more atoms are situated on the surface compared with bulk materials owing to the extremely high surface-to-mass ratio of QDs.[216] The sur- face atoms possess a higher energy of delocalized electrons and hence are kinetically more active than the interior atoms.[217] Our group[218] synthesized mesoporous carbon that contained graphite–zinc QDs (MC-GZQDs) via the carbonization of ZIF-8. The QDs with a heterogeneous core (metal Zn)–shell (graphite) structure improved both the electronic conductivity and ion dif- fusion coefficient of LiFePO4 due to its high conductivity and porous structure. LiFePO4 mixed with MC-GZQDs delivered a capacity of 154.6 mAh g1 at 0.5 C and a capacity retention ratio of 99.9% after 60 cycles at 10.0 C. Zhang et al.[219] reported high-energy quantum dots (HEQDs) with a feature size of less than 10 nm in ultrathin LiFePO4 nanosheets. The quantum tunneling of HEQDs in LiFePO4 nanoparticles (Figure 12a1) and better percolation of mesoporous biocarbon nanowire coating network structures result in more storage sites of Li ions and easier transfer kinetics of electrons and lithium ions, showing a specific discharge capacity of 197 mAh g1 at 0.1 C (a theoretical capacity of 170 mAh g1, Figure 12a2). Since the dis- covery of CNTs in the early 1990s,[220] 1D nanostructures, such

as nanowires,[221] nanotubes,[222] and nanorods,[223] have been extensively investigated because of their unique geometrical and electronic characteristics. Cao et al.[224] prepared hollow carbon nanowires (HCNWs) as anode material for Na-ion bat- teries, delivering a capacity of 251 mAh g1 and 82.2% capacity retention over 400 charge/discharge cycles at 50 mA g1 (0.2 C). A capacity of 149 mAh g1 was obtained at 500 mA g1 (2 C, Figure 12b). The good Na-ion insertion property is attributed to the short diffusion distance in the HCNWs and the large interlayer distance (0.37 nm) between the graphitic sheets. Wang et al.[225] reported a multiwalled hierarchical carbon nanotube (HCNT) that consists of an inner CNT with densely stacked graphitic walls and a loosely stacked outer CNT with more disordered walls. Individual HCNTs are further intercon- nected into a hyperporous bulk sponge with a large macropore volume, high conductivity, and tunable modulus (Figure 12c). The inner dense-CNT serves as a robust skeleton, and collec- tively, the outer loose-CNT is beneficial for K-ion accommo- dation. The hyperporous sponge facilitates reaction kinetics, delivering a specific capacity of 232 mAh g1 and cycling sta- bility for 500 cycles. Cao et al.[226] fabricated a hierarchical het- erogeneous structure of bimetal sulfide Sb2S3@FeS2 hollow nanorods embedded into a nitrogen-doped carbon matrix. The synergistic coupling interaction among the interior Sb2S3, inter- layer FeS2, and external nitrogen-doped carbon matrix acceler- ates the electronic/ion transport and effectively alleviates the volume expansion over a long cyclic performance (Figure 12d1). As an anode material for sodium-ion batteries, such LD material exhibited a capability of 537.9 mAh g1 at 10 A g1 and a cyclic stability with 85.7% capacity retention after 1000 cycles at 5 A g1 (Figure 12d2).
As another typical LD material, 2D nanomaterials, such as 2D nanosheets of layered double hydroxides (LDHs),[227] transi- tion metal dichalcogenides,[228] and hexagonal boron nitride,[229] have attracted widespread attention since the discovery of graphene.[56] Yin et al.[230] demonstrated the use of LDHs consisting of a trimetallic NiVAl hydroxide host matrix and interlayer Cl as cathode materials for chloride-ion batteries (Figure 12e1). The Ni2V0.9Al0.1-Cl LDH (Figure 12e2) delivered a capacity of 312.2 mAh g1 at 200 mA g1 and a long life over 1000 cycles (with a capacity higher than 113.8 mAh g1) because of the synergetic contributions from Vm (high redox activity), Ni2 (favorable electronic structure), and inactive Al3 (enhances the structural stability). Mahankali et al.[231] reported the doping of the MoS2 atomic structure with nickel (Ni@1TMoS2) to mod- ulate its absorption capability toward all LiPS and function as an electrocatalyst for Li–S redox (Figure 12f). Both Ni and Mo sites chemically anchor all the intermediates of LiPS. The con- version of liquid LiPS to solid end products is facilitated on the Ni@1TMoS2 electrocatalytic surface. Ni@1TMoS2 enhances the Li diffusion coefficient, thus contributing to the realization of a high capacity of 1107 mAh g1 at 0.2 C with a very limited



power harvesting system with a controllable energy output. Reproduced with permission.[200] Copyright 2020, Elsevier. d) Schematic of the cell with the CoS2/HPGC interlayer, pristine separator. Reproduced with permission.[201] Copyright 2020, Wiley. e) Cyclic voltammograms recorded with two-electrode cells with 80 wt% of the ionic liquid in acetonitrile. Each carbon electrode weighed 3.5 mg and contained 80 wt% of activated carbon. The curves were obtained at a scan rate of 10 mV s1 at a temperature of 25 C. Reproduced with permission.[208] Copyright 2016, Elsevier. f1) Schematic of Si NW half- cell testing and influence of electrolyte composition on structural evolution. f2) Discharge capacity retention, plotted as a percentage, for each Si NW anode cycled in the IL electrolytes. Reproduced with permission.[209] Copyright 2020, American Chemical Society.
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Figure 12. a1) Schematic of the self-assembly of multifunctional ATP biomolecules with iron phosphate and structure model of MBCNW-LFP-HEQDs. a2) The first discharge and charge profiles of the MBCNW-LFP-HEQD-2 cathode (A) and the ULFPNP cathode (B) at 0.1 C rate using CR 2032 coin cells. Reproduced with permission.[219] Copyright 2014, Royal Society of Chemistry. b) Discharge capacity of the HCNW electrode as a function of charge/discharge cycles at different charge and discharge current densities of 50 (0.2 C), 125 (0.5 C), 250 (1 C), and 500 (2 C) mAh g1, respectively. Reproduced with permission.[224] Copyright 2012, American Chemical Society. c1) Schematic representation of hierarchical CNT, consisting of densely packed graphitic walls in inner CNT and a loosely packed outer CNT. c2) HRTEM and corresponding FFT (insets) images of the HCNTs. Reproduced




 



capacity fade of 0.19% per cycle for over 100 cycles. Hyun et al.[232] realized high-modulus, ion-conductive gel electrolytes based on imidazolium ionic liquids and exfoliated hexagonal boron nitride (hBN) nanoplatelets (Figure 12g). Compared with conventional bulk hBN microparticles, exfoliated hBN nano- platelets improve the mechanical properties of gel electrolytes by two orders of magnitude (shear storage modulus 5 MPa) while retaining high ionic conductivity at room temperature (1 mS cm1). Moreover, exfoliated hBN nanoplatelets are com- patible with high-voltage cathodes (5 V vs Li/Li) and impart exceptional thermal stability that allows high-rate operation of solid-state rechargeable lithium-ion batteries at temperatures up to 175 C.
Recently, a new class of 2D materials, namely, MXenes, which include transition metal carbides and nitrides, has been identified.[233] In general, MXenes originate from their layered precursors, i.e., ternary carbides and nitrides (MAX phases), by selectively etching the A (group IIIA or IVA ele- ment) layers.[234] MXenes have been extensively explored for energy storage application due to their unique 2D planar struc- ture, good mechanical properties, high electrical conductivity, and abundant surface groups (F, OH, O, etc.).[235] Bao et al.[236] reported an in situ sulfur-doping strategy to func- tionalize MXene nanosheets by introducing heteroatomic sulfur into the MXene structure from the MAX phase pre- cursor (Figure 12h). Tailor-made wrinkled sulfur-doped MXene (S–Ti3C2Tx) nanosheets were applied as an electrode host material in room-temperature sodium–sulfur batteries. The S–Ti3C2Tx matrix showed high polarity with sodium poly- sulfides, restricting the diffusion of sodium polysulfides. The MXene/sulfur electrode can achieve high areal sulfur loading up to 4.5 mg cm2 and good electrochemical performance (reversible capacity of 577 mAh g1 at 2 C after 500 cycles). Sun et al.[237] used in situ grown perovskites La0.5Sr0.5CoO3δ (LaS- rCoO) on Ti3C2Tx nanosheets and achieved increased in situ high oxygen ion transport of LaSrCoO by introducing Ti3C2Tx in the system of LOBs. The La0.5Sr0.5CoO3δ/Ti3C2Tx improved the electrocatalytic activity and reduced the overpotential, dis- playing a high rate stability at more than 80 cycles at 500 mA g1 with restriction of 1000 mAh g1, (nine times that of Ti3C2Tx and five times that of LaSrCoO). Jiang et al.[238] fabricated an MXene/MOF derivative 2D hybrid (N-Ti3C2/C) by decorating nitrogen-doped MXene nanosheets with porous carbon that

resulted from in situ nucleation and conversion of ZIF-67 on exfoliated MXenes to modify the commercial separator for lithium–sulfur batteries (Figure 12i). The N-Ti3C2/C-coated PP separator (N-Ti3C2/C@PP) not only prevented the shuttling of polysulfides, but also suppressed the dendritic growth of lithium anodes. Li–S batteries with N-Ti3C2/C@PP separator exhibited a high specific capacity of 1332 mAh g1 at 0.1 C and an extended cycling stability of 0.07% per cycle capacity decay for 500 cycles at 0.5 C at 3.4 mg cm2 sulfur loading. Li et al.[239] designed and prepared nanosheets with assembled layered Ti3C2Tx MXene/MoS2 composites as anodes for potassium-ion batteries. The hierarchical 2D structure of the MoS2 nanosheets and MXene facilitated fast ion and electron transport, accom- modated the volume expansion of MoS2 nanosheets, and pre- vented the restacking of MXene sheets. It exhibited a revers- ible capacity of 290.7 mAh g1 at 50 mA g1, high rate capacity, and long cycling stability. Li et al.[240] fabricated a hierarchical porous-structured Si-based anode with dual MXene protection (SiNP@MX1/MX2) for lithium-ion batteries (Figure 12j). The internal MX1 coating accommodated the volume expansion and avoided particle aggregation, and the external MX2 allowed for rapid electron transport/ion transfer while further buffering volume changes. Moreover, double MXene-wrapped protection design benefits from the formation of a stable SEI film by pre- venting Si from contacting the electrolyte. As an anode, SiNP@ MX1/MX2 delivered a high capacity of 1422 mAh g1 at a cur- rent density of 0.5 A g1 after 200 cycles, excellent cycle stability, and good rate performance.


5.2. Porous Materials

Porous materials are common topics in energy storage research. Pore structure greatly affects the kinetics, ther- modynamics, and stability of the electrochemical process of rechargeable batteries.[241] Common porous materials include metal porous materials and nonmetal porous materials.[242,243] Metal porous material is also called metal foam. Foams have cellular structures with many voids (connected and randomly distributed within the material) and high porosity (e.g., porosity of higher than 0.9).[244] Metal foams, such as nickel foam,[245] copper foam,[246] and aluminum foam,[247] have been used in rechargeable batteries as mass transferable current collector.




with permission.[225] Copyright 2018, Wiley. d1) Schematic illustration of the morphology characterization of the SFS/C composite. d2) Cycle perfor- mance for SFS/C composites at a high rate of 5 A g1. Reproduced with permission.[226] Copyright 2020, American Chemical Society. e1) Model of the three-layered Ni2V0.9Al0.1-Cl LDH structure. e2) TEM images (inset: SAED pattern) of the Ni2V0.9Al0.1-Cl LDH. Reproduced with permission.[230] Copyright 2019, Wiley. f) Schematic representation of the effective anchoring of LiPS (Li2Sx, x  8) on various active sites of the Ni@1TMoS2 surface. Reproduced with permission.[231] Copyright 2020, American Chemical Society. g) Scanning electron microscopy (SEM) image of the exfoliated, carbon-coated hBN nanoplatelets; Schematic of a lithium-ion battery operating with an hBN gel electrolyte. The hBN gel electrolyte separates the anode and cathode elec- trodes without a separator, and lithium ions travel (indicated by the red dotted line) through Li-IL adsorbed on the surface of the hBN nanoplatelets. Reproduced with permission.[232] Copyright 2019, American Chemical Society. h) Schematic of the preparation of sulfur-doped MXene, along with the discharge process in sulfur-doped MXene/S cathode, where sodium redox reduction is accelerated and sodium polysulfide shuttling is minimized. The typical synthesis of these materials leads to O, OH, and F terminations, while in situ doping adds S terminations to the surface. Reproduced with permission.[236] Copyright 2019, American Chemical Society. i) Schematic illustration of the synthesis of N-Ti3C2/C nanosheets and the modified PP separator for Li–S batteries. Cycling performances of Li–S cell with N-Ti3C2/C@PP separator under different sulfur-loading cathodes. Reproduced with permission.[238] Copyright 2019, Elsevier. j) Electrochemical impedance spectra of SiNP and SiNP@MX1/MX2 before and after cycling. Schematic of the equivalent circuit. TEM image and a digital picture of cycled SiNP and SiNP@MX1/MX2 anodes, respectively. Schematics of reversible volume change, lithium ions, and electronic diffusion paths of the SiNP@MX1/MX2 anode during the lithiation/delithiation process. Reproduced with permission.[240] Copyright 2020, American Chemical Society
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Figure 13. a) Schematic illustration of the fabrication process of the pAl/C anode materials. Reproduced with permission.[249] Copyright 2016, Wiley.
b) Surface pictures of lithium metal, copper mesh, and the Li–metal/3D copper mesh composite. SEM images of lithium metal, copper mesh, and the Li–metal/3D copper mesh composite. Reproduced with permission.[250] Copyright 2017, Wiley. c) Demonstration of the versatile functionality of Zr-MOF nodes in a variety of fields, from chemical transformation to ion sequestration. Reproduced with permission.[256] Copyright 2019, American Chemical Society. d) Schematic illustration of the sequential preparation strategy for the MoC2–C Nos@S composite. Reproduced with permission.[257] Copyright 2020, Elsevier. e1) The chemical structure and possible electrochemical redox mechanism of TQBQ-COF with a theoretical capacity of 515 mAh g1. e2) Long cycling stability of TQBQ-COF electrodes at different current densities (0.1, 0.5, and 1.0 A g1).[266] Copyright 2020, Springer Nature.



The high specific surface area and abundant porosity of metal foams can provide more electrochemical reaction sites and improve electrolyte permeability, resulting in enhanced elec- trochemical performance of rechargeable batteries with metal anodes.[248] Tong et al.[249] designed a porous Al foil anode for the high-rate AIBs. Porous Al foil coated with a uniform carbon layer (pAl/C) was fabricated by the etching, deposition, and solidification of polyacrylonitrile, and subsequent carbonization (Figure 13a). The 3D porous Al structure provides fast ion/elec- tron transport channels and sufficient space to accommodate volume expansion during electrochemical processes. The AIB cell with the pAl/C anode and natural graphite cathode exhibits a reversible capacity of 104 mAh g1 at 2 C and 85 mAh g1 at 20 C. Moreover, the cell demonstrates a retaining capacity of 93 mAh g1 at 2 C after 1000 cycles with 89.4% retention and a power density of 3084 W kg1. Li et al.[250] reported a 3D porous Cu current collector/Li–metal composite anode for sta- bilizing lithium–metal batteries. The porous structure of the composite electrode provides a “cage” for the redeposition of “hostless” lithium and accommodates anode volume expansion (Figure 13b). Compared with planar Cu foil, its high specific

surface area favors electrochemical reaction kinetics and lowers the local current density along the anode, leading to low interfa- cial resistance and stabilizing the Li electrodeposition.
Nonmetal porous materials are diverse (including carbon porous materials, compound porous materials, and composite porous materials[251]). Such porous structures are derived from material characteristics and/or structure design.[252] MOFs and covalent organic framework (COFs) have been used in rechargeable batteries recently.[253]
MOFs are a class of porous materials formed by metal ions and organic ligands, and they have attracted considerable interest due to their applications in energy storage.[254] In gen- eral, MOFs need to have a functional design for application in rechargeable batteries because of insufficient electronic con- ductivities.[255] Baumann et al.[256] stabilized reactive lithium thiophosphate (Li3PS4) within a porous framework for targeted application in lithium–sulfur batteries on the basis of the func- tionalization of the Zr-MOF (Figure 13c). Lithium thiophosphate in Zr-MOFs improves sulfur utilization and polysulfide encapsu- lation to deliver a high capacity over prolonged cycling. The func- tionalized MOF additives also prevent battery damage, which is





 



important for energy storage devices. Compound porous mate- rials modified by carbon materials can be designed because of MOF-containing metal elements. Wang et al.[255] fabricated Li2FeSiO4/C cathode composites by applying a simple solid-state approach using precursor Fe-MOFs. The Li2FeSiO4/C composites with a 19.3 wt% carbon layer presented a prominent electro- chemical capability, the lowest charge transfer resistance, and the highest Li diffusion coefficient because of uniform carbon coating and porous structure for Li2FeSiO4/C composites. Chen et al.[257] prepared Mo2C–C nano-octahedrons (Mo2C–C NOs) with Mo2C nanoparticles embedded in a 3D porous carbon matrix by applying an MOF-assisted strategy (Figure 13d). The Mo2C–C NOs@S cathode demonstrated a high initial specific capacity of 1396 and 1050 mAh g1 at 0.1 C and 1 C, respectively, with an average capacity decay rate of 0.0457% per cycle within 600 cycles at 1 C. The interconnected porous carbon matrices contribute to effective sulfur/electrolyte infiltration, fast elec- tron/Li ion transportation, and sufficient buffer for volume change. Carbon porous materials can be designed using organic ligands in MOF. Walle et al.[258] introduced nitrogen-doped cubic carbon (NC) interwoven with a CNT host derived from MOFs to achieve high sulfur content for lithium–sulfur batteries. It can physically confine sulfur, thus providing efficient sulfur loading of 89 wt% (cathode membrane is 3.6 mg cm2). The NC/CNT composite can obstruct the dissolution and outward diffusion of polysulfides, the S@NC/CNT cell exhibits an initial specific capacity of 1141 mAh g1 at 0.5 C (837.5 mA g1), and the capacity is maintained at 674.4 mAh g1 after 120 cycles.
Similar to MOFs, COFs are an interesting class of crystal- line microporous polymers composed of various nonmetal het- eroatoms with strong covalent bonds.[259] Since Yaghi’s group demonstrated the advantages of COFs in 2005,[260] COFs have become an attractive research topic owing to their potential application in energy storage.[261] Chen et al.[262] in situ pre- pared 10 nm thin film of COF uniformly covered on the Li anode (COF-Li) as an artificial SEI layer for Li plating/striping stabilization and Li dendrite inhibition. Abundant microcellular structures in the COF redistributed the Li-ion flux and led to the homogeneous plating/stripping process. As a result, stable cycling for 400 h was achieved in the COF-Li symmetrical cell at 1 mA cm2 without the internal short circuit. COFs with dif- ferent compositions and structures can be precisely prepared by careful designations, but their low conductivity limits their application in batteries.[263] Functional design is also neces- sary. Park et al.[264] presented single-ion conducting electrolytes based on a zinc sulfonated COF (TpPa-SO3Zn0.5) for Zn-ion batteries. It exhibited single Zn2 conduction behavior via its delocalized sulfonates that are covalently tethered to directional pores and achieved structural robustness through its b-ketoe- namine linkages. TpPa-SO3Zn0.5 improved the redox reliability of the Zn metal anode and acts as an ionomeric buffer layer for stabilizing the MnO2 cathode, enabling aqueous Zn–MnO2 bat- teries to exhibit long-term cyclability. Zhang et al.[265] fabricated COF-derived nitrogen-doped porous carbon by using nitrogen- rich COF-JLU2 as precursors through simple carbonization for potassium-ion batteries (PIBs) and aluminum batteries. It displays excellent stability even after 2500 cycles as the anode for PIBs and 30 000 cycles as the cathode for Al batteries with a high Coulombic efficiency of 100%. Shi et al.[266] reported

a honeycomb-like nitrogen-rich COF with multiple carbonyls, demonstrating the sodium storage ability of pyrazines and car- bonyls and up to 12 sodium-ion redox chemistry mechanisms for each repetitive unit (Figure 13e1). The insoluble electrode exhibited a remarkably high specific capacity of 452.0 mAh g1, excellent cycling stability (96% capacity retention after 1000 cycles, Figure 13e2), and high rate performance (134.3 mAhg1 at 10.0 A g1).

5.3. Hybrid Materials

Some hybrid materials are emerging and being widely applied in rechargeable batteries to obtain high electrochemical perfor- mance.[267] Hybrid materials are a combination of natural mate- rials and/or synthetic materials and are able to retain some of their original characteristics.[268] In this section, the hybrid materials used to adjust the electronic and ionic transports of rechargeable batteries mainly focus on hybrid ion batteries[269] and hybrid performance devices.[270]
For the hybrid ion batteries, the rechargeable batteries exhibit excellent electrochemical performance because of ionic exchange in electrochemical processes.[271] For example, our group prepared a LiFePO4/NaFe3V9O19/porous glass (see the HRTEM image in Figure 14a) hybrid ion battery cathode material.[26a] It not only involved the migration of Li and Na, but also the ionic exchange between Na and Li in the heterostructure of the particle, resulting in a high specific capacity of 100.4 mAh g1 at 10.0 C due to the enhancement of ionic conductivity. During the electrochemical process, some single-phase cathode materials can be used in hybrid ion batteries with different electrolytes. Song et al.[272] prepared Na3V2(PO4)3 for a hybrid ion battery with Li-involved electrolyte and anode, showing ion exchange between the two Na(2) sites. NaLi2V2(PO4)3 was produced by ion transportation because the Na in the Na(1) site was stationary and the three Na(2) sites were used to accommodate the incoming alkali ions. Further- more, Song et al.[273] reported a rapid ion exchange of Na ions on the Na(2) site of the Na2FePO4F with Li ions to produce NaLiFePO4F. Li ion conduction in NaLiFePO4F was prone to being 2D in the interlayer plane with an essentially restricted migration along the [010] direction for interlayer transport due to the much higher energy (4.53 eV for sodium ion and 1.63 eV for lithium ion).
Wang et al.[274] developed a Ni–Fe battery that is different
from the hybrid of Li and Na by using inorganic nanopar- ticle/graphitic nanocarbon (Ni[OH]2/multiwalled CNTs mixed with FeOx/graphene) hybrid materials as electrode materials, increasing the charging and discharging rates (charged in
2 min and discharged within 30 s) by nearly 1000-fold over traditional Ni–Fe batteries while attaining a high energy den- sity (a specific energy of 120 Wh kg1 and a specific power of 15 kW kg1). Analogously, Hu et al.[275] developed a Zn/V2O5 rechargeable aqueous hybrid ion battery system by using porous V2O5 as the cathode and metallic zinc as the anode (Figure 14b). The V2O5 cathode delivers a high discharge capacity of 238 mAh g1 at 50 mA g1 (Figure 14c). Eighty percent of the initial discharge capacity can be retained after 2000 cycles at a high current density of 2000 mA g1. Meanwhile,
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Figure 14. a) HRTEM image of the heterostructure of LFP/NFV composite nanoparticles in NFVPB glass. Reproduced with permission.[26a] Copyright 2015, Royal Society of Chemistry. b) Schematic illustration of a Zn/V2O5 aqueous hybrid ion battery. c) Comparison of porous V2O5 with recently reported vanadium-based cathode for zinc-ion batteries in terms of specific capacity and voltage platform. Reproduced with permission.[275] Copyright 2017, American Chemical Society. d) HRPSoC cycling performance of 2 V simulated lead–carbon batteries and the diagrammatic sketch of the syner- gistic action mechanism by adding the hybrid carbon additive. Reproduced with permission.[276] Copyright 2017, Elsevier. e) Roles of RHHPC with hierar- chical pores in the negative electrode of lead–carbon battery. Reproduced with permission.[279] Copyright 2019, Elsevier. f) Schematic of the preparation of the hybrid of n-LTO and graphene. Reproduced with permission.[281] Copyright 2011, Elsevier. g) Crystal structure and schematic electronic and ionic
transports of Li/Na/PF /ClO  mixed ions in C /NFO/HE-LVP/SC. Intercalation and deintercalation mechanism of the mixed ions in C /NFO/
6	4	60	60
HE-LVP/SC. Reproduced with permission.[282] Copyright 2020, Springer Nature.


the application of a “water-in-salt” electrolyte results in the increase in the discharge platform from 0.6 to 1.0 V.
For hybrid performance devices, the most typical case is a mixture of battery and capacitive.[144a] For instance, a hybrid material is formed by combining an anode active material of lead powder and a capacitive porous carbon material for lead– carbon battery.[3a] The capacitive porous carbon material forms a porous conductive network in the anode of the lead–carbon battery, thereby improving the anode electronic conductivity in the discharged state and significantly enhancing the battery cycle life.[40a] Wang et al.[276] designed a hybrid carbon addi- tive to inhibit irreversible sulfation by using both lead-doped porous carbon composite and graphite in lead–carbon battery depending on the hybrid battery characteristics and capaci- tance characteristics (Figure 14d). The hybrid carbon additive presented a unique structure of sheets attached to porous bulk,

confining the lead particles between the graphite sheet and porous carbon to independently facilitate higher-rate charge and discharge cycles. The separated lead nanoparticles inhibited the hydrogen evolution induced by carbon and enhanced the revers- ible reaction of Pb/PbSO4, thereby prolonging the cycle life of lead–carbon batteries. Hu et al.[277] prepared lead oxide and carbon (PbO@C) hybrid materials by pyrolyzing the lead citrate precursor derived from the spent lead paste of lead–acid bat- teries. When the PbO@C is used as an additive to the anode of lead–carbon batteries, the anode utilization efficiency improved from 56.9% to 72.5%, and the cycle life was extended by four times compared with the control. This result is attributed to hydrophilic carbon, which acts as a 3D electroosmotic pump that facilitates electrolyte diffusion and hinders the tendency to excess sulfation. Yin et al.[278] prepared C/Pb hybrid mate- rials by using electroless plating to reduce hydrogen evolution





 



and achieve high reversibility of the anode of lead–carbon bat- teries. Lead was stuck on the surface of the C/Pb composite, suppressing the hydrogen evolution of the lead–carbon anode and strengthening the connection between carbon additive and sponge lead. The lead–carbon anode with C/Pb displayed good charge and discharge reversibility due to the good con- nection between carbon additives and lead. Yin et al.[279] used rice husk-derived hierarchical porous carbon (RHHPC) to improve the electrochemical kinetics of the lead–carbon elec- trode (Figure 14e). The charge acceptance of the lead–carbon electrode was increased mainly due to the extra electrochemi- cally active surface provided by RHHPC. The lead–carbon bat- tery containing RHHPC shows good rate performance and excellent charge acceptance in deep charge/discharge partial state of charge operation. RHHPC improved the active sites of lead–carbon electrode and the hierarchical pores provided active sites for the growth of Pb branches, thereby enhancing the electrochemical kinetics of Pb/PbSO4 redox couple of the lead–carbon electrode. Sadhasivam et al.[280] reported the inter- facial effect between the carbon layer and the negative electrode surface in a hybrid electrode with higher charge acceptance for lead–carbon battery. The P-60 (activated carbon) material, with a high specific surface area (1787 m2 g1) and higher electrical conductivity (98.85 S cm1), was considered an efficient acti- vated carbon in the present investigations and deposited on the negative electrode. The cycle life of lead–acid battery and lead–carbon battery was 2230 and 6780 cycles, respectively. This condition was attributed to the synergistic mechanism in the hybrid electrode, which resulted from the interfacial effect. The likely synergetic reactions caused by the carbon layer are
i) higher charge acceptance, ii) controlled formation of PbSO4 crystallite in the electrode surfaces, and iii) improved electro- chemical performances and Pb redox reaction due to higher electrical conductivity properties.
To improve the electrochemical performance of metal-ion batteries in renewable energy storage, a challenging task is to maximize the positive effects of capacitive materials for battery materials. Shi et al.[281] reported a hybrid of lithium titanate (Li4Ti5O12, LTO) nanoparticles that are well dispersed on electrical conductive graphene nanosheets as an anode material for high-rate lithium-ion batteries (Figure 14f). Elec- tron transport is improved by forming a conductive graphene network throughout the insulating Li4Ti5O12 nanoparticles. The charge transfer resistance at the particle/electrolyte inter- face is reduced from 53.9 to 36.2 . With 5 wt% graphene, the hybrid materials delivered a specific capacity of 122 mAh g1 at 30 C, an initial discharge capacity of 132.2 mAh g1, and less than 6% discharge capacity loss over 300 cycles at 20 C. Our group[282] proposed a quaternary hybrid superstructure of stable fullerene C60 nanocages, electroactive Na4FeO3, high- energy Li3V2(PO4)3 and soft carbon, as well as tubular ordered mesoporous channels (Figure 14g). Taking advantage of the unique properties of each component resulted in nanocom- posites with synergistic effects to improve the charge transfer and energy storage. Such a quaternary hybrid electrode of capacitor and battery has high energy and power densities, as well as a long cycling life in a Li/Na mixed ion electrolyte, out- performing a multitude of other battery supercapacitor hybrid devices.
5.4. 
Biomass Materials

Storage and conversion of renewable and sustainable energy from the biomass have been a promising option to relieve the ecological crisis in today’s fossil fuel-based society.[283] Our group synthesized mesoporous LiFePO4,[284] Li3V2(PO4)3/C microspheres,[285] LiFePO4/C nanocomposite microspheres,[286] and LFP/NFV/NFVPB,[26a] by utilizing biomass materials, which displayed good electrochemical   performances.   Gao et al.[287] reported a reactive pyrolysis of cellulose undergoing oxidation–aminolysis. It converts cellulose paper into carbon paper (CP), which is a 3D network composed of graphenic sheets while avoiding solid or dense carbon fibers/particles. CP is further fabricated as a 3D network support into hybrid CP@Fe3O4@RGO (Figure 15a), where reduced graphene oxide (RGO) is added for sandwiching Fe3O4 particles. As a binder- free freestanding anode, CP@Fe3O4@RGO effectively fastens Fe3O4 and buffers the volume changes on cycling, thereby sta- bilizing the passivating layer and increasing the Coulombic efficiency. The anode thus presents an ultralong cycle life of
· 2000 runs at a high capacity of 1160 mAh g1. It additionally
facilitates electron and ion transport, boosting the rate capa- bility. CP and CP@Fe3O4@RGO represent a technological leap that underpins the next-generation long-life, high-capacity, and high-power batteries.
In general, biomass materials play two roles: as a carbon precursor and/or as a template in the preparation of electrodes in rechargeable batteries. Sustainable biomass carbon elec- trodes using various biomass residues have recently become popular for application in rechargeable batteries.[288] Animal biomass[289] and plant[290] biomass were first used to obtain carbon-based electrode materials. The biomass carbon needs to be activated. For example, the carbon precursor obtained from a cherry pit was activated by using either KOH or H3PO4 to increase the specific surface area and enable porosity.[291] Sankar et al.[292] synthesized spherical mesoporous activated carbon (SM-AC) nanoparticles from green tea wastes via KOH activa- tion combined with the hydrochloric acid treatment for lith- ium-ion batteries. The SM-AC sample showed a high surface area of 1241 m2 g1, an initial discharge capacity of 781 mAh g1, and a reversible capacity of 498 mAh g1 after 100 cycles. Chen et al.[293] investigated the oxygen-enriched gasification of bio- mass to prepared activated carbon with a specific surface area of 1715.32 m2 g1 for lithium-ion batteries. The biomass-derived carbon material had less graphitic crystalline structure, less functional groups, and graphene-like porous structure after activation. At 100 mA g1, a reversible lithium storage capacity is of 327 mAh g1. Um et al.[294] reported the preparation of carbon from hemp stem as a biomass precursor through a simple, low-cost, and environment-friendly method that uses steam as the activating agent. The hemp-derived carbon with a hierarchically porous structure (Figure 15b1,b2) and partial gra- phitization in amorphous domains was developed for lithium- ion battery with a specific capacity of 210 mAh g1 at 1.5 A g1. Zhao et al.[295] synthesized hierarchically porous carbon (HPC) with a high specific surface area (1714.83 m2 g1) from biomass reed flowers. The high specific surface area pro- vided rich and fast paths for electron and ion transfer, deliv- ering a capacity of 581.2 mAh g1 after 100 cycles at 100 mA g1
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Figure 15. a) Schematic of the synthesis of CP and fabrication of CP@Fe3O4@RGO. Reproduced with permission.[287] Copyright 2019, American Chemical Society. b1) SEM image of hemp-derived carbon with a chip-like form. b2) SEM images of xylem-like structure and hierarchically porous structure after the activation process, respectively. Blue arrows in (b2) indicate the primary flow of steam in the reactor. Reproduced with permis- sion.[294] Copyright 2018, Royal Society of Chemistry. c) Formation process of biomass-carbon@FeS2. Reproduced with permission.[299] Copyright 2018, Elsevier. d) Schematic of the synthesis of FeNi and nitrogen-codoped porous carbons from peanut shells waste. Reproduced with permis- sion.[301] Copyright 2018, Elsevier. e) Fabrication procedures for SnSiOx2@C and off-stoichiometric Sn/SnSiOx2@C composites. Reproduced with permission.[302] Copyright 2019, American Chemical Society. f) Schematic illustration of the synthesis of N/CoPSAC. Reproduced with permission.[303] Copyright 2019, Elsevier.



and a capacity of 298.5 mAh g1 after 1000 cycles at 1000 mA g1. Li et al.[296] reported a facile activation-annealing route for upcy- cling biomass tar into graphene nanohybrids with developed porosity and enriched pyridinic nitrogen. With the reinforced electric conductivity, hierarchical porosity, and enlarged inter- face achieved via ammonia annealing, the heterogeneously structured carbon catalyst endowed an assembled zinc–air bat- tery with a maximum energy density of 121 mW cm2. Wang et al.[297] proposed a gas foaming strategy to fabricate sustain- able and 3D hierarchically porous N-doped carbon with a high specific surface area, abundant defect sites, higher half-wave potential (0.861 V), and slightly lower kinetic current density (32.44 mA cm2) derived from biomass. The Al–air battery


delivered a power density of 401 mW cm2, an energy density of 2453.4 Wh kg1, and a high open-circuit voltage of 1.85 V.
For the templates and/or supporters, Xia et al.[298] prepared high-porosity biochar (HPBC) with a specific surface area of 2500 m2 g1 and a pore volume of 1.18 cm3 g1 through a car- bonization-activation method by using a high-efficiency pore- forming agent KOH. Then, HPBC/Ni was formed through nickel nanoparticles uniformly growing on the surface of HPBC. Lastly, sublimed sulfur was introduced to prepare HPBC/Ni/S composites. HPBC is a sulfur storage material, and nickel can catalyze the reaction to enhance the reaction kinetics, while the two materials can also synergistically per- form physicochemical adsorption of lithium polysulfide. The





 



HPBC/Ni/S composite electrode has an initial discharge capacity of 907.3 mAh g1 at 0.5 C. After 200 cycles, it was main- tained at 610.6 mAh g1, and the single-turn attenuation rate was only 0.16%. Xu et al.[299] prepared biomass-carbon@FeS2 com- posites using green and renewable auricularia auricula as the carbon source through the process of carbonization and sulfu- ration (Figure 15c). The auricularia auricula has strong swelling characteristics that enable it to absorb Fe ions into its body. FeS2 homogeneously distributed in biomass carbon matrix performs high electronic and ionic conductivity. The biomass-carbon@ FeS2 composites displayed a specific capacity of 850 mAh g1 after 80 cycles at 0.5 C and a specific capacity of 700 mAh g1 after 150 cycles at 2 C. Nwanya et al.[298] synthesized rod-like NaNixCo1xO2   with   hexagonal-like   and   cube-like   NPs   and
-Fe2O3 with spherical and quasi-spherical shapes by using an aqueous extract of Zea mays L. dry silk extract. A full device that uses NaNixCo1xO2 and the -FeO2O3 displayed a specific capacity of 62 and 25 C g1 at 50 mA g1. Xiao et al.[300] pro- posed and fabricated NiCo2O4 nanowhiskers embedded into biomass-derived porous carbon (NCO@HHPC) by applying a facile one-step hydrothermal strategy, providing rich ORR and OER catalytic active sites. The conductive carbon frame- work with a hierarchically porous microstructure for anchoring NiCo2O4 nanowhiskers improved the electronic conductivity and supplied fast transport channels for O2 diffusion and elec- trolyte infiltration. The assembled zinc–air battery displayed an increase in the narrow voltage gap of 0.08 V over 1460 cycles (487 h) at 10 mA cm2. Yang et al.[301] used abundantly available peanut shells as precursors and a small amount of iron and nickel salts as nonprecious metal sources to synthesize FeNi alloy and nitrogen-codoped porous carbon (FeNi-NC) electrocat- alyst (Figure 15d). The FeNi-NC catalyst exhibits not only excel- lent ORR electrocatalytic activities with almost the same onset (0.98 V, vs RHE) and half-wave potentials (0.83 V, vs RHE) and limiting current as commercial 20% Pt/C, but also satisfac- tory OER performance with similar activity as IrO2 in alkaline electrolyte. A zinc–air battery with FeNi-NC displayed excellent charging and discharging polarization curves and robust cycle stability, which are superior to those of the 20% Pt/C  IrO2- based one. Bai et al.[302] proposed a rational design of a ternary composite by integrating Sn nanoparticles, a glass-phase SnSiOx2 matrix, and a biomass-derived N-doped carbon frame- work via a one-pot, scalable annealing process (Figure 15e). The synergistic effect of abundant functional groups grafted on the processed biomass anchors the metallic precursors for intimate coupling of the electroactive components, and the biomass- derived carbon framework serves as a conductive substrate for ultrasmall Sn particles calcinated from the off-stoichiometric precursor ratio, while glass-phase SnSiOx2 accommodates the volume expansion of the Sn–Li alloy. The Sn/SnSiOx2@C-650 composite anode displays an overall satisfactory cycle perfor- mance. The high areal capacity of 1.68 mAh cm2 with average Columbic efficiency higher than 99% at 0.2 mA cm2 and rate behavior up to 4 mA cm2 are simultaneously realized in the half cell. Liu et al.[303] prepared a hierarchical porous carbon material doped with nitrogen and cobalt (Co)-based nanoparti- cles (N/CoPSAC) from biomass (i.e., peanut shells and vitamin B12, Figure 15f ). The resultant catalyst of N/CoPSAC demon- strates excellent electrocatalytic activities in alkaline media,

such as more positive on-set potential and half-wave potential, 4-electron oxygen reduction (n ¼ 3.81), and outstanding sta- bility. The observed ORR activities of N/CoPSAC can be attrib- uted to the synergistic effect of the interconnected 3D porous structure and heteroatom doping. Furthermore, the performance evaluation of N/CoPSAC conducted in a more practical setup of zinc–air batteries shows superior durability to that of the bench- mark Pt-based electrocatalysts. Hence, the N/CoPSAC electrocat- alyst derived from peanut biomass has good potential as an alter- native for commercial Pt/C in zinc–air batteries. Lin et al.[304] synthesized a porous microsized composite of nano-Co1xS/ biomass-derived activated carbon by applying a facile solvo- thermal method using rice husks as the carbon source. As an anode material for lithium-ion batteries, it exhibited a capacity of 630 mAh g1 at 0.1 A g1, or a 1% capacity loss after 120 cycles, which is attributed to the buffered large volume change of Co1xS and good electronic conductivity. Moreover, nature is the greatest factory in the world, producing various biomaterials with com- plicated, elaborate, and efficient hierarchical morphologies and even multiple nanoscale assemblies to satisfy specific require- ments, it leads to the instability and inconsistency of the biomass materials.[283] Although biomass materials play a delightful role in the preparation and structure regulation of electrode materials by acting as carbon precursors and/or templates, the instability and inconsistency are challenges for the development of biomass materials due to the ever-changing biological world.[283,286] There- fore, the purification and universal pretreatment methods of bio- mass raw materials will become a new direction in the develop- ment of biomass-based electrode materials.


6. Choice of Rechargeable Batteries for Practical Application
The applications and development of rechargeable batteries indicate that each battery has its own advantages. Generally, factors such as cost, powder density, energy density, stability, safety, cycle life, usable capacity, and recyclability of recharge- able batteries are considered for practical application. Figure 16 shows a comparison of the properties and performances of the rechargeable batteries. On the basis of the above compar- ison, we systematically discussed the development potential of these rechargeable batteries and the choices in practical applications.


6.1. Electronic Devices

Rechargeable batteries in electronic devices, such as cell phones, tablets, laptops, and cameras, require a fast charging rate, high safety, and suitable volume/mass energy density of batteries.[305,306] A lithium-ion battery with a graphite anode and a modified LiFePO4/LiCoO2 cathode may be the best choice for this application so far. The development of solid- state lithium-ion batteries will further improve the safety of these batteries.[307] The development of sodium, magnesium, aluminum-ion batteries, and metal–sulfur batteries may fur- ther improve the configuration of electronic devices through enhancement of rechargeable batteries.
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Figure 16. Feature comparison of a) lead–acid battery, b) metal-ion battery, c) metal–sulfur battery, and d) metal–air battery.


6.2. Flexible and Wearable Devices

Flexible and wearable electronic devices are often in intimate contact with the human body, thereby requiring electrolytes to have sufficient security.[308] Bracelets and watches do not require a large current discharge (0.5 A).[195] Thus, both metal-ion bat- teries and metal–sulfur batteries that can meet the demand of electronic devices can satisfy the requirement of flexible and wearable devices. However, electrolyte leakage must be pre- vented even under extremely damaged conditions, requiring a gel-solid electrolyte with superior performance as technical sup- port. Refer to our previous review paper for detailed insights.[195]

6.3. Smart Grid Systems

Rechargeable batteries for smart grid systems are mainly used for backup power, energy storage of renewable energy sources, and grid frequency modulation.[52] Backup power sources should have excellent self-discharge performance, low cost, and high safety.[309] Typical operating conditions are a small charge/ discharge current rate (0.5 C) and a large depth of discharge (100%) in the application of energy storage from renewable energy sources.[310] Grid frequency modulation requires an energy storage device to be under a large charge/discharge cur- rent rate (1.0 C) and a small discharge depth (45–55%).[311] On the basis of relevant requirements, lead–acid batteries with low cost, high safety, good self-discharge performance, temperate

power density, suitable depth of discharge (75%[40a]), accept- able usable capacity, and high cyclability are the best choice for backup power and grid frequency modulation. Although lead–acid batteries have low energy density caused by their heavy weight, this condition does not affect their applications in backup power and grid frequency modulation under long-term stable standing conditions. Presently, rechargeable batteries with a discharge depth of 100% involve only metal-ion batteries and metal–sulfur batteries, and these two types of batteries have higher energy density, power density, and usable capacity.[312] However, the short cycle life of current metal–sulfur batteries caused by polysulfide shuttles[105] makes it difficult to meet the requirements of energy storage applications. Compared with the higher-cost metal-ion batteries, metal–sulfur batteries have higher practical advantages. Thus, solving the problem of poly- sulfide as soon as possible by regulating electronic and ionic transports is an important task. The cost of metal-ion batteries for grid frequency modulation needs to be reduced further to increase their application scale. Thus, the echelon utilization of retired metal-ion power batteries has become an another important research direction.[52]

6.4. Transportation

Transportation is an indispensable part of people’s daily life, involving airplanes, ships, PHEVs, EVs, and electric bicycles. Rechargeable batteries penetrate all aspects of





 



transportation.[52,64] With the increasing number of PHEVs, EVs, and electric bicycles, the application market of recharge- able batteries is expanding. Sales of new energy vehicles reached 110.90 million from January to November 2020, indi- cating a 3.9% year-on-year increase. High growth is expected to resume in 2021. In addition to the requirements of high energy density and safety in charging and discharging, rechargeable batteries in transportation can achieve a high power density.[313] Metal–air batteries, which have the highest energy density, are theoretically the most promising recharge- able batteries for transportation, although their power density and usable capacity need to be improved further through the regulation of electrons and ions. At present, metal-ion bat- teries can meet the basic needs of transportation, and their power density needs to be increased further to ensure a high power output. Importantly, safety issues such as explosion and fire caused by the growth of anode dendrites seriously affect the use of these batteries,[177a] and their growth needs to be inhibited through electronic and ion control. If the current problems can be solved, then metal–sulfur batteries are also an ideal choice for rechargeable batteries in transportation.


7. Conclusion and Outlook
Series rechargeable batteries, including lead–acid batteries, metal-ion batteries, metal–sulfur batteries, and metal–air bat- teries, have been studied, developed, and applied to satisfy economic, technological, societal, and production demands. A balance of high electrochemical performance and low cost is the target for the application of rechargeable batteries in various fields and conditions. However, some difficulties in achieving this balance are encountered because of the issues from the components in rechargeable batteries. In this respect, a large number of technologies and strategies have been adopted to improve the properties and performances of various rechargeable batteries. However, no report has provided a gen- eral research method for improving various rechargeable bat- teries’ performance. In this review, we summarized the current progress and challenges of various rechargeable batteries on the basis of their electrochemical principles, involving lead–acid batteries, metal-ion batteries, metal–sulfur batteries, and metal– air batteries. The ideal transports of electrons and ions are the main issues and bottlenecks of the above batteries. Approaches for regulating electronic and ionic transports, such as regu- lating phase transition, suppressing electrode active material orientation, introducing the electrocatalytic phase, modifying the surface and interface, and using advanced energy storage materials with good electronic and ionic conductivities, such as low-dimensional materials, porous materials, hybrid materials, and biomass materials, are comprehensively discussed, paving the way for the development of rechargeable batteries with a high electrochemical performance. The choice of rechargeable batteries for practical application is proposed, providing a rich selection for electronic devices, flexible and wearable devices, smart grid systems, and transportation.
Rechargeable batteries have been applied in all aspects of life and production. However, many research opportunities and challenges are still present. First, the use of electronic

and ion control to improve the properties and performance of rechargeable batteries through electron and ion regulation is theoretically feasible and universal, but the enhancements of specific actual batteries still require much effort. Second, the development of rechargeable batteries should focus on maxi- mizing the advantages of traditional batteries while developing new batteries with high performance, low cost, and high safety. Third, the development purpose of new energy is to achieve sustainability. Thus, the retirement, echelon utilization, recovery, and recycling of various rechargeable batteries will become a new hot spot in research on rechargeable batteries. The content and conclusions of this review are obtained based on recent progresses of rechargeable batteries. These findings need to be combined with big data research to obtain more comprehensive and accurate reports. Rechargeable batteries should be developed as competitive technologies for energy storage and solutions for various energy-related challenges.
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