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Abstract

To addmess increasing energy supply challenges and allow for the effective utilization of renewable energy sources, transfior-
mational and rehable battery chemistry are critically needed to obtain higher energy densities. Here, significant progress has
been made in the past few decades in enerzetic battery systems based on the concept of mult-clectron ractions to overcome
existing barriers in conventional battery research and application. As a result, a systematic understanding of multi-electron
chemisiry is essential for the design of novel multi-electron reaction materials and the enhancement of corresponding battery
performances. Based on this, this review will briefly present the advancements of mult-electron rmaction materials from their
evolutionary discovery from lightweight elements to the more meent mult-ion effect. In addition, this review will discuss
representative multi-electron reaction chemistry and materials, including ferrates, metal borides, metal oxides, metal Auo-
rides, lithium transition metal oxides, silicon, sulfur and ouygen. Furthermone, insertion-type, allov-type and conversion-ty pe
multi-electron chemistry involving monovalent Li* and Na® cations, pobyvalent Mgz" and AF* cations beyond those of alkali
metals as well as activated 57 and 07 anions are introduced in the enrichment and development of multi-electron reactions
for electrochemical energy storage applications. Finally, this review will present the ongoing challenges and underpinning
mechanisms limiting the performance of multi-clectron reaction materials and corresponding battery systems.

Keywords Muli-clectron rmaction - Multi-ion effect - Lightweight element - Secondary batiery - Energy density

1 Introduction

To address the issues of climate change and energy short-
ages caused by the depletion of fossil fuels and related car
bon emissions, significant efforts have been devoted to the
development of clean, efficient, cost-effective and reliable
energy storage systems that can capitalize on solar, wind
or nuclear energy to provide sustainable energy supplies in

Xinran Wang and Guogizng Tan have contributed equally to this
article.

[~]1 Feng Wu
wukengls3Ehitedu.cn
[~1 Chuan Wu
chuamyu @biteducn

' Beijing Key Laboratory of Environmentzl Science
and Engimeering, School of Materials Science
and Engineering, Baijing Institwie of Technology,
Beijing 100081, China

*  Experimentzl Cenker of Materials Sciences and Engineering,
Heijing Institube of Technology, Beijing 108081 China

the future. Due to the intermittent natune and uneven dis-
tribution of these clean energy sources however, electrical
energy storage systems am needed to address these power
variations and allow for the o fficient harvesting of energy. To
achieve this, clkectrochemical batieries have shown particular
promise, especially in terms of electronic portability, vehicle
electrification and large-scale power gird regulation [1]. In
this regard, comesponding battery chemistry and materials
have been inkensively developed to maximize standard cri-
teria such as energy density, lifespan, operational feasibility
and safety. Here, 2 major challenge lies in the development
of cost-effective high-energy-density materials that can be
used for large-scale applications to allow for deep market
penetration [2, 3] and based on this, electrochemical batter-
izs mequine critical breakthroughs in either battery chemistry
or material based on charge ransir reactions to achieve high
energy density and more importantly, the full utlization of
next-generation enewable power resources [4-6].

Owerall, Li-ion batteries (LIBs) are one of the most suc-
cessful examples of electrochemical energy storage devices
and are widely used as the main power source of laptops,

1 springer
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Lithium metals offer gneat promisss o achisve higher snergy demsity beyond comentional Bthmmdan bat-
teries (LIBs) because of its ultrahigh specific capacity (3860 mah ') and the lowest reduction poengials (-
3.4 ¥ vz sandard hydrogen eledmode). Unfortmately, the application of hthinm metal anode has been lang-
standingly handicapped by uncontrollable dendrite growth, which induces instable solid electralyte interface
{SEI}, performance degradetion and thermal mnaway. Herein, 2 compositionally favarable and strocturally mo-
bust dual protectve layer (OPL) is proposed, where at the hottom, in-sie formed LiC] film provides sufficient
rigidity (6.5 GPa) and low Li* diffusion harriers (.09 &¥) against dendriee growth. The paly{vinylidene fluoride-
hexafinoropropylene) (W dF-HFP) gel-slectrolyie 22 the top layer is rationally selacted with high fexibility to
zccommadaie valume variztion. Due ta the fnergy of DA, the insebdity of nerface & ultimately regulated to
favor 2n extremely stzhilizd SEI with enhanced 1i* diffusion kinetics. Depth profiling of Xoray photodeaman
spectroscopy (XPE) revealsd 2 spontansously-formed gradient SH hisrarchy, 2 firstof thiskind structure that
enzble lang-emm cycle stability and high rate capability. Cryo-electron microscopy (cryo-EM) provides direct
proaf an the farmation of halide.rich SE1 interlayers that strengthen the interfadal stability during cyeles. As 2
conssquence, dendrite-proof lithium deposition, critical 1i* fia and fast jon-diffion kinetics have besn sm-
ergistically achieved to greatly improve the highrae cycle stability (10 mA em~3), high Coulambic effidency
(949.5%), and prolonged cycle lifespan (1600 h) for ithium metal batteries (LMEs). The design of DH. from this
oantribution has apened up oppartunities of lithium chlardes in purpase of constructing dendrite free and 14+
permeble inerface, and provided insights for the realtzation of high energy density IMBs.

1. Tntpoducon

Sale and high energy density mchargeable batteries are esentialy
required to fulfill the overwhelmingly inereased demand from a wide
range of applications, including electronics portabiity, vehicles eleetrifi
cation, power-grid intellectualization and renewable energy harvesting
[1]. Conventional lithium-ion batterdes | LIB) can no longer satidy such
requirement, which pases limited energy density of 350 Whkg" [2].
Inorder o achieve high energy densty, thium metal latieries LMBs)
is mevived owing to the we of lithium metal anode, featuring extremely
high capacity (3880 mah g~), low density (0,53 g em~) and the low-
st reduction potential (-3.04 V v standand hydmgen electrode) [3]. It
wit only adaptsto kigh capacity yet lithium free cathodes, but also con-

* chuanwuiibitsdu.on

Iribiztest 10 @ 4~ 5 limes ine resse ofenergy density tean that in LTBs (such
a8 Li-Vy0e=2118 Wh k!, Li-5 =2600 Wh kg™ and Li-0y =3600
Wh kg™ ) [4]. Because of the uncontrellable dendrite fomation, early
attempls of IMBs came 1o a faiure, where dendrites pierced the s pa-
rtor b catse shor-cirewits upon futher charging [5). Sinoe then, the
onerall level of application is not & elfective 2 desired. Multiple lmi-
tations and challenges still exist against the development of LMBs, such
s high L+ difllfusion barders, continseus side reaction, infinite voume
changes and the so-called “dead lithium® [6]. These drawbacks destroy
the stability of mative solid electmlyte inteface (SED and lead to rapid
degradation as well & safery Bmes Mo recent dudies have proved
theat chuse 1o the high meactivity, nonaqueos: electrolyies ame prone 1o be
reduced with lithium, which foms a compositionally inhomogeneous
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Lithium metal batteries for high energy density: Fundamental
electrochemistry and challenges
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The dependencs an portable devices and slectrical vehicles has triggered the nvarenss on the anergy
Sporage ayitems with sver-growing energy density. Lithium metal banedes (LMBS) has revived and
attracted ansidersbile sttention due to its hkigh volumetric (2045 mAl e, gravimetric specific capac-
ity (3862 |||.|’|I||3"'] Al thee lowee st reduction potentisl (- 304 W SHE ) However, during the elactro-
chemical process of Lithiem andde, the growth of lithivm dendrite constitutes the bigpest $tumbdling
Ixlrck o thee road to LMBS application. The wndesirable demndrite not only mit the Coulombic effhciamncy
(CE) of IMBs, but ako cause fheermal runswsyy sl other safety issoes due o shor-dnows
Unederstanding the mechanims of lithiuvm nucleation and dendrite growth provides ingights to sol ve
these problems. Hersin, we summarnize the eectrochemical models that inherently describe the lithiem
mCleation and demndrite growth, such a5 tee thermodynamic, ele cirode positi on Kine Gos, intemal stress,
and interfsce transmission maodels. Esential parameters of temperatune, ourrent density, internal stress
anl interfdal L fux ane focwsed To improve the MBS perform ance, Stabe-of- -2 aoptimi zation pro-
cadunes have been developed and Systematically illuserated with the inbrindic reguation principles Tor
berper lithium anode stabdlity, including slectrolyte optimization, arificial interfsce livers thres
dimendional hsts, external Geld, arc. Towands practical applications of LMBs, the cument development
o povinchy cell LMBS hoave bese s hortheer i ntrodwosd withs different sembly systems and Tading meclanism
However, challenges and abitacles still exist for the development of LMBS, sich 25 inedepth widerstand-
img and inegitu olservation of dendrite growtly the surlsce protection wnder extreme Condition and the
5 |- Ivealinvg of Sodid electrolyte inberface.
& 2020 5cience Press and Dalian Institute of Chemi cal Physic, Chinese Academy of Sciences Pulblished by
ELSEVIER B.Y. and Science Press. All rights reserved
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ABSTRACT: Vamadivm pentoxide (WaOy) offers high capacity and energy demsity as a cathode candidate for lithiusm-ion
batteries (LIBs). Unfortumately, its practical wilization is intrindcally handicapped by the low conductivity, poor electmde
kinetics, and bittice instability. In this stedy, the synergistical optimiration protocol has been proposed in the conjunction of
interstitial Ca incorporation and organic vanadate surface protection. It & revealed that regulating Ca ocoupation in the body
phase at a relatively low concentration can effectively expand the layer distance of -V, Oy, which facilitates the intercalation
access for Lidon insertion. On the other hand, organometallics are fist applied as the protective layer to stabilize the eectmde
interface during cycling. The optimired coating hiyer, vanadium oxy-acetacetomate (VO(acac) ), plays an important role to
generate a more inorganic component (LiF) within the solid eectrolyte interfice, contributing to the protection of the Ca-
incorporated V, 0 electrode. As a result, the optimized Cay, V.0, VO (acac), hybrid electrode exhibits much improved
capacity wtilmation, rate capability, and cyding stabiity, delivering capacity a high as 297 mAh g for full LTBs. The fist-
principle computations reveal the littice change caused by the Ca incomporation, further confimming the laittice advantage of
Cagps Va0 o VO (acae ), with respect to Lidion intercalation

FEYWORDS: wnadiom pentoxide, metal ncorporation, omganic wenadate, cathode muateria], lithium-im bafteris

B INTRODUCTION forth." ™ Tt is still challenging to adopt these materials into

current LIBs setup while achieving sufficient cyde stability, rate

Orwing to the ever-worsening fuel depletion and environm en tal
detedoration, electrochemical energy storage has triggered
extensive concem in recent years. In this regard, lithivm-ion
batteres (LIBs) are emerging a5 one of the most promising
candidates because of their large energy densty, high mte
capabiity, and relative long-term opemtional lfespan How-
ever, the performance of LIBs & expected to be further
upgraded to Rlfll rapid dewelopment of electrical wehicles
household portable devices, and smart electrical power
gids' ™ As a resudt, a great deal of attention has been paid
to those insulating bt high capadty elearode candidates
Practically, the performance of these imsulating candidates is
generally limited by the intamically low conductivity, poor
electrodhemical reversibility, severe matedal disolution and

wACS F‘ubl catons @ 00 Amudon Ol Seciany

T

capability, and operstional lifespan ™"

Layered vanadism pentoxide (o-Vy0g) ks been intengvely
investigated a5 intercalation-type Li-host materiaks for LIBs due
to its high theoretical capacity, high energy density, earth
abundance, and cost efectivenes. " Its maltiple osidation
states (IM=V) and unique layered stroctures allow for
multielectron and Li-ion transfer dudng the lthiation/
delithision process, offering even higher capacity than most
of tamsition-metal cxdes, sudh x Lil N, Cog My g 00,

Received: May 19, 2019
Accepted: Jme 10, 20019
Published: June 10, 2009
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Hyperaccumulation Route to Ca-Rich Hard Carbon Materials with
Cation Self-Incorporation and Interlayer Spacing Optimization for
High-Performance Sodium-lon Batteries

Kathua Yu, Huichun Zhao, Xinran Wang,* Minghao Zhang, Ruiqi Dong, Ying Li, Ying Bai,* Huajie Xu,
and Chuan Wu*
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ABSTRACT: The hard carbon (HC) has been emerging as one of the _—
most promising anode materials for sodium-ion batteries (SIBs). 008 i
Incorporation of cations into the HC lattice proved to be effective to "E g {o 5
regulate their d-interlayer spacing with a modified SIB performance. §*7, ‘ au.mm... =
However, the complexity and high cost of current synthetic processes 2 0] - — - doo £
limited its large-scale application in SIBs. Through the natural hyper- g e e
accumulation process, a cost-effective and scale-up-driven procedure to 9 **] Jo @
produce Ca-ion self-incorporated HC materials was proposed by applying %W-_==.=| g
tamarind fruits as the precursor with the enrichment of Ca ions. In virtue of & covomms - 120 E
one-step pyrolysis, the self-incorporated and well-distributed Ca ions in 001 o %
tamarind fruits had successfully served as the buffer layer to expand the d- 100 ) m F . )
interlayer spacing of HC materials. Furthermore, the natural porosity s - 150 0 =0
ycle Number

hierarchy could be largely preserved by the optimization of calcination
temperature. As a result, the Ca-rich HC material had exhibited the
optimized cycling performance (326.7 mA h g_l at S0 mA g_l and capacity retention rate of 89.40% after 250 cycles) with a high
initial Coulombic efficiency of 70.39%. This work provided insight into applying the hyperaccumulation effect of biomass precursors
to produce doped HC materials with ion self-incorporation and the optimized d-interlayer spacing, navigating its large-scale
application for high-performance SIBs.

KEYWORDS: sodium-ion batteries, hard carbon, anode, tamarind, hyperaccumulation

1. INTRODUCTION According to the literature, a great deal of materials have
been studied as anode candidates, including carbon materi-
als,”™? sulfides,'”™" metal oxides, ™" alloys,lf’_JS and so
forth. To date, the hard carbon (HC) material is still identified
as the most promising and industry-accessible anode because
of its large d-interlayer spacing for Na ion insertion, low
average potential of sodiation/desodiation, and the most cost-
effectiveness, which is the top priority for the industrialization
of SIBs.'” Owing to the advantages of being low-cost,
renewable, and environmentally friendly, the biomass has
showed great promises as precursors to produce HC materials,
while minimizing the wastes caused by the current handling of
incineration or landfill>® Accordingly, many recent researches
have reported the biomass-derived HC materials with the

Although the renewable energy has been in active exploration
in recent years, its utilization remains a challenge due to the
intermittent conveying and the uneven distribution.'”* As a
result, several of advanced energy conversion and storage
devices have been continuously developed to address the
challenge. In this regard, lithium-ion batteries (LIBs) have
become the most promising and attractive choice for portable
electric devices and storage devices. However, the insufficient
Li resources can hardly cover the ever-growing demand of LIBs
in particular with the demanded large-scale storage devices in
future 2™ Alternatively, sodium-ion batteries (SIBs) are
recently attracting the tremendous attention on the large-
scale energy storage on account of their abundance of Na, low-
cost, environmental-friendliness, and the similarity between Li Received: December 16, 2019
and Na. Therefore, it is essential to develop the corresponding Accepted: February 7, 2020
electrode materials of low cost and renewability, while fulfilling Published: February 10, 2020

the large-scale applicable requirements arising from the boom
3-6

of electrical vehicles and stationary energy systems.

© 2020 American Chemical Society https://dx.doi.org/10.102 1/acsami.9b22745
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A great deal of attention has been paid on developing plant-derived hard carbon (HC) materials as anodes
for sodium-ion batteries (SIBs). So far, the regulation of HC has been handicapped by the well-known
ambiguity of Na* storage mechanism, which fails to differentiate the Na* adsorption and Na* insertion,
and their relationship with the size of d-interlayer spacing and structural porosity. Herein, bagasse-
derived HC materials have been synthesized through a combination of pyrolysis treatment and micro-
wave activation. The combined protocol has enabled to synergistically control the d-interlayer spacing
and porosity. Specifically, the microwave activation has created slit pores into HC and these pores allow
for an enhanced Na* adsorption with an increased sloping capacity, establishing a strong correlation
between the porosity and sloping capacity. Meanwhile, the pyrolysis treatment promotes the graphitiza-
tion and it contributes to an intensified Na* insertion with an increased plateau capacity, proving that the
plateau capacity is largely contributed by the Na* insertion between interlayers. Therefore, the structural
regulation of bagasse-derived HC has provided a proof on positively explaining the Na* storage with HC
materials. The structural changes in the pore size distribution, specific surface area, d-interlayer spacing,
and the electrochemical properties have been comprehensively characterized, all supporting our under-
standing of Na* storage mechanism. As a result, the HC sample with an optimized d-interlayer spacing
and porosity has delivered an improved reversible capacity of 323.6 mAh g ' at 50 mA g '. This work
provides an understanding of Na* storage mechanism and insights on enhancing the sloping/plateau
capacity by rationally regulating the graphitization and porosity of HC materials for advanced SIBs.
© 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by
ELSEVIER B.V. and Science Press. All rights reserved.

Keywords:

Hard carbon

Sodium-ion batteries
Microwave activation
Sodium storage mechanism

1. Introduction

The ever-increasing demand of energy has triggered a massive
amount of environmental issues due to the extensive use of tradi-
tional fossil energy. In response to these environmental issues and
energy crisis, renewable energies have brought transformative
changes and a sustainable solution to solve these problem, such
as solar energy and wind power. In order to effectively use these
renewable energy, techniques for energy storage have been raised
up worldwide with great scientific interests and fast market pene-
tration. Due to the high energy density, lithium-ion batteries (LIBs)
have capitalized on the current choices of energy storage devices
and engaged to support the development of vehicle electrification

* Corresponding authors at: Beijing Key Laboratory of Environmental Science and
Engineering, School of Materials Science and Engineering, Beijing Institute of
Technology, Beijing 100081, China.

E-mail addresses: wangxinran@bit.edu.cn (X. Wang), membrane@bitedu.cn (Y.
Bai), chuanwu@bit.edu.cn (C. Wu).

https://doi.org/10.1016(j.jechem.2020.07.025

and device portability [1-3]. Unfortunately, there are great pres-
sures and wide concerns about the shortage of lithium resources
in future due to its limited reserves and uneven distribution, which
may constitute one of the biggest stumbling blocks for the further
development of LIBs. As a result, it has triggered the exploration of
alternative energy storage systems in particular with respect to
abundant and cost-effective charge carriers. In this regard,
sodium-ion batteries (SIBs) have underscored as the most promis-
ing candidate and been in active exploration now owing to the
similar physical and chemical properties with Li* [4,5] and the high
crustal content (~2.3%). Its abundance and cost-effectiveness have
further promoted the application on cost-sensitive energy storage,
such as the smart electrical power grid and scale-up energy storage
for renewable energy.

In order to attain sufficiently high SIBs performance, variety of
anode materials have been continuously reported with characteris-
tics of high capacity, good cycle stability, and low sodiation/deso-
diation potential, including alloys [6,7] sulfides [8,9] metal oxides

2095-4956]© 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by ELSEVIER B.V. and Science Press. All rights reserved.
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Li electrode —— SEl formation —— Long-term cycling
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block to its development. Herein, Li,SiO,-dominating organic— T Si0, layer BB
inorganic hybrid layers are rationally designed by SiO, surface

Li _—
modification and the stepwise prelithiation process. SiO, nano- Um'mmh_"“
particles construct a zigzagged porous structure, where a solid K
electrolyte interface (SEI) has grown and penetrated to form a _
conformal and compact hybrid surface. Such a first-of-this-kind
structure enables enhanced Li dendrite prohibition and surface stability. The interfacial chemistry reveals a two-step prelithiation
process that transfers SiO, into well-defined Li,SiO,, the components of which exhibits the lowest diffusion barrier (0.12 eV atom™")
among other highlighted SEI species, such as LiF (0.175 eV atom™) for the current artificial layer. Therefore, the decorated Li
allows for an improved high-rate full-cell performance (LiFePO,/modified Li) with a much higher capacity of 65.7 mAh g_l at 5C
(1C = 170 mAh ¢g™!) than its counterpart with bare Li (~3 mAh g™'). Such a protocol provides insights into the surface architecture

and SEI component optimization through prelithiation in the target of stable, dendrite-proof, homogenized Li* solid-state migration
and high electrochemical performance for LMBs.

KEYWORDS: silica, metallic Li, anode, cycle stability, dendrite

1. INTRODUCTION

Engaging to support the demanding development of vehicle

has been further deteriorated by the inhomogeneous
composition, which causes different ionic conductivities,
nonuniform Li deposition, and excessive side reactions to

electrification, electronic portability and smart grid regulation,
significant interests have been triggered into materials of higher
energy density beyond lithium-ion batteries (LIBs)."” Metallic
lithium (Li) is one of the most promising anode candidates
because of the highest theoretical specific capacity (3860 mAh
g™') and the lowest electrochemical potential (—3.04 V vs
standard hydrogen electrode).”* Furthermore, the use of a Li
anode offers indispensable opportunities to apply Li-free yet
high capacity cathodes, such as sulfur® and metal fluorides,’
breaking through limits of the energy density achieved in the
well-established intercalation-based LIBs.” In this regard,
however, the use of metallic Li has been challenged by the
unstable surface chemistry. Due to the inhomogeneous Li*
flux, the formation of Li dendrites is the biggest obstacle that
induces the short circuits and causes the thermal 1'urmway.g’9
The origin of Li dendrites associate with the fragile and poor
quality of the protogenic solid electrolyte interface (SEI),
which fails to passivate and protect the electrode surface.®'°
This results in the cracks of the SEI, leading to the
decomposition of electrolytes, the formation of “dead Li",
and the increase of surface resistance.'’ The surface instability

© 2020 American Chemical Society

< ACS Publications

destroy the cycling stability.

Previous studies have proved the importance of interfacial
engineering and comzposition optimization in addressing the
above challenges.”™'” An ideal SEI should be electrochemi-
cally stable during cycling, fulfilling the desired characteristics
as follows: (1) high mechanical strength against Li dendrites;
(2) chemical and electrochemical stability to prevent the
continuous SEI growth; (3) sufficient ionic conductivity and
electron-blocking for homogeneous and fast Li* flux; (4)
sufficient elasticity to buffer the volume expansion.''*
Accordingly, a great variety of strategies have been proposed,
including the use of electrolyte additives,"*™"” salt-concen-
trated electrolyte,"®'” notable three-dimensional (3D)-Li
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Abstract

With the advancement of secondary batteries, interfacial properties of electrode materials have been recognized as essential factors to their
electrochemical performance. However, the majority of investigations are devoted into advanced electrode materials synthesis, while there is
insufficient attention paid to regulate their interfaces. In this regard, the solid electrolyte interphase (SEI) at anode part has been studied for 40
years, already achieving remarkable outcomes on improving the stability of anode candidates. Unfortunately, the study on the cathode electrolyte
interfaces (CEI) remains in infancy, which constitutes a potential restriction to the capacity contribution, stability and safety of cathodes. In fact,
the native CEI generally possesses unfavorable characteristics against structural and compositional stability that requires demanding optimi-
zation strategies. Meanwhile, an in—depth understanding of the CEI is of great significance to guide the optimization principles in terms of
composition, structure, growth mechanism, and electrochemical properties. In this literature, recent progress and advances of the CEI char-
acterization methods and optimization protocols are summarized, and meanwhile the mutually-reinforced mechanisms between detection and
modification are explained. The criteria and the potential development of the CEI characterization are proposed with insights of novel opti-
mization directions.
© 2021, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (hitp://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Cathode electrolyte interface; Secondary battery; Characterization methods; In situ/operande; Synchrotron radiation

1. Introduction cycle life, and operational safety. Using a positive electrode

with high—voltage and high—capacity has become an effective

With electrification and portability of devices such as
clectric vehicles. smart electric power grid, and intelligent
electronic devices, there is an overwhelmingly increased de-
mand of rechargeable batteries with high energy density, long
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and Engineering, School of Materials Science and Engineering, Beijing
Institute of Technology, Beijing, 100081, China.
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approach to satisfy this demand. However, the recent com-
mercial cathodes face challenges in terms of structural and
phase transition instability, transition metals (TM) dissolution,
oxyegen gas (O,) releasing, and the continuous decomposition
of the electrolyte at the interface. These critical shortcomings
have caused insufficient cycle stability, fast capacity degra-
dation, and undesired thermal runaway in practical, severely
restricting the state—of—the—art performance and development
of rechargeable batteries.

The electrode/electrolyte interfaces have provided passiv-
ating yet ion—permeable layers for secondary batteries. Due to
its formation, the separation of electrodes from electrolytes is

2468-0257/© 2021, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Please cite this article as: Z. Zhang et al., Charactering and optimizing cathode electrolytes interface for advanced rechargeable batteries: Promises and
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Multivalent metal-sulfur (M-S, where M = Mg, Al, Ca, Zn, Fe, etc.) batteries offer unique opportunities to
achieve high specific capacity, elemental abundancy and cost-effectiveness beyond lithium-ion batteries
(LIBs). However, the slow diffusion of multivalent-metal ions and the shuttle of soluble polysulfide result
in impoverished reversible capacity and limited cycle performance of M—S (Mg-S, Al-S, Ca-S, Zn-S, Fe-S,
etc.) batteries. It is a necessity to optimize the electrochemical performance, while deepening the under-
standing of the unique electrochemical reaction mechanism, such as the intrinsic multi-electron reaction
process, polysulfides dissolution and the instability of metal anodes. To solve these problems, we have
summarized the state-of-the-art progress of current M—S batteries, and sorted out the existing chal-
lenges for different multivalent M-S batteries according to sulfur cathode, electrolytes, metallic anode
and current collectors/separators, respectively. In this literature, we have surveyed and exemplified
the strategies developed for better M—S batteries to strengthen the application of green, cost-effective
and high energy density M—S batteries.

2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.

1. Introduction

Since the first Industrial Revolution, there is an overwhelming
increase in the need for energy. Renewable energy resources, such
as biological and geothermal energy, compensate for the deficien-
cies and shortage of conventional fossil fuels, which have poten-
tially fulfilled the social sustainable development. Nowadays,
these renewable energies have already become practically avail-
able and achieved promising environmental benign. However,
due to the fluctuation of natural resources, their intermittent
power supply has blocked the large-scale utilization and the stabil-
ity of electrical grid. Such unique problem has triggered wide
attention to the adaptable rechargeable batteries for energy stor-
age [1-3]. On this matter, lithium-ion batteries (LIBs), such as
LiCoOy/graphite or Li(NipgCog1Mng;)0z/graphite, have dominated
the current choice of rechargeable batteries owing to the accept-
able energy density and lifespan [4,5]. Nevertheless, large-scale
use of LIBs has been potentially restrained by the low contents of
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Technology, Beijing 100081, China.

E-mail addresses: wangxinran@bit.edu.cn (X. Wang), chuanwu@bit.edu.cn (C.
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lithium, cobalt, and other rare metals, the reserves of which may
not be sufficient to support the rapid demands of LIBs manufactur-
ing. Meanwhile, the energy density of current LIBs, which is the
most essential parameter for rechargeable batteries, has already
approached to the upper limit (<300 Wh kg !). New electrodes
and systems based on abundant and cost-effective elements are
urgently required to break through these obstacles [6,7]. For a cer-
tain electrode material, the theoretical specific capacity can be
determined by Eq. (1) as follows [8,9]:

Capacity (C) = nF/3.6M, (1

where C, F, n, and M represent the theoretical capacity of the elec-
trode material, the Faraday constant, the total electron transferred,
and the molar mass of the electrode material, respectively. Accord-
ing to Eq. (1), reducing M or increasing n are both effective ways to
improve energy density. In order to maximally fulfill the criteria, in
this regard, sulfur is highlighted because of relatively low molar
weight [10-13], two-electron transfer [ 14], and high crustal content
[15,16]. It can provide a theoretical specific capacity as high as
1672 mAh g~' [17] with respect of Li*, triggering wide interests to
its alloying-type electrode reaction [18-21]. For example, the
lithium-sulfur (Li-S) battery has become the most widely-
explored M-S battery systems with continuous outcomes and per-
formance upgradation. However, the current status of Li-S battery

2095-4956/© 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by ELSEVIER B.V. and Science Press. All rights reserved.
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ABSTRACT: Exploring electrolytes of high safety is essential to pave the practical route for sodium-ion batteries (SIBs) toward
their important applications in large-scale energy storage and power supplies. In this regard, ionogel electrolytes (IEs) have been
highlighted owing to their high ionic conductivity, prominent electrochemical and thermal stability, and, more crudially, high
interfacial wettability. However, present studies lack an understanding of the interaction of IEs, which determines the ion desolvation
and migration. In this article, IEs comprising an SBA-15 host, an ionic liquid, sodium salt, and poly(vinylidene fluoride)—hexafluoro
propylene (PVDF—HFP) have been proposed by mechanical ball milling and roller pressing. The component ratio has been
optimized based on the balance between ionic conductivity and self-supporting capability of IEs. The optimal IEs showed sufficiently
high ionic conductivity (248 x 107 S cm™ at 30 °C), wide electrochemical window (up to 4.8 V vs Na*/Na), and high Na*
transference number (0.37). Due to the presence of SBA-15 and an ionic liquid, the IEs exhibited much improved thermal resistance
than that of the conventional organic liquid electrolytes (OLEs). Furthermore, Fourier transform infrared (FT-IR) spectroscopy
revealed the hydrogen bonding interaction between silanols and the dissolved salts, not only anchoring anions for immobilization but
also promoting the dissociation of sodium salts. After being matched with the Na,V,(PO,); (NVP) cathode and metallic Na anode,
the SIBs presented a specific discharge capacity of up to 110.7 mA h g™" initially at room temperature with 92% capacity retention
after 300 cycles. The improved safety and electrochemical performance provided insights into rationally regulating IEs and their
interactions with the prospect of strengthening their practical applications in SIBs.

KEYWORDS: sodium-ion batteries, ionogel electrolytes, SBA-15, ionic conductivity, hydrogen bonding

1. INTRODUCTION

Lithium-ion batteries (LIBs) have achieved significant develop-
ment from laboratories to industries due to their remarkable
energy storage performance and versatile application in
portable electronics and electrical vehicles."* However, the
limited resources of lithium and its high price are becoming
one of the issues that restrain their large-scale utilization, such
as the electrical power grid for renewable energy harvesting in
the future. Alternatively, the abundant resources of sodium
worldwide have triggered considerable attention toward the
sodium-ion batteries (SIBs) as cost-effective candidates for
scalable electrochemical energy storage.>® To date, many
limitations on SIBs still exist regarding the safety, which arises
from the use of organic liquid electrolytes (OLEs), for

@ 2020 American Chemical Society
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instance, ethylene carbonate (EC), diethyl carbonate (DEC),
and propylene carbonate (PC).°”” These organic solvents are
proposed to be flammable, leakage-prone, and toxic,
constituting the main reasons for the thermal runaway.10
Protective procedures have been continuously developed to
strengthen their operational safety, for example, the opti-
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ABSTRACT: Exploring electrolytes of high safety is essential to pave the practical route for sodium-ion batteries (SIBs) toward
their important applications in large-scale energy storage and power supplies. In this regard, ionogel electrolytes (IEs) have been
highlighted owing to their high ionic conductivity, prominent electrochemical and thermal stability, and, more crucially, high
interfacial wettability. However, present studies lack an understanding of the interaction of IEs, which determines the ion desolvation
and migration. In this article, IEs comprising an SBA-15 host, an ionic liquid, sodium salt, and poly(vinylidene fluoride)—hexafluoro
propylene (PVDF—HEFP) have been proposed by mechanical ball milling and roller pressing. The component ratio has been
optimized based on the balance between ionic conductivity and self-supporting capability of IEs. The optimal IEs showed sufficiently
high ionic conductivity (2.48 X 107 S cm™" at 30 °C), wide electrochemical window (up to 4.8 V vs Na*/Na), and high Na*
transference number (0.37). Due to the presence of SBA-15 and an ionic liquid, the IEs exhibited much improved thermal resistance
than that of the conventional organic liquid electrolytes (OLEs). Furthermore, Fourier transform infrared (FT-IR) spectroscopy
revealed the hydrogen bonding interaction between silanols and the dissolved salts, not only anchoring anions for immobilization but
also promoting the dissociation of sodium salts. After being matched with the Na;V,(PO,); (NVP) cathode and metallic Na anode,
the SIBs presented a specific discharge capacity of up to 110.7 mA h g™" initially at room temperature with 92% capacity retention
after 300 cycles. The improved safety and electrochemical performance provided insights into rationally regulating IEs and their
interactions with the prospect of strengthening their practical applications in SIBs.

KEYWORDS: sodium-ion batteries, ionogel electrolytes, SBA-1S, ionic conductivity, hydrogen bonding

1. INTRODUCTION

Lithium-ion batteries (LIBs) have achieved significant develop-

instance, ethylene carbonate (EC), diethyl carbonate (DEC),
and propylene carbonate (PC).°™” These organic solvents are

ment from laboratories to industries due to their remarkable
energy storage performance and versatile application in
portable electronics and electrical vehicles."” However, the
limited resources of lithium and its high price are becoming
one of the issues that restrain their large-scale utilization, such
as the electrical power grid for renewable energy harvesting in
the future. Alternatively, the abundant resources of sodium
worldwide have triggered considerable attention toward the
sodium-ion batteries (SIBs) as cost-effective candidates for
scalable electrochemical energy storage.’™ To date, many
limitations on SIBs still exist regarding the safety, which arises
from the use of organic liquid electrolytes (OLEs), for
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proposed to be flammable, leakage-prone, and toxic,

constituting the main reasons for the thermal runaway.'’
Protective procedures have been continuously developed to

strengthen their operational safety, for example, the opti-
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ABSTRACT: Sodium-ion batteries (SIBs) have attracted
wide attention because of their prospects for grid-scale
electrical regulation and cost effectiveness of sodium. In this
regard, iron oxides (FeO,) are considered as one of the most
promising anode candidates due to their high theoretical
capacity and low cost. Unfortunately, the utilization of FeO,
anodes suffers from sluggish reaction kinetics and significant
lattice variation, causing insufficient rate performance and fast
capacity degradation during the sodiation/desodiation proc-
ess. In this study, Mn ions are incorporated through interstitial
sites into a Fe;O, lattice to form the Mn-incorporated Fe;O,/
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graphene (M-Fe;0,/G) composites through a facile hydrothermal method. Confirmed by XRD Rietveld refinement and the
first-principles calculation, Mn occupation into the body structure can effectively condense the electron density around the
Fermi level and thus contributes to the increased electrical conductivity and improved electrochemical properties. Accordingly,
the M,;Fe,,0,/G composite demonstrates a high reversible capacity of 439.8 mA h g™" at a current density of 100 mA g~" over
200 cycles. Even at a high current density of 1 A g~ ", the M-Fe;0,/G composites remain stable for over 1200 cydles, delivering a
capacity of 210 mA h ¢~'. Coupled with a NayV,(PO,)s-type cathode, the Mn-incorporated Fe;0,/G composites demonstrate
good suitability in full SIBs (161.2 mA h g™" at the current density of 1 A g™" after 100 cycles). The regulation of Mn ions in the
Fe;0, lattice provides insights into the optimization of metal oxide anode candidates for their application in SIBs.

KEYWORDS: sodium-ion batteries, interstitial incorporation, iron oxides, graphene, full cell, high capacity

1. INTRODUCTION

Because of the ever-worsening fossil fuel depletion and
environmental deterioration, the development and utilization
of renewable energy have become urgent, particularly with the
rapid demands from electric vehicles and smart electrical
grid." ™ Nowadays, sodium-ion batteries (SIBs) have alter-
natively attracted a great deal of attention because of the more
abundance and lower cost of sodium than that of lithium.*”” In
this regard, although graphite anodes have exhibited
extraordinary performance to accommodate Li ions in
lithium-ion batteries,*” they fail to interactively host Na ions
due to the larger ionic radius of sodium (1.02 A for Na ions)
than that of Li ions (0.76 A). Moreover, guided by quantum-
mechanical methods, among the alkali and alkaline earth
metals, sodium has a weaker chemical binding to a given
substrate, including graphite.'® As a result, the development of
anode candidates has become one of the most urgent issues
with respect of SIBs."" ™" Till now, variety of anode materials
have been exglored, such as hard carbon,““19 metal ;1]]0):,20_23
metal oxides™™* and sulfides."****” Among them, iron oxide-

< ACS Publications  © 2019 American Chemical Society

37812

based materials are considered as one of the most promising
materials for SIBs because of their high theoretical capacity
(about 924 mA h g_l for Fe;0,), cost effectiveness, abundance,
and environmental friendliness.*® Different from intercalative
ion-insertion anode materials, iron oxides can store Na ions
through conversion-type electrode reactions, which allows for
full use of the valence states of transition metals and thus
breaks through the capacity limitation of conventional
intercalation-based anodes. The conversion-type reaction of

iron oxides with sodium ions can be expressed as following (eq
29
1)

Fe,0, + 8MT + 8¢~ — 4M,O + 3Fe (M = Na, Li)

(1

Prior study has demonstrated the significant volume
expansion of iron oxides with respect of Li-ion storage, causing
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Abstract: Lithium metal batteries (LMBs) are representative systems for —

high-energy-density batteries. The design of LMBs with high capacity and high : -
cycle stability is imperative. However, the development of LMBs is hindered
by typical interface-related problems such as lithium dendrite growth,

incompatible separator interfaces, and unstable cathode interfaces because “”":‘—‘——— B ;
of the inhomogeneous ionic flux and composition distribution. The intrinsic |, === £+ .
instability significantly hinders electron/ion transfer at the interface, causing ~ b, Separator prolacton
serious issues such as dendrite growth, volume changes, low coulombic l“lll .Q}r\
efficiency, dead lithium, interface deterioration, capacity degradation, and loss [

of safety. Metal-organic frameworks (MOFs) are organic—inorganic hybrid G al Goposkion Electroiylo additives

materials with a stable highly porous structure, which can allow for highly

efficient gas adsorption, separation and purification, catalysis, etc, in addition to facilitating their application in
nanomedicine and other fields. In recent years, MOFs have attracted much attention in the field of LMBs as a possible
solution to the typical interface problems abovementioned. The porous structure and open metal sites (OMs) of MOFs
provide an excellent interface structure for uniform and high ionic conductivity. As additional bonus, the stable structure
provides high mechanical strength with different functional groups and metal sites, resulting in significant versatility of
functionality for interface stabilization. MOFs are usually synthesized by hydrothermal/solvothermal, microwave-assisted,
electrochemical, and spray-drying methods. The excellent properties of MOFs have prompted researchers to pursue their
rational design and modification. Much progress has been made in this direction, and exemplary investigations have been
performed to solve the abovementioned interfacial problems encountered with LMBs. Consequently, metallic lithium
deposition frameworks, artificial solid electrolyte interface films, electrolyte additives, separator materials, cathode
materials for lithium-sulfur batteries, and lithium-air batteries have been developed. However, there is a long way to go
before the commercialization of batteries based on MOF materials. In practical, more complex electrochemical reactions
occur at the lithium-metal interface, and the operating conditions (temperature, over charging/discharging, external stress,
etc.) vary widely. Moreover, MOFs as electrode materials have intrinsic drawbacks, including structural collapse, pore
blockage, and low inherent conductivity during the cycles. Based on these interfacial challenges, in LMBS, it introduces the
structural characterization and optimization of MOFs and the key chemical components that determines the MOFs of
structure (central atom, organic ligand, etc.). Subsequently, we summarized the growth mechanism of lithium dendrites
and discussed the applications of MOFs and their derivatives to battery cathodes, separators, anodes, and electrolytes.
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