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Context & Scale

Increasing energy demands for

potential portable electronics,

electric vehicles, and smart power

grids have stimulated intensive

efforts to develop highly efficient

rechargeable batteries for

chemical energy storage. The

intrinsic structures of electrode

materials are crucial in

understanding battery chemistry

and improving battery

performance for large-scale

applications. This review presents

a new insight by summarizing the

advances in structure and

property optimizations of battery

electrode materials for high-

efficiency energy storage. In-

depth understanding, efficient

optimization strategies, and

advanced techniques on

electrode materials are also

highlighted.

By now, many challenges still exist

for achieving great breakthroughs

in high-performance scalable

batteries. To address the

challenges, some important

aspects are proposed on the

development of battery research

in the future. First, it is highly

desired to develop new electrode

materials and new storage devices

to meet the urgent energy

demands for large-scale
Rechargeable batteries undoubtedly represent one of the best candidates for

chemical energy storage, where the intrinsic structures of electrode materials

play a crucial role in understanding battery chemistry and improving battery

performance. This review emphasizes the advances in structure and property

optimizations of battery electrode materials for high-efficiency energy storage.

The underlying battery reaction mechanisms of insertion-, conversion-, and

alloying-type materials are first discussed toward rational battery designs. We

then give a summary of the advanced optimization strategies and provide

in-depth analyses of structure-property relationships for some significant

research breakthroughs in batteries. Finally, we provide a brief overview of

the recent state-of-the-art techniques as powerful tools to explore and predict

the strategies of structure optimization. This review on the deep understanding

of structure-property correlations will bring new insight into the design of ideal

battery materials and open up new opportunities for battery chemistry.

Introduction

In the past decades, traditional non-renewable energy supplies (e.g., coals, oil,

natural gas) have been overused to meet the rapid increase of global energy

demands, leading to the emergency problems of climate change, smog, and im-

pending exhaustion of fossils fuels.1,2 In this regard, more and more renewable

green energy technologies (especially solar and wind energy) are being urgently

explored. To utilize these intermittent renewable energies efficiently, developing

low-cost and high-performance electrical energy storage techniques is the key.3

Meanwhile, with the economy fast booming, there is also an increasing market

demand for smaller and lighter portable electronics and smart electric vehicles

with high power/energy density and long lifespan.4 All of these demands call for

intensive efforts to develop highly efficient and environmentally benign energy

storage devices.

Rechargeable batteries that are able to efficiently convert chemical energy to

electrical energy rely on electrochemical processes to store energy.2 Among all

rechargeable batteries, lithium-ion batteries (LIBs) have achieved the dominant

position for chemical energy storage because of slow self-discharge, long cycle

life, no memory effect, and relatively high energy/power densities.5 These superior

characteristics enable LIBs to be widely applied on portable electronics and

emerging electrical/hybrid vehicles. Free from lithiummetal, LIBs involve the revers-

ible shuttling processes of lithium ions between host anode and cathode materials

with concomitant redox reactions during the charge/discharge processes.6
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applications. Second, the in-

depth understanding of the

fundamental reaction

mechanisms and the structure-

property correlations is essential.

Third, it is critical to explore low-

cost electrode materials and

fabrication processes for large-

scale applications in industry.

Moreover, bridging the

fundamental research in

laboratory and the scalable

development in industry is

extremely important in directing

lab-based research toward

practical applications.

Based on the in-depth

understanding of battery

chemistry in electrode materials,

some important reaction

mechanisms and design

principles are clearly revealed,

and the strategies for structure

optimizations toward high-

performance batteries are

summarized. This review will

provide a suitable pathway

toward the rational design of ideal

battery materials for large-scale

applications in industry and open

up new opportunities for battery

chemistry.
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Sodium-ion batteries (SIBs), as another type of electrochemical energy storage

device, have also been investigated for large-scale grid energy storages due to

low cost and abundant source of sodium as well as its similar physicochemical prop-

erties to lithium.7 To meet the challenges of high energy/power density, low cost,

good safety, and long lifespan for batteries in the near future, developing novel elec-

trode materials is essential.

By now, a significant amount of battery research for both fundamental studies and

practical applications has been conducted. Intensive efforts have been dedicated

to developing various methods to improve the battery performance via nanotech-

nology.8 These methods mainly focus on the surface engineering achieved by

downsizing particles, facet engineering, and structural engineering (e.g., designing

complex multilevel structures).9,10 For instance, because the commercial olivine

orthophosphate lithium iron(II) phosphate LiFePO4 suffers from the low electronic

conductivity and only one-dimensional (1D) [010] diffusion channel, both the size

and orientation control of LiFePO4 are necessary.11–13 Zhao et al. reported the prep-

aration of single crystalline LiFePO4 nanosheets with a large percentage of highly

oriented (010) facets, which provided the highest pore density and shortest diffusion

length for lithium-ion insertion/extraction.13 This architecture exhibited impressive

rate capability and excellent cycling stability in LIB. In addition, various carbon-

based nanostructured composites with delicate designs have been developed,

which exhibited outstanding electrochemical properties due to the improvement

in the electronic conductivity and strong mechanical stability.14,15 Compared with

commercial graphite, silicon has attracted significant attention as a potential anode

material because of its relatively abundant source and high theoretical specific

capacity (�4,200 mAh g�1). However, some issues such as large volume variation

and unstable solid-electrolyte interphase (SEI) during the charge/discharge pro-

cesses are limiting its further applications. To address these scientific problems,

Cui’s group designed and constructed silicon nanowire array, self-healing silicon mi-

croparticles, silicon/graphite composites, and silicon pomegranates, which have

efficiently improved the electrochemical performance.16–19 These nanotech-

nology-based approaches toward the design and fabrication of functional electrode

materials endow batteries with high energy/power densities and long-term cyclabil-

ity.20 Unfortunately, the hollow interiors and delicate architectures lead to low pack-

ing density and high preparation cost, hence restricting their practical applications.

Many challenges still exist for achieving great breakthroughs in high-performance

batteries for large-scale applications.7,21,22 Compared with nanotechnology-based

designs, the intrinsic phase structures of electrode materials play a more crucial role

in lifting battery performance and understanding the battery reaction chemistry.

Clearly, the electrochemical properties of these electrode materials (e.g., voltage,

capacity, rate performance, cycling stability, etc.) are strongly dependent on the cor-

relation between the host chemistry and structure, the ion diffusion mechanisms,

and phase transformations.23

In this review, we provide a summary on the advances in the purview of structure and

property optimizations of battery electrodematerials for high-efficiency energy stor-

age. Particular emphasis is first placed on deep understanding of the underlying

battery reaction mechanisms of insertion-, conversion-, and alloying-type materials

toward rational design of batteries. Second, we review the optimization strategies

and conduct in-depth analyses of crystal structures for some significant research

breakthroughs on high-performance batteries. For each type of electrode material,

some promising optimization strategies are discussed to solve the corresponding
2 Joule 1, 1–26, November 15, 2017
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Figure 1. In-Depth Understanding of Battery Chemistry of Electrode Materials

(A) Schematic of a first-generation rechargeable LIB. This LIB involves reversible shuttling processes of lithium ions between two host anode (graphite)

and cathode (LiCoO2) materials with concomitant redox reaction during the charge/discharge processes.

(B) Schematic of three different reaction mechanisms in electrode materials for batteries. Reprinted with permission from Palacı́n et al.25 Copyright

2009, Royal Society of Chemistry.

(C and D) Operation voltages versus specific capacities of LIB (C) and SIB (D) electrode materials, respectively.

(E) Schematic of a slightly oxidized redox couple for different positions relative to the top of the anion p bands. Reprinted with permission from

Goodenough et al.22 Copyright 2010, American Chemical Society.

(F) Voltage curves that are linearly related to the slope of the free energy of the electrode materials.

(G and H) Diffusion paths in layered (G) and spinel (H) crystal structures mediated by vacancy clusters, respectively. Reprinted with permission from

Van der Ven et al.26 Copyright 2013, American Chemical Society.
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critical scientific problems. Third, we also present recent advanced techniques that

have emerged to become powerful tools to investigate and predict optimization

strategies, including micro-/nanoscale electrochemical devices, high-resolution

characterizations, and theoretical calculations. Finally, the remaining challenges

and the outlook of future battery research are discussed. This review may open

new avenues for the design of ideal electrode materials and bring new opportunities

for future battery research.
Understanding Electrode Materials toward Rational Design of High-

Performance Batteries

Batteries are electrochemical devices that store energy by chemical reactions. The

structure of a typical first-generation LIB, which includes a cathode, an anode,

electrolyte, separator, and external circuit, is shown in Figure 1A.24 During charging,

lithium ions are extracted from the LiCoO2 crystal driven by an applied voltage,

followed by diffusing through the electrolyte and then being intercalated between

graphite sheets. During discharging, the directions are reversed along with

generated power to external devices. To acquire high-performance batteries, it is

important to understand the ion/electron transport and reaction mechanisms in

electrode materials.21 In this section, we first describe three types of electrode

materials according to their reaction mechanisms. The thermodynamic and kinetic

analyses are then discussed to obtain an in-depth understanding of the structure-

property relationships of the electrode materials. Finally, three design principles

for the electrode materials are proposed from the structural aspects, which reveal

the basic rules of the structure optimization strategies.
Joule 1, 1–26, November 15, 2017 3
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Different Types and Challenges of Electrode Materials

According to the reaction mechanisms of electrode materials, the materials can be

divided into three types: insertion-, conversion-, and alloying-type materials

(Figure 1B).25 The voltages and capacities of representative LIB and SIB electrode

materials are summarized in Figures 1C and 1D.

Insertion-type materials involve the insertion process of lithium (or, e.g., sodium) ions

into the interstitial sites of the electrode materials and the subsequent process to cap-

ture electrons. Most insertion-type materials have robust crystalline skeletons and are

easy for ion insertion and removal, which endows them with long-term cycling stability

and high rate capability. These characteristics allow them to have excellent stability and

good safety and hence to be widely used in commercial batteries. In the past decades,

intensiveefforts havebeenmade todevelopvarious insertion-typematerials.Generally,

according to the crystalline structure, insertion-type materials can be categorized into

two major groups: layered oxides (e.g., LiCoO2, LiV3O8, V2O5, LiNixCo1-x-yAlyO2,

LiNixCo1-x-yMnyO2, Li2MnO3, and Li1.2Ni0.13Mn0.54Co0.13O2) and polyanionic com-

pounds (e.g., PO4
3�, SO4

2�, SiO4
4�, BO3

3�, and fluoride-containing PO4
3�).27 How-

ever, most of insertion-type materials have a relatively low specific capacity because

of their limited interstitial sites. In addition, some high-capacity cathode materials

(e.g., Li2FeSiO4, Li2MnSiO4, Li2MnO3, and Li1.2Ni0.13Mn0.54Co0.13O2) suffer from serious

structural transformationsduringcycling, leading to large initial irreversible capacity and

poor cycling stability.

Alloying-type materials mainly refer to some metal or metalloid materials that can

form alloy with lithium or sodium, among others.28 A typical reaction mechanism

is illustrated in Figure 1B. Compared with the insertion-type materials, these

materials can offer much larger specific capacity. Materials that undergo an alloying

process include Si, Sn, In, Bi, Zn, Te, and intermetallic compounds. However, in the

host structures the large volume change upon the ion insertion and extraction is a

major and catastrophic problem for further practical applications of alloying-type

materials.29 During charging, electrochemical reduction of the electrolyte occurs

and thereby forms a passivating and insulated SEI film. The large volume variation

of the alloying materials can easily lead to the thickening and destabilization of

the SEI film, hence resulting in low coulombic efficiency and rapid capacity decay.

In addition, the lithium metal anode suffers from similar aforementioned problems.

For this reason the optimization strategies for lithium metal are discussed in the

same section as alloying-type materials.

Since 2000, when Tarascon et al. first reported using transition metal oxides as LIB

anode materials, conversion-type materials have been widely studied.30 For LIBs,

a typical chemical equation of conversion-type materials is

MaXb + ðb,nÞLi 4aM+bLinX: (Equation 1)

Here M represents the transition metal elements such as Fe, Co, Ni, Cu, etc.; X

represents O, S, N, P, F, and H elements; and n is the valence number of X.

Compared with other types of materials, a characteristic feature of the conversion-

type materials is the formation of at least two products. The reduction of MaXb

into metallic state is often a multi-electron reaction, which endows conversion-

type materials with a high capacity.29 However, large volume change, low conduc-

tivity, and severe voltage hysteresis have limited their applications.

As chemical devices, understanding of the electrode surface chemistry in LIBs is

also necessary. Generally a passivating layer called the SEI is formed on the
4 Joule 1, 1–26, November 15, 2017
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negative and positive electrodes of LIBs as a result of electrolyte decomposition,

mainly during the first cycle.20 The SEI is a lithium-ion conductor but an electronic

insulator, which mainly consists of polycrystalline materials. The electrolyte solu-

tion is thermodynamically unstable at low and very high potentials versus Li+/Li.

For a negative electrode, the formation of SEI, which consists of inorganic Li2O,

Li2CO3, or LiOH, is attributed to the working potential below the chemical compo-

sition of the SEI on reduction potential of electrolytes.31 By contrast, the chemical

composition of the SEI formed on commercial graphite is generally similar to that

formed on metallic lithium. However, the variety of morphologies can cause

compositional differences of the SEI, and solvent co-intercalation also occurs along

with lithium intercalation, leading to exfoliation of the graphite electrode. For a

positive electrode, electrolyte oxidation is a major cause of SEI formation.

Different from negative electrode, the SEI on positive electrode is mainly

composed of organic species (e.g., polymer/polycarbonate).32 In brief, the stable

SEI on electrodes has significant influence on the safety, power capability, shelf

life, and cycle life of the battery.

Deep Understanding of Battery Reaction Mechanisms
Thermodynamic Analysis

Fermi Energy Level Perspective. In the band structure, Fermi energy level refers

to a hypothetical energy level of an electron where the electron occupation

probability equals 0.5 at the thermodynamic equilibrium.33 In fact, the Fermi energy

level is the driving force of electron transport, enabling the electrons to migrate from

the negative electrode with a high energy level to the positive electrode with a low-

energy level during discharge.33

For insertion-type materials, the change in Fermi energy level of the transition metal

ions influences the charge/discharge reversibility of a battery. The electronic struc-

ture of transition metal ions is 3d4s, so the loss or gain of 3d-electrons corresponds

to the oxidation or reduction of transition metal elements during the charge/

discharge processes. Usually electrons which hop into insertion-type materials can

be seen as ‘‘small polarons,’’ which cause the phase interfacemigration.33 Therefore,

some reaction mechanisms in electrode materials, such as two-phase reaction or

solid-solution reaction, can be explained accordingly.

In material design, it is necessary to match the energy level of the redox couple

of a transition metal with the p-orbital of the anion (Figure 1E).22 Usually, the

Fermi energy level can vary from (d + p)n/dn+1 to the bottom of the combinational

bonding (p + d)n, and even into the anion’s p band. When Fermi energy level is at

the anion’s p band, the gain or loss of anions’ electrons will directly cause

the structural instability. The position of the p-orbital energy level restricts the

voltage of the electrode materials intrinsically.33 In fact, since oxygen has a lower

energy level with a 2p-orbital than sulfur with a 3p-orbital, oxide cathodes are

much more widely applied than sulfide ones.22 Furthermore, the match of Fermi

energy level with the lowest unoccupied molecular orbital (LUMO) of electrolyte

is another issue and needs to be taken into account. Since the Fermi energy levels

of alloying-type and conversion-type materials are usually lower than the LUMO of

organic electrolyte, the SEI film in the initial cycles is easily formed on their

surfaces.33

Gibbs Free Energy Perspective. Different from Fermi energy level, Gibbs free

energy refers to the minimized thermodynamic potential when a reaction system

reaches the chemical equilibrium at a constant pressure and temperature. According
Joule 1, 1–26, November 15, 2017 5
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to the Nernst equation, the voltage (F) between the anode and cathode materials is

expressed by the corresponding chemical potentials in the following equation26:

F= � mC � mA

F
; (Equation 2)

where F is the Faraday constant, and mC and mA refer to the chemical potential of

cathode and anode, respectively. As illustrated in Figure 1F, the straightforward

correlation between a measurable voltage curve and the Gibbs free energy means

that the change of Gibbs free energy and phase transformations due to variations

in Li concentration will have significant influence in the voltage profile.26 Some

representative transformations are clearly revealed, including the solid-solution

reaction, the first-order phase-transformation, and phase-separation reaction.

Therefore, Gibbs free energy affects the chemical potential and, hence, the

voltage. In addition, oxygen chemical potential shows great importance in the

design of high-voltage cathode materials (>4.5 V).34 Usually a high voltage causes

a higher oxygen chemical potential in cathode materials at the charge state. If the

oxygen chemical potential is above 0 eV, O2 release will occur from the crystal lat-

tices of the charged cathode, leading to severe structural degradation and safety

problems.35 Therefore, the development of high-voltage cathodes with a far-nega-

tive oxygen chemical potential is crucial to powerful, stable, and safe batteries.

Kinetic Analysis. While thermodynamic factors determine the shape of the voltage

profile and intrinsic capacity, rate properties depend on kinetic factors such as ion

mobility and phase-transformation mechanisms. The chemical diffusion coefficient

(D) is a basic parameter to describe the Li-ion mobility. D can be written as

follows26,36:

D= rl2G; (Equation 3)

where r is a geometric factor that depends on the symmetry of the sublattice of

interstitial sites and l is the hop distance between adjacent interstitial sites. Hop fre-

quency (G) can be expressed as26

G= n�exp

�
DE

kT

�
: (Equation 4)

Here, n* is a vibrational factor and DE is the migration barrier. Therefore, as D has an

exponential dependence on DE, a small variation in the migration barrier due to

compositional, chemical, and/or crystallographic changes will be amplified to a

large change in the diffusion coefficient.

In a layered structure, Li usually prefers to occupy octahedral interstitial sites in

insertion-type materials and hops along a curved path through an adjacent tetrahe-

dral site.37 The energy of the intermediate state when Li goes through the tetrahe-

dral sites determines the Li hop path. According to the vacancy cluster diffusion

mechanism, the divacancy hop is easier than the isolated vacancy hop due to the

absence of repulsion force vacancy hop (Figure 1F). Similarly, triple vacancy hop is

the first choice in a spinel structure with respect to its three-dimensional nature (Fig-

ure 1G). The different diffusion paths have a significant influence on the chemical

diffusion coefficient in the host materials.

Design Principles for Battery Electrode Materials

Based on the above discussions, all of the thermodynamic and kinetic analyses are

aimed to establish the relationships between structure (especially crystal structure)

and properties (capacity, voltage, and rate), and to provide a direction for the

rational design and optimization of electrode materials toward high-performance
6 Joule 1, 1–26, November 15, 2017
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batteries. Some important design principles for electrode materials are considered

to be able to efficiently improve the battery performance.

Excellent Host Chemistry. Host chemistry strongly depends on the composition

and structure of the electrode materials, thus influencing the corresponding chem-

ical reactions. According to the aforementioned discussions, Gibbs free energy

(chemical potential) and Fermi energy level can be used to describe the chemical

composition and the electronic structure of electrode materials, respectively, which

offers a better pathway to design electrode materials with a high capacity and a high

voltage. Therefore, good design of composition and structure for excellent host

chemistry can create additional highly reversible redox reactions and fast chemical

reaction kinetics, thus improving the properties of electrode materials.

Efficient Ion and Electron Transport. Efficient ion and electron transport is crucial

to the electrochemical reactions of a battery. In terms of crystal structures, chemical

diffusion coefficient is a key kinetic parameter to describe the Li-ion mobility, and

Fermi energy level is the driving force of electron transport. Considering compre-

hensive thermodynamic and kinetic factors, rational design on crystal structures of

new electrode materials with efficient ion and electron transports can realize a

high rate capability for batteries. In addition, coating active electrode materials

with a conductive layer or embedding the active electrode materials in a conductive

matrix can also efficiently improve the electron conductivity of the whole electrode.

Long-Term Structural Stability. The structural stability of electrode materials

includes two main aspects, the crystal structure and the reaction interface. Thermo-

dynamic parameters can give us a basic prediction of the structural properties of an

electrode material. For example, a low anion’s p band and a more negative oxygen

chemical potential at the charged state are beneficial to the overall structural

stability in electrode materials. On the other hand, from the Fermi energy level, elec-

trochemical reduction of the electrolyte generates a passivated and insulated SEI

film on the surface of conversion-/alloying-type materials during charging. Owing

to large volume changes on lithiation and delithiation, forming a stable SEI film is

highly challenging and desirable for realizing long-term cycling performance.
Optimization Strategies for Insertion-type Materials

In the past decades, insertion-type materials have attracted much attention as

promising cathode materials for batteries. However, there some issues exist

regarding these materials, such as low capacity, unsatisfactory diffusion coefficient,

and structure degradation. On the basis of the aforementioned design principles,

various important optimization strategies have been developed to realize the

rational design of insertion-type materials for high-performance batteries, including

stabilized/enlarged diffusion channel, phase control, strain accommodation, ion

doping, and synergistic effect (Table 1).

Stabilized/Enlarged Diffusion Channel

The stabilized and enlarged diffusion channel of electrode materials is crucial for the

long-term cycling performance and rate capability in batteries. However, after the

long-term charge/discharge process, the structure degradation of most layered

oxide cathode materials irreversibly transformed the electrode materials to an inac-

tive state, leading to poor cycling stability and rate capability. One general method

is to use the intercalation of ions into layered electrode materials to improve the

cycling capability. Zhao et al. systematically investigated alkali metal ion (Li, Na, K,

and Rb) intercalation compounds for LIBs.38 The intercalation of appropriate alkali
Joule 1, 1–26, November 15, 2017 7



Table 1. Structure Optimization Strategies for Insertion-, Alloying-, and Conversion-type Electrode Materials

Electrode
Materials

Advantages Challenges Structure
Optimization
Strategies

Examples

Insertion-type
materials

easy ion insertion
and extraction
robust crystalline
skeletons
relatively high
voltage

limited insertion sites
structural degradation
low conductivity

stabilized/enlarged
diffusion channel38–43

K-V-O
expanded graphite
Zn0.25V2O5,nH2O
Peo-MoS2
K3V2(PO4)3
Na3V2(PO4)3

phase control44–47 P2-Na2/3[Fe1/2Mn1/2]O2

bilayered V2O5

cation-disordered
Li1.211Mo0.467Cr0.3O2 Li1.17Ni0.17Co0.17Mn0.5O2@Li-Mg-PO4

strain
accommodation48–51

P2-Na0.66[Li0.22Ti0.78]O2 Li2MoO3 LiFePO4 nanoplatelets
LiNi0.8Co0.15Al0.05O2 @LixCoO2

ion doping52–59 Na0.44[Mn1-xTix]O2 LiNixMn2-xO4

Al-doped Li-/Mn-rich oxides
doped LiFePO4

synergistic effect60–64 P2 + O3 NaLiMNC
V2O5/NaV6O15

concentration-gradient cathode materials

Alloying-/
conversion-type
materials

large theoretical
capacity
low cost
abundant sources

large volume variation
unstable SEI
low conductivity
voltage hysteresis

Phase-buffering
mechanism65–69

CaFe2O4

Ca3Co4O9

Ni3Sn2
amorphous Si
Fe-Cu-Si ternary composite

continuous
conductive phase
control70–77

CuyFe1-yF2
conductive-gel-framework electrodes
modified Li metals

synergistic effect78–80 ZnCo2O4

SnO2/Fe2O3/Li2O
SnO2-Fe/Mn-graphite
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metal ions, acting as pillars, could enlarge the diffusion channel and stabilize the

metal oxide interlayer structure (Figure 2A). After 100 cycles at 0.1 A g�1, the

capacity retention of A-V-O electrodes was about 95%, much higher than that of

V2O5 (37.6%), indicating their excellent structural stability (Figure 2B). Figure 2C

demonstrates that the A-V-O electrodes possess good rate capability. Even at a

highest current density of 37 C, the capacity of the K-V-O could reach as high as

�110 mAh g�1. Recently, Kundu et al. reported a new Zn0.25V2O5,nH2O material

as a cathode material for an aqueous rechargeable zinc battery (Figure 2D).39 After

200 cycles, the as-prepared Zn0.25V2O5,nH2O electrode delivered a high reversible

specific capacity of �260 mAh g�1 and an excellent cycling capability at

1,200 mA g�1. The superior electrochemical performance of the Zn0.25V2O5,nH2O

electrode was attributed to the pillar effect of interlayered Zn2+ ions and water

molecules, thereby stabilizing its crystal structure and facilitating the ion transport.

Alternatively, the enlargement of the diffusion channel by adjusting the lattice

parameters is also an efficient way to improve the chemical diffusion coefficient

and hence enhance their electrochemical performance. An et al. reported

Na3V2(PO4)3, a typical Na+ ion superionic conductor (NASICON) with superior Li

storage performance. Due to a smaller ionic radius of Li+ (0.76 Å) than that of Na+

(1.06 Å), the faster diffusion of Li+ ions in Na3V2(PO4)3 results in an outstanding

rate performance (Figure 2E).40 Recently, Liang et al. also developed a general inter-

layer expansion approach to synthesize MoS2 with an enlarged interlayer distance by

inserting a controlled amount of poly(ethylene oxide) (PEO).41 By modulating the

amount of PEO in MoS2, the interlayer distances can be efficiently tuned (Figures
8 Joule 1, 1–26, November 15, 2017



Figure 2. Typical Examples of Battery Electrode Materials Based on Stabilized/Enlarged Diffusion Channel

(A) Schematic of the large alkali metal ion intercalation process.

(B) Cycling performance of A-V-O nanowires formed by pre-intercalating large alkali metal into vanadium oxides at a current density of 0.1 A g�1.

(C) Rate performance of A-V-O nanowires at various current densities of 0.05–4.0 A g�1. Reprinted with permission from Zhao et al.38 Copyright 2015,

American Chemical Society.

(D) Schematic of the Zn metal/Zn0.25V2O5,nH2O cell on discharge in aqueous 1 M ZnSO4. Reprinted with permission from Kundu et al.39 Copyright 2016,

Macmillan Publishers Limited.

(E) The crystal structure of Na3V2(PO4)3 and schematic of the comparison for the diffusion of Li+ and Na+ ions in Na3V2(PO4)3. Reprinted with permission

from An et al.40 Copyright 2015, Wiley-VCH.

(F and G) High-resolution TEM images of peo1-MoS2 (F) and peo2-MoS2 (G) with different amounts of PEO in the interlayer.

(H) Rate performance for four kinds of MoS2 samples. Reprinted with permission from Liang et al.41 Copyright 2015, American Chemical Society.
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2F and 2G). High-resolution transmission electronmicroscopy (TEM) images showed

that the interlayer distances of peo1-MoS2 and peo2-MoS2 samples were 1.22

and 1.41 nm, which were larger than those of pristine MoS2 (com-MoS2, 0.61 nm)

and simply restacked MoS2 (res-MoS2, 0.62 nm). The peo2-MoS2 sample with the

largest interlayer distance exhibited superior magnesium storage, indicating the

increasedMg2+ ion diffusion kinetics (Figure 2H). This strategy of enlarging the diffu-

sion channel can be extended to other insertion-type materials.42,43 Graphite with

expanded interlayers could also possess enhanced anode performance in SIBs.43

Phase Control

Recently, layered oxides have become the most extensively studied topic in SIBs.7

According to the occupied sites of sodium ions between the layers, there are mainly

two types, O3 type (octahedral sites) and P2 type (prismatic sites). Yabuuchi et al.

reported P2-type Na2/3[Fe1/2Mn1/2]O2 and O3-type Na[Fe1/2Mn1/2]O2 as promising

cathode materials for SIBs (Figures 3A and 3B).44 The P2-type Na2/3[Fe1/2Mn1/2]O2

electrode delivered a higher reversible discharge capacity of 190 mAh g�1, a lower

polarization voltage of <0.5 V, and a higher coulombic efficiency of�96% than those

of O3-type Na[Fe1/2Mn1/2]O2 (�110 mAh g�1, >1 V, and �85%). Sodium ions in

P2-type layered framework migrated from one prismatic site to adjacent sites

with a lower diffusion barrier, indicating that the excellent performance of P2-type
Joule 1, 1–26, November 15, 2017 9



Figure 3. Typical Examples of Battery Electrode Materials Based on Phase Control

(A and B) Crystal structures and galvanostatic charge/discharge curves of P2-type Na2/3[Fe1/2Mn1/2]O2 (A) and O3-type Na[Fe1/2Mn1/2]O2 at 12 mA g�1

(B) in the voltage range from 1.5 to 4.2 V versus Na+/Na, respectively. Reprinted with permission from Yabuuchi et al.44 Copyright 2012, Macmillan

Publishers Limited.

(C) Synchrotron XRD patterns, scanning EM images, and crystal simulations of bilayered V2O5 and orthorhombic V2O5, respectively.

(D) The corresponding charge/discharge curves in SIBs. Reprinted with permission from Tepavcevic et al.45 Copyright 2011, American Chemical Society.

(E) STEM images and corresponding line profiles along the [010] zone axis in an LMCO/C particle before cycling and after 1 and 10 cycles (1.5–4.3 V,

C/20). Reprinted with permission from Lee et al.46 Copyright 2014, American Association for the Advancement of Science.

(F) Schematic of Li-rich cathode material particle with the stabilization effect by novel surface phase control. Reprinted with permission from Liu et al.47

Copyright 2015, Wiley-VCH.
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https://doi.org/10.1016/j.joule.2017.08.001
Na2/3[Fe1/2Mn1/2]O2 is attributed to the intrinsic phase structure.7 Tepavcevic et al.

developed an electrochemically responsive bilayered V2O5 structure with the

adjustable intralayer spacing that accommodates the intercalation of Na+ ions (Fig-

ure 3C).45 Because of a larger interlayer spacing (13.5 Å versus 4.4 Å), the bilayered

V2O5 electrode possessed a larger specific capacity of 250 mAh g�1 than ortho-

rhombic V2O5 (150 mAh g�1) (Figure 3D). Moreover, the smooth slope in the

charge/discharge curves indicated the solid-solution intercalation mechanism in

the bilayered V2O5, which was different from the two-phase transitions in the ortho-

rhombic V2O5 electrode.

Ni-/Mn-rich cathode materials have received extensive attention for advanced LIBs

due to their high specific capacity.81 However, these kinds of materials suffer from

capacity loss and structure deterioration, which relate to a phenomenon called

‘‘cation mixing’’ and surface side reactions. Therefore, bulk phase and surface phase
10 Joule 1, 1–26, November 15, 2017



Please cite this article in press as: Meng et al., Advances in Structure and Property Optimizations of Battery Electrode Materials, Joule (2017),
https://doi.org/10.1016/j.joule.2017.08.001
control are developed to solve these problems, respectively. Cation-disordered

lithium-excess metal oxides are a typical example of bulk phase control. Lee et al.

reported a new cation-disordered material, Li1.211Mo0.467Cr0.3O2, in which the

disordered cation mixing was induced by electrochemical cycles (Figure 3E).46

Cation disorder can result in a large Li excess, which surpasses the percolation

threshold and thus leads tomore 0-TM channel percolating with relatively lowmigra-

tion barrier. This is the reason for the unexpected properties of cation-disordered

materials.

Surface phase control mainly refers to the surface coating with specific material or

direct surface treatment of the bulk materials, which appears to be a convenient

and versatile method to improve the properties of Ni-rich materials.82,83 Liu et al.

have successfully synthesized a hybrid surface protection layer composed of Mg2+

pillar and Li-Mg-PO4 layer in Li1.17Ni0.17Co0.17Mn0.5O2 (Figure 3F).47 The surface

protection layers can not only protect the Li insertion oxide from HF attack in elec-

trolyte and reduce metal dissolution, but also stabilize the bulk and surface structure

due to the pillar effect of the doped Mg2+. Therefore, the as-synthesized material

exhibits much enhanced cycling stability at 60�C, maintaining 72.6% capacity reten-

tion (180 mAh g�1) after 250 cycles. In fact, many other types of coating materials

(e.g., vanadium oxide, LiMnO3, AlF3, LiAlO2, LiFePO4, Li3PO4, and Li2SO4)

have been explored for improving the charge-discharge stability of layered

oxides.84–90.

Strain Accommodation

The large variations of ion concentration (e.g., Li+, Na+) in insertion-type electrode

materials during the charge/discharge processes will cause microstrain genera-

tion.91,92 Microstrain directly leads to the structural degradation and the formation

of microcracks, which cause reduced inner-particle connectivity, increased polariza-

tion, and infiltration of the electrolyte, thus leading to bad cycle stability of the

materials. For example, upon delithiation of a typical LiFePO4 cathode material, a

two-phase transformation occurred to form the FePO4 host.12 Furthermore, the

volume change associated with this phase transformation is �6.8%.92 The edge

dislocations in as-cycled LiFePO4 were clearly observed via high-resolution TEM.

Recently, Yan et al. used advanced scanning TEM (STEM) to investigate the nucle-

ation and growth of intragranular cracks induced from stress in a commercial

LiNi1/3Mn1/3Co1/3O2 cathode, which led to drastic changes in crystal structures

during the lithiation/delithiation process and, hence, fast capacity decay in LIBs.93

Therefore, it is a great challenge to accommodate the induced strain and avoid

microcracks in insertion-type electrode materials during the cycling process.

The optimization of unit cells, the increase of interface connectivity, and the design

of nanostructures in electrode materials are three typical methods used to solve the

aforementioned problems. Recently, Zhou et al. reported unique changes in oppo-

site directions for Li2MoO3 during the lithium insertion and extraction.48 From in situ

X-ray diffraction (XRD) analysis, all of the peaks shifted to low angles after delithia-

tion (Figures 4A–4C). This phenomenon can be utilized to compensate the lattice

parameter changes of electrodematerials to accommodate the internal strain during

the cycle process. Similarly, Wang et al. developed a new zero-strain layered mate-

rial (P2-Na0.66[Li0.22Ti0.78]O2), which exhibited outstanding cycling performance for

SIBs.49 In addition, to increase the interface connectivity and avoid the cracks of

LiNi0.8Co0.15Al0.05O2 (NCA) secondary particles, Kim et al. developed a glue-nano-

filler layer (termed the G-layer) between the grains of the NCA cathode materials,

which consisted of middle-temperature LixCoO2 (x < 1) with a spinel-like structure
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Figure 4. Typical Examples of Battery Electrode Materials Based on Strain Accommodation

(A) The XRD pattern of the Li2-xMoO3 after charging to 4.8 V.

(B) In situ XRD pattern of the Li2MoO3 electrode tested during the delithiation at a current density of 10 mA g�1 from the open-circuit voltage to 4.8 V.

(C) The XRD pattern of the Li2MoO3 electrode before charging. Reprinted with permission from Zhou et al.48 Copyright 2014, Macmillan Publishers

Limited.

(D) The scheme shows a formation of glue layer (purple) in an NCA secondary particle (gray) during the coating processes. Cross-sectional scanning

electron microscopy images of the pristine and G-layer samples before and after cycles, respectively. Reprinted with permission from Kim et al.50

Copyright 2016, Wiley-VCH.

(E) Schematic of a battery based on LiFePO4 nanoplatelets wrapped in a nitrogen-doped graphene aerogel. Reprinted with permission from Wang

et al.51 Copyright 2015, Royal Society of Chemistry.

Please cite this article in press as: Meng et al., Advances in Structure and Property Optimizations of Battery Electrode Materials, Joule (2017),
https://doi.org/10.1016/j.joule.2017.08.001
(Figure 4D).50 Outstanding capacity retention of 87% after 300 cycles at 60�C can be

achieved by the introduction of the G-layer. The coating layer was able to only

effectively protect the unstable surface of primary particles of the Ni-rich

cathode during cycles, but also enhance themechanical strength and electronic con-

ductivity of a secondary particle. Finally, the design of nanostructured materials is

also considered to realize the strain accommodation due to the size effect,

such as LiFePO4 nanoplatelets (Figure 4E), porous LiFePO4 microspheres, and

LiNi1/3Co1/3Mn1/3O2 nanoparticles.
51,94,95

Ion Doping

The introduction of doped ions into intrinsic crystal structures of electrode materials

is a simple and efficient approach to regulate the ion diffusion channel and improve

the structural stability, thereby resulting in high rate capability and long-term cycling

life. Recently, Wang et al. reported a Ti-substituted Na0.44MnO2 (Na0.44[Mn1-xTix]O2)

electrode material with a tunnel structure for aqueous SIBs.52 The large S-shaped

tunnel and small hexagonal tunnel in Na0.44[Mn0.44Ti0.56]O2 were clearly revealed

with Na atoms filled in (Figures 5A and 5B). The Na0.44[Mn0.44Ti0.56]O2 electrode

exhibited lower polarization, better cycling stability, and smoother charge/

discharge curves, indicating an excellent structural stability and a low ion diffusion

barrier (Figure 5C).

Recently, Li-/Mn-rich layered oxides have been considered as promising

cathode materials for the next-generation LIBs due to their high capacity

(�300 mAh g�1).81 Unfortunately, several fatal drawbacks restrict their further appli-

cation, such as large initial irreversible capacity and poor rate performance, as well

as severe capacity and voltage fading because of the release of O2 from the crystal
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Figure 5. Typical Examples of Battery Electrode Materials Based on Ion Doping

(A) Schematics of the crystal structure of Na0.44[Mn0.44Ti0.56]O2 along [001] zone axis.

(B) HAADF-STEM image of the as-prepared Na0.44[Mn0.44Ti0.56]O2 material along [001] zone axis. Scale bar, 1 nm.

(C) The first charge/discharge curves of Na0.44[Mn0.44Ti0.56]O2 electrode in the voltage range from �0.6 to 0 V versus SCE at a current density of 2 C.

Reprinted with permission from Wang et al.52 Copyright 2015, Macmillan Publishers Limited.

(D) Schematic of the optimized crystal structure and bond lengths of Li-rich manganese-based oxide with BO4 and BO3 doping, respectively.

(E) Cycling performance of undoped (x = 0) and doped (x = 0.02) Li-rich manganese-based oxide at 20 mA g�1.

(F) Schematic of the charge compensation mechanism before and after the boracic polyanions substitution. Reprinted with permission from Li et al.96

Copyright 2014, Wiley-VCH.
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lattices and the phase transformation during cycling. An ion doping strategy is

considered to be able to stabilize the host materials and enhance long cycle stabil-

ity.53,97 Li et al. reported a strategy to improve the electrochemical performance of

this host material through incorporation of boracic polyanions.96 Density functional

theory (DFT) results showed that the introduction of boron atoms can efficiently

modulate the electronic structures of the host material due to the strong B-O

bond (Figure 5D). After 80 cycles, the as-prepared doped Li-rich manganese-based

oxide exhibited a higher specific capacity of 300 mAh g�1 and a higher capacity

retention of 94% compared with undoped material (210 mAh g�1 and 70%)

(Figure 5E). From the Fermi energy level perspective, efficient boron doping can

decrease the M-O covalency and lower the O 2p band top (�0.8 eV) compared

with those of pristine Li[Li0.2Ni0.13Co0.13Mn0.54]O2 (Figure 5F). Similarly, many

doping ions have also been introduced into the crystal structure of olivine LiFePO4,

including Mg2+, Nb5+, Cr3+, V3+, Ca2+, and Zn2+.54–59

Synergistic Effect

Every type of electrode material exhibits its intrinsic characteristic features in battery

performance. Therefore, the introduction of a synergistic effect between different
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Figure 6. Typical Examples of Battery Electrode Materials Based on Synergistic Effect

(A) SAED patterns of O3-type structure (top) and P2-type structure (bottom) in the P2 + O3 NaLiMNC composite.

(B and C) HADDF (B) and ABF (C) images of the P2 + O3 NaLiMNC composite. Reprinted with permission from Guo et al.60 Copyright 2015, Wiley-VCH.

(D) Schematic of positive electrode particle with Ni-rich core surrounded by concentration-gradient outer layer. Reprinted with permission from Sun

et al.61 Copyright 2009, Macmillan Publishers Limited.

(E) Crystal structures near the surfaces of Li-rich layered oxides with Li-rich layered surface. Reprinted with permission from Kim et al.62 Copyright 2016,

Macmillan Publishers Limited.

(F) Schematic design for a RAHC particle compared with a bulk particle. Reprinted with permission from Hwang et al.63 Copyright 2015, Macmillan

Publishers Limited.
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structures to form a new integrated electrode material provides an important way

to develop high-performance batteries. According to the aforementioned discus-

sion, sodium ions can directly migrate between two face-shared trigonal prismatic

sites with a low diffusion barrier in a P2-type layered framework. However, when

charging to a high voltage, the overextraction of sodium ions in the sodium

layers leads to the structural degradation. In contrast, the O3 structure

exhibits excellent cycling stability, but the interstitial tetrahedral sites in the O3

structure limit the sodium diffusion. To combine both advantages, Guo et al. devel-

oped a layered composite with the integration of both P2 and O3 structures

(Na0.66Li0.18Mn0.71Ni0.21Co0.08O2+d, termed P2 + O3 NaLiMNC composite) to

achieve outstanding performance in SIBs.60 An atomic-resolution spherical aberra-

tion-corrected STEM technique was used to analyze the detailed local structure of

the P2 + O3 NaLiMNC composite (Figures 6A–6C). Apparently, the superior sodium

storage performance is attributed to the synergistic effect in the P2 + O3 NaLiMNC

composite. Sun et al. reported a concentration-gradient cathode material with high

reversible capacity and excellent cycling stability for rechargeable lithium batteries

based on a layered lithium nickel cobalt manganese oxide (Figure 6D).61 These
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superior performances are attributed to the high capacity of the core Ni-rich compo-

sition of Li[Ni0.8Co0.1Mn0.1]O2, and the stability of the concentration-gradient outer

layer and the surface composition of Li[Ni0.46Co0.23Mn0.31]O2.

Recently, to improve the cycling stability of Li-rich layered oxides without sacrificing

high capacity, Kim et al. developed an Li-rich layered surface, which possessed a

similar framework with the host and regularly arranged nickel between the transition

metal layers (Figure 6H).62 This surface structure mitigated unwanted phase transi-

tions of the host Li-rich layered oxides, hence improving the reversible capacity

and cycling stability. Besides the application in LIBs, Hwang et al. developed a

radially aligned hierarchical columnar structure (RAHC) in spherical particles with

various chemical compositions as an SIB cathode material (Figure 6I).63 In this new

design concept, the inner Ni-rich layered oxide core (Na[Ni0.75Co0.02Mn0.23]O2)

exhibited a high capacity due to more Ni-based redox reactions involved; mean-

while, the outer Mn-rich layered oxide shell (Na[Ni0.58Co0.06Mn0.36]O2) displayed

high stability. In addition, a variety of other functional electrode materials with

synergistic structures have been developed for high-performance batteries.64,98–101

Optimization Strategies for Alloying-/Conversion-type Materials

Alloying-/conversion-type materials have been intensively studied as promising

anode candidates for new-generation batteries due to their abundant sources,

easy preparation, low cost, and high theoretical capacities. On the basis of design

principles, the intrinsic high theoretical capacities are attributed to their excellent

host chemistry that stores more energy. However, the concomitant large volume

variation, low conductivity, voltage hysteresis, and instability of the SEI film are

major problems for further practical applications in batteries. In this section, we

try to elucidate the structure-property relationship mainly from the phase structure

perspective. Phase-buffering strategy includes the introduction of inert component

phases and the crystallinity degree control, aiming to alleviate the volume expansion

and improve the cycle stability; the continuous conductive phase strategy includes

the construction of internal and external conductive networks and the control of

SEI, with the purpose of solving the problem of slow electron and ion transport

and voltage hysteresis; the synergistic effect highlights the novel conversion/alloy-

ing materials, where the metallic particles during the cycling process play a critical

role in improving the overall performance (Table 1).

Phase-Buffering Mechanism

To accommodate the large volume variation during the ion insertion/extraction

process, the introduction of a phase-buffering mechanism in the electrode materials

is of great significance in improving cycling stability for batteries. One method is to

introduce inactive ingredients into the active conversion-/alloying-type electrode

materials. For example, the schematic of the reversible Li insertion/extraction pro-

cess in CaFe2O4 is shown in Figure 7A.65 Due to a strong metal-oxygen bond, the

in situ generated CaO nanograins in electrode materials was inactive, which can effi-

ciently buffer the large volume variation and suppress the agglomeration of active

Fe2O3 during the cycling process, resulting in excellent cycling stability. Kim et al.

developed a new active/inactive layered electrode material, namely Ca3Co4O9,

which exhibited enhanced cycling performance and rate capability in LIBs.66 In addi-

tion, intermetallic compounds, termed MM0 composition (where M0 does not alloy
with lithium), have also received much attention. The inactive M0 can essentially

alleviate the volume expansion and improve the conductivity of electrode materials,

thereby improving the cycling stability of alloying materials.67 Recently, Liu et al.

reported an intermetallic compound, Ni3Sn2, as the anode materials in LIBs and
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Figure 7. Typical Examples of Battery Electrode Materials Based on Phase-Buffering Mechanism

(A) Schematic of reversible Li insertion and extraction process of CaFe2O4. Reprinted with permission from Reddy et al.65 Copyright 2013, American

Chemical Society.

(B) Schematic of the first lithiation and sodiation of porous Ni3Sn2 intermetallic microcages. Reprinted with permission from Liu et al.68 Copyright 2014,

American Chemical Society.

(C) TEM image of mesoporous amorphous silicon; inset shows SAED pattern.

(D) Cycling performance and coulombic efficiency of porous amorphous Si at a current density of 3,000 mA g�1. Reprinted with permission from Liu

et al.69 Copyright 2016, Wiley-VCH.
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SIBs.68 After the first lithiation and sodiation, porous Ni3Sn2 intermetallic microcages

were transformed into M-Sn@Ni (M = Li, Na) porous microcages with the electroac-

tive M-Sn particles embedded in a 3D conducting Ni hollow matrix (Figure 7B). The

presence of the inactive Ni matrix contributes to the superior electrochemical

performances of Ni3Sn2 in LIBs and SIBs. In brief, all these results demonstrated

that the introduction of inactive ingredients with buffering mechanisms into the

active-component containing electrodes is an efficient approach to improve the

electrochemical performances in batteries. However, on the other hand the inactive

ingredients can also reduce the specific capacity of the whole electrode materials.

Another efficient approach used to avoid sacrificing the capacity due to the addition

of inactive ingredients is to reduce the crystalline degree of alloying-type and

conversion-type materials. For instance, compared with crystalline Si, the isotropic

strain and rich inner voids in amorphous Si can accommodate the large volume

variation and restrain the particle pulverization. Recently Lin et al. synthesized

amorphous Si, which exhibited excellent electrochemical performance in LIBs

with a high reversible capacity of 1,025 mAh g�1 and 93% capacity retention after

700 cycles at 3 A g�1 (Figures 7C and 7D).69

Continuous Conductive Phase Control

The control of the continuous conductive phase in conversion-/alloying-type mate-

rials is important in realizing high reversible capacity and good cycling stability. For

some reversible conversion-typematerials such as metal oxides (e.g., Fe2O3, Co3O4)

and fluorides (e.g., CoF2, FeF2, FeF3), their good cycling characteristics can be

attributed to the in situ formation of fine and continuous metallic nanoparticles
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Figure 8. Typical Examples of Battery Electrode Materials Based on Continuous Conductive Phase Control

(A) Schematic for the conversion of the FeF2 agglomerates into a bicontinuous network of Fe nanoparticles and LiF during the first lithiation process.

Reprinted with permission from Wang et al.102 Copyright 2011, American Chemical Society.

(B) Schematic of the asymmetric reaction pathway in CuyFe1-yF2. Reprinted with permission from Wang et al.71 Copyright 2015, Macmillan Publishers

Limited.

(C) Schematic of 3D porous SiNP/conductive polymer hydrogel composite electrodes. Reprinted with permission from Wu et al.72 Copyright 2013,

Macmillan Publishers Limited.

(D) Schematics of the design and behavior of a conventional silicon electrode (Scheme 1) and a stretchable self-healing electrode (Scheme 2). Reprinted

with permission from Wang et al.19 Copyright 2013, Macmillan Publishers Limited.

(E and F) Schematics of the different Li anode structural evolution during cycling with pure Cu (E) and modified Cu (F) with a hollow carbon nanosphere

layer as the substrates, respectively. Reprinted with permission from Zheng et al.77 Copyright 2014, Macmillan Publishers Limited.
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embedded in an insulating matrix (Li2O or LiF) (Figure 8A).70,102 It is noted that FeF3
as a cathode material exhibits higher theoretical capacity (712 mAh g�1), higher

thermodynamic reduction potential (2.74 V), and weaker reaction reversibility than

those of FeF2 (571 mAh g�1, 2.66 V). However, without a continuous conductive

network, the electrochemical processes in some conversion-type materials, such

as CuF2, are irreversible. To realize the reversibility of Cu-based fluoride electrode,

Wang et al. fabricated ternary metal fluorides (CuyFe1-yF2), which exhibited

reversible Cu and Fe redox reactions with small hysteresis (<150 mV) (Figure 8B).71

The reversibility of Cu-based ternary fluorides is attributed to the formation of

continuous metallic phases during the conversion reaction process.

It is noteworthy that the formation of continuous conductive phase in alloying-type

materials is mainly blocked by SEI films because their Fermi energy levels are lower

than the LUMO of organic electrolyte. Wu et al. designed and constructed high-

performance Li-ion battery negative electrodes by encapsulating Si nanoparticles

(SiNPs) in a nanostructured 3D porous conductive polymer framework (Figure 8C).72

The proposed nanodomain-confined crystallization in a conductive polymer matrix

enabled a continuous reversible crystalline-phase transformation and so controlled

the formation of a stable SEI on the SiNP surface. The 3D nanostructured gel network

also promotes electron transport along the backbone, facilitates the diffusion of ions

through hierarchical pores, and provides a high surface area for interfacial reactions,

which can generally extend their energy-related applications.73–75 Meanwhile,
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Wang et al. applied self-healing chemistry to silicon microparticles to maintain elec-

trical contact between the broken particles, to realize no cracks in the polymer

binder and the formation of stable SEI during cycling (Figure 8D).19 Similarly, other

smart architectures endow active silicon particles with enhanced electrochemical

performances.18,76,103

In addition, lithium metal is another promising battery anode due to its highest

theoretical capacity (3,860 mAh g�1) and lowest electrochemical potential among

all possible candidates (e.g., commercial graphite and Li4Ti5O12).
104 However, pre-

vious investigations have revealed that inhomogeneous mass and charge

transfers across the Li/electrolyte interface lead to the formation of dendritic Li

and ‘‘dead’’ Li along with large volume change, and an unstable SEI upon repeated

plating/stripping cycles, which seriously limited its applications in rechargeable bat-

teries (Figure 8E).77 Recently, Zheng et al. demonstrated that coating the lithium

metal anode with a monolayer film of interconnected amorphous hollow carbon

nanospheres efficiently controlled the lithium metal depositions under the carbon

film (Figure 8F).77 This smart architecture on nanoscale interfacial engineering

facilitated the formation of a stable SEI and a continuous conductive phase of Li

metal, which exhibited improved electrochemical performance. To realize the

continuous conductive phase of Li metal, many other strategies have been devel-

oped for stabilizing the SEI of lithium metal anodes, such as electrolyte engineering

and lithium overcoating.105,106

Synergistic Effect

Pure alloying-type or conversion-type materials suffer from various problems such as

low coulombic efficiency, volume expansion, and large voltage hysteresis. By

combining both advantages, new-type conversion/alloying materials have been

developed, for example, ZnTM2O4 (with TM = Fe, Co, Mn).78 In these conversion/

alloying materials, a very fine distribution of the alloying element at the atomic scale

can accommodate large volume expansion during the cycling process, improve the

conductivity, and facilitate the particle morphology evolution of conversion-type

materials; on the other hand, the formed Li2O and TM nanonetworks from

conversion-type materials can also buffer the alloying reaction. This synergistic ef-

fect endows these conversion/alloying materials with enhanced electrochemical

performance (Figure 9A).78

The synergistic effect among multiphase components was also introduced into con-

version-/alloying-type materials to build multiple interacting interfaces for high-per-

formance batteries. Jiang et al. developed a high fraction of highly interconnected

interfaces of Fe/Sn/Li2O in SnO2-Fe2O3-Li2O nanocomposites during the initial

cycles (Figure 9B).79 The generated Fe metal and the pre-introduced Li2O can pro-

vide fast channels for the transfer of electrons and Li+ ions, respectively. After the

conversion reaction of SnO2, the formed ultra-small Sn nanodots exhibited abun-

dant active sites, high pseudo-capacitive storage, and fast reaction kinetics. The

synergistic effect in highly interconnected interfaces enabled fast electrochemical

reactions, structural integrity and long-term stability for LIBs. The Sn-based nano-

composite delivered a high reversible capacity of 420 mAh g�1, an excellent rate

capability, and a high-capacity retention of 80% after 1,200 cycles at 1 A g�1. On

the other hand, the introduction of transition metals in alloying metal oxides such

as ZnO or SnO2 is another efficient approach. Hu et al. reported a series of ternary

SnO2-M-graphite composites (M = Fe, Mn, Co) by a simple ball-milling method

(Figure 9C).80 The catalytic effect of M played an important role in accelerating

the conversion of Sn/Li2O to SnO2; meanwhile, the nanosized M could act as the
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Figure 9. Typical Examples of Battery Electrode Materials Based on Synergistic Effect

(A) Schematic of the advantages by combining conversion-type and alloying-type Li storage in conversion/alloying materials. Reprinted with permission

from Bresser et al.78 Copyright 2016, Royal Society of Chemistry.

(B) Schematic of intimate and well-distributed contacts among the Fe, Sn, and Li2O nanoparticles, realizing fast electron/Li+ transport. Reprinted with

permission from Jiang et al.79 Copyright 2017, Wiley-VCH.

(C) Schematics for the high reversibility reactions in ternary SnO2-M-graphite nanocomposites.

(D) Cycling performance of the SnO2-Fe-G nanocomposite, SnO2-Mn-G nanocomposite, and SnO2 milled-20 hr at 0.2 and 2 A g�1. Reprinted with

permission from Hu et al.80 Copyright 2017, Wiley-VCH.
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barriers to suppress the aggregation and long-distance diffusion of Sn owing to the

formation of the interfacial intermetallic SnxMy phase. On the basis of the synergistic

effect, the SnO2-Fe-graphite and SnO2-Mn-graphite electrodes exhibited a high

reversible capacity of 1,338 mAh g�1 after 400 cycles at 0.2 A g�1, and a long-

term stable capacity of 700 mAh g�1 after 1,300 cycles at 2 A g�1, respectively

(Figure 9D).
Advanced Techniques on Battery Electrode Materials

According to aforementioned discussions on the understanding and optimization

strategies of electrode materials, the in-depth fundamental study and the further

discovery of optimization strategies are critical in making major breakthroughs for

next-generation rechargeable batteries. This part focuses on the advanced

techniques used to study electrode materials, including micro-/nanoscale electro-

chemical devices for direct probing, high-resolution structure characterizations,

and theoretical calculations.

Micro/Nanoscale Electrochemical Devices for Direct Probing

The in-depth investigations of electrode materials are of great influence in achieving

high performance for energy storage devices. In real energy storage devices the

active electrode materials are mixed with the electrolytes, binders, and conductive

additives, which greatly hinder the exploration of electrochemical processes in

traditional testing. Therefore, micro-/nanoscale electrochemical devices have

been developed and exploited to be a powerful diagnostic tool, which can provide

direct probing of the electrochemical properties by using a single nanostructure at

the nanoscale scope. To understand the electrode capacity fading in energy storage

devices, Mai et al. designed and assembled the smallest all-solid single-nanowire

electrochemical devices for in situ probing, consisting of a single Si nanowire as

the working electrode, the LiCoO2 nanofilm as the counter electrode, and the
Joule 1, 1–26, November 15, 2017 19



Figure 10. Typical Examples of Advanced Techniques on Battery Electrode Materials

(A) Schematic of a design on a single-nanowire electrode device.

(B) Transport property evolution of Si/a-Si nanowire along with the electrochemical test. Reprinted with permission from Mai et al.107 Copyright 2010,

American Chemical Society.

(C) Schematic of the TEM experimental setup based on single SnO2 nanowire.

(D) Structural and phase characterization of another SnO2 nanowire anode during charging at �3.5 V against the LiCoO2 cathode. Reprinted with

permission from Huang et al.108 Copyright 2010, American Association for the Advancement of Science.

(E) Schematic of the in situ TEM device based on single Si pomegranates. Reprinted with permission from Liu et al.17 Copyright 2014, Macmillan

Publishers Limited.

(F) In situ XAS spectra of the Li-rich layered Li1.2Ni0.15Co0.1Mn0.55O2 material during the initial charge process. Reprinted with permission from Yu

et al.109 Copyright 2012, Wiley-VCH.

(G) In situ XRD patterns during the galvanostatic charge/discharge at a rate of 10 C. Reprinted with permission from Liu et al.110 Copyright 2014,

American Association for the Advancement of Science.

(H) Comparison between experimental and computed voltages. Reprinted with permission from Chevrier et al.111 Copyright 2010, The American

Physical Society.

(I) Calculated paths for long-range Li+ migration in Li2FeP2O7 along the b-axis and c-axis directions. Reprinted with permission from Clark et al.112

Copyright 2012, Wiley-VCH.

(J) Comparison of calculated voltage profile and experimental charge/discharge curves. Reprinted with permission from Kim et al.113 Copyright 2012,

American Chemical Society.
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PEO-LiClO4-PC-EC polymer as the electrolyte (Figure 10A).107 After the initial

charge/discharge cycle, the conductance of the Si nanowire irreversibly decreased

by over 2 orders of magnitude, which was the key point to limit the electrochemical

properties of the devices (Figure 10B).

High-Resolution Structure Characterization

High-resolution structure characterizations play important roles in the development

and understanding of the electrodematerials for energy storage devices. In previous

years, many advanced characterization techniques have been developed, such as

XRD, TEM, scanning electron microscopy, and X-ray photoelectron spectroscopy.

Recently the spherical aberration-corrected STEM technique has become a powerful
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tool for providing comprehensive information on the crystal structures of electrode

materials at the atomic scale. For example, Sun et al. observed clear interfacial struc-

tures and a three-phase coexisting region at the atomic scale in sodiated Li4Ti5O12

nanoparticles.114

As the electrochemical reactions in electrode materials are dynamic, numerous in

situ characterization methods have been developed to investigate the structural

evolution of electrode materials during the dynamic electrochemical pro-

cesses.115,116 Huang et al. constructed a nanoscale electrochemical device inside

a high-resolution TEM to observe in situ the electrochemical lithiation of a single

SnO2 nanowire electrode (Figure 10C).108 During charging, the structural and phase

evolution of the nanowire were clearly revealed (Figure 10D). Cui et al. performed

an in situ TEM study of silicon pomegranates with varied internal void spaces in

lithiation (Figure 10E).17 In addition, some other operando experiments, such as

operando X-ray absorption spectroscopy (XAS) and operando XRD, have been

used as powerful methods to understand the detailed reaction mechanisms during

the charge/discharging process in batteries. Xu et al. used in situ XAS to

elucidate the changes in the electronic transitions and local structure of the Li-rich

layered Li1.2Ni0.15Co0.1Mn0.55O2 material (Figure 10F).109 These results revealed

that the voltage slope region (3–4.4 V) is mostly related to the oxidation of Ni and

Co sites, while the voltage plateau region mostly corresponds to the Mn sites during

initial charging. Using time-resolved in situ XRD, Liu et al. revealed the existence of a

continuous metastable solid-solution phase in LiFePO4 during rapid lithium extrac-

tion and insertion (Figure 10G).110

With the development of high-resolution structure characterizations, some general

phenomena and new energy storage mechanisms can be efficiently investigated,

which are beneficial for understanding the intrinsic structure-property relationships.

These studies will thus be helpful for the rational design of electrode materials for

high-performance batteries.

Theoretical Calculations

Theoretical calculations are also very important in characterizing and predicting the

structures and properties of complex electrode materials at the atomic scale.117 In

Figure 10H, lithium intercalation potentials obtained with generalized gradient

approximation (GGA) + U are similar to the experimental results.111 Clark et al.

used simulation techniques to provide insights into the Li+ migration pathways in

Li2FeP2O7 cathode material (Figure 10I).112 Lithium diffusion in Li2FeP2O7 exhibited

nonlinear and curved paths parallel to the b and c axes with a low migration energy

(0.40 eV). Moreover, Kim et al. used DFT calculations to investigate the sodium

insertion/extraction mechanisms of Na0.44MnO2 (Figure 10J).113 The theoretical

calculation results revealed the existence of seven intermediate phases and two-

phase reactions among them, whereby the corresponding calculated voltage pro-

files were in agreement with experimental results.

Conclusions and Outlook

In the past decades enormous progress has been made in battery research to

achieve better understanding of the underlying structure-property relationships in

electrode materials. From the perspective of battery chemistry, this review provides

in-depth discussions of the battery reaction mechanisms and highlights the structure

and property optimizations of battery materials for high-efficiency energy storage. In

particular, three major design principles for electrode materials are summarized: (1)

excellent host chemistry; (2) efficient ion and electron transport; and (3) long-term
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structural stability. Furthermore, some important structure optimization strategies

for insertion-, alloying-, and conversion-type electrode materials are summarized

in detail.

The increase of energy demands for potential portable electronics, electric vehicles,

and smart power grids requires the batteries to have improved safety, higher en-

ergy/power density, longer cycling life, and lower cost. However, many challenges

still exist in making major breakthroughs in high-performance batteries for large-

scale applications. To address these challenges, some important aspects on the

development of battery research need to be considered.

(1) It is highly desirable to develop new electrode materials and advanced storage

devices to meet the urgent demands of high energy and power densities for

large-scale applications. In a real full battery, electrode materials with higher capac-

ities and a larger potential difference between the anode and cathode materials are

needed. For positive electrode materials, in the past decades a series of new

cathode materials (such as LiNi0.6Co0.2Mn0.2O2 and Li-/Mn-rich layered oxide)

have been developed, which can provide a capacity of up to 200 mAh g�1 to replace

the commercial LiCoO2 (�140 mAh g�1). In addition, as an alternative to conven-

tional inorganic intercalation electrode materials, organic electrode materials

(e.g., conductive polymers, organic carbonyl compounds, quinone/diimides/

phenoxide and their derivatives) are promising candidates for the next generation

of sustainable and versatile energy storage devices.118 On the basis of new storage

mechanisms, some new storage devices have attracted intensive interests due to

their high reversible capacities and low cost, such as Li-S, magnesium-ion, zinc-

ion, and metal-air batteries. However, these promising materials still suffer from

some scientific problems and challenges that limit their further applications. For

negative materials, lithium metal is the ultimate choice for the anode in an Li battery

because of its highest theoretical capacity and lowest electrochemical potential.

Apart from nanoscale interfacial engineering and liquid electrolyte engineering,

developing advanced solid-state batteries is also important to effectively block Li

dendrites and provide a large electrochemical stability window (0–5 V) and superior

thermal stability. Solid electrolytes mainly include inorganic ceramic electrolytes

(e.g., Li10GeP2S12, garnet-type Li7La3Zr2O12) and solid polymer electrolytes.104

However, it remains a formidable challenge to realize the comprehensive combina-

tion of high modulus to stop Li dendrite penetration, as well as obtain high Li-ion

conductivity, low interfacial resistance, and good adhesion with both electrodes in

one solid electrolyte.

(2) In-depth understanding of the fundamental reaction mechanisms and the

structure-property correlations is urgently needed. Batteries are electrochemical de-

vices that store energy via chemical reactions. However, detailed information about

the intrinsic electrochemical reaction mechanisms in electrode materials is still

limited due to their complexity and the negative effects from binders and conductive

carbon additives. In this regard, the understanding of structure-property correla-

tions also plays an important role in showing the way toward efficient optimization

strategies. Meanwhile, the recently developed advanced high-resolution in situ

characterization techniques and theoretical calculations have become powerful

tools for further investigation and prediction.

(3) Low cost and practicability are crucial for large-scale applications in industry. The

cost of electrode materials derives from both raw materials and fabrication

processes. To replace high-cost commercial LiCoO2, a series of earth-abundant
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cathode materials have been developed, such as LiNi0.6Co0.2Mn0.2O2 and LiFePO4.

Moreover, low-cost fabrication processes for electrode materials are important for

practical applications in industry. The design of delicate nanostructured electrode

materials, which show enhanced electrochemical performance in the laboratory,

usually leads to complex fabrication process, low packing density, and high cost.

For widespread commercial applications, however, simple, environmentally

friendly, and scalable synthetic strategies are highly desired.

The development of sustainable energy relies on the comprehensive contributions

from many important aspects including fundamental research, large-scale applica-

tion, and market demand, as well as government policy and support. Among these

factors, bridging the fundamental research in the laboratory and the scalable

development in industry is extremely important. On the basis of in-depth under-

standing of battery chemistry in electrode materials, some important reaction mech-

anisms and design principles are clearly revealed herein and the strategies for

structure and property optimizations summarized. This review will provide an appro-

priate pathway toward the rational design of ideal battery materials for large-scale

applications in industry.
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