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CONSPECTUS: The need/desire to lower the consumption of fossil fuels and its environmental consequences has reached
unprecedented levels in recent years. A global effort has been undertaken to develop advanced renewable energy generation and
especially energy storage technologies, as they would enable a dramatic increase in the effective and efficient use of renewable
(and often intermittent) energy sources. The development of electrical energy storage (EES) technologies with high energy and
power densities, long life, low cost, and safe use represents a challenge from both the fundamental science and technological
application points of view. While the advent and broad deployment of lithium-ion batteries (LIBs) has dramatically changed the
EES landscape, their performance metrics need to be greatly enhanced to keep pace with the ever-increasing demands imposed
by modern consumer electronics and especially the emerging automotive markets.
Current battery technologies are mostly based on the use of a transition metal oxide cathode (e.g., LiCoO2, LiFePO4, or
LiNiMnCoO2) and a graphite anode, both of which depend on intercalation/insertion of lithium ions for operation. While the
cathode material currently limits the battery capacity and overall energy density, there is a great deal of interest in the develop-
ment of high-capacity cathode materials as well as anode materials.
Conversion reaction materials have been identified/proposed as potentially high-energy-density alternatives to intercalation-
based materials. However, conversion reaction materials react during lithiation to form entirely new products, often with dra-
matically changed structure and chemistry, by reaction mechanisms that are still not completely understood. This makes it
difficult to clearly distinguish the limitations imposed by the mechanism and practical losses from initial particle morphology,
synthetic approaches, and electrode preparations.
Transition metal compounds such as transition metal oxides, sulfides, fluorides, phosphides, and nitrides can undergo conversion
reactions yielding materials with high theoretical capacity (generally from 500 to 1500 mA h g−1). In particular, a number of tran-
sition metal oxides and sulfides have shown excellent electrochemical properties as high-capacity anode materials. In addition,
some transition metal fluorides have shown great potential as cathode materials for Li rechargeable batteries.
In this Account we present mechanistic studies, with emphasis on the use of operando methods, of selected examples of con-
version-type materials as both potentially high-energy-density anodes and cathodes in EES applications. We also include examples of
the conceptually similar conversion-type reactions involving chalcogens and halogens, with emphasis on the Li−S system. In this
case we focus on the problems arising from the low electrical conductivities of elemental sulfur and Li2S and the “redox shuttle”
phenomena of polysulfides.
In addition to mechanistic insights from the use of operando methods, we also cover several key strategies in electrode materials
design such as controlling the size, morphology, composition, and architecture.
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1. INTRODUCTION

For the past decades, lithium-ion batteries (LIBs) have been
regarded as the dominant technology for powering portable
devices and consumer electronics.1 Commercial LIBs, based on
intercalation/insertion-type electrodes, are generally quite stable
during long cycles with minimal self-discharge. However, they have
low specific energy, and only limited (incremental/evolutionary)
improvements can be envisioned with the use of intercalation-
type electrode materials. Thus, there is an urgency to improve
battery properties and performance metrics to satisfy the growing
energy demands of consumer electronic devices and electric
vehicles. To achieve this, it is essential to design new electrode
materials and architectures based on an understanding of the
reaction mechanisms of the electrode materials.
Among the candidates to replace current intercalation-type

electrode materials, conversion-type electrode materials are very
promising because of their high theoretical capacity and low cost.
Generally, the conventional/classical concept of a conversion
reaction can be expressed as2,3

+ × + × ⇄ ++ −b c b c a bTM X ( )Li ( )e TM Li Xa b c
0

(1)

where TM denotes a transition metal and X an anionic species.
Transition metal compounds such as transition metal oxides, sul-
fides, fluorides, phosphides, and nitrides can undergo such con-
version reactions (reaction 1), yielding high-theoretical-capacity
materials (generally from 500 to 1500 mA h g−1).3 In particular,
various transition metal oxides and sulfides have shown excellent
electrochemical properties as high-capacity anode materials, and
some transition metal fluorides have shown great potential as
promising cathode materials for Li rechargeable batteries. Con-
ceptually similar to, and an extension of, conversion reactions are
reactions of the type

+ + ⇄+ −a aX Li e Li Xa (2)

Many chalcogens (e.g., S, Se, and Te) and halogens (e.g., Br and I)
undergo this reaction (reaction 2) to form Li2X and LiX, respec-
tively. Among them, S and Se have been recently considered as
particularly attractive candidates as cathode materials for Li
rechargeable batteries. Sulfur has a very high theoretical gravi-
metric capacity of 1672 mA h g−1 and volumetric capacity of
3467 mA h cm−3. However, there are several problems that limit
its practical use. The low electrical conductivities of elemental
sulfur and Li2S result in low utilization. In addition, polysulfides
can diffuse back and forth between the anode and cathode, being
chemically reduced at the anode and subsequently oxidized at
the cathode. In the Li−S battery literature, this is known as the
so-called “polysulfide shuttle”, which causes severe self-discharge.
Selenium has electrochemical properties similar to those of sul-
fur, with a comparably high theoretical volumetric capacity of
3253 mA h cm−3. Although selenium has a lower theoretical
specific capacity than sulfur (675mA h g−1), it is still much higher
than those of intercalation-type cathodes. Additionally, Se has a
higher electrical conductivity than sulfur, and polyselenides are
less prone to shuttle effects compared to polysulfides.
In this Account, we discuss representative examples of conven-

tional conversion reactions as well as sulfur cathodes as a second-
type (extended concept) of conversion reaction electrodes,
focusing on reaction mechanisms, especially through operando
experimental methods. We also cover several key strategies in
electrodematerials design such as controlling the size, morphology,
composition, and architecture.

2. CONVERSION-TYPE ELECTRODES FOR LI-ION
BATTERIES

2.1. Conversion-Type Anodes and Studies of Their Reaction
Mechanism

Conversion-reaction-based anode materials, especially transition
metal oxides, have shown promising properties as replacements
for the currently employed graphite anodes. Our group has
employed operando synchrotron X-ray absorption spectroscopy
(XAS) and X-ray diffraction (XRD) techniques to understand/
unravel the reaction mechanism of Mn3O4 anodes in LIBs.4

Operando measurements have several advantages compared
to ex situ measurements. Since operando measurements are
performed during battery operation in the cell, they can avoid
contamination by air/moisture as well as minimize relaxation
effects. In addition, much larger amounts of sample are needed to
study the whole reaction by ex situ measurements.
The voltage profile of Mn3O4 during the initial cycle is shown

in Figure 1a. The operando XRD patterns for phase I (Figure 1b)
revealed the reduction of Mn ions and the formation of LiMn3O4
(“lithiated” Mn3O4) at the beginning of phase I and the for-
mation of MnO after 0.5 e−/Mn3O4. The decrease in the XAS
edge energy confirmed the reduction of the Mn ions (Figure 1c).
Meanwhile, the intensity of the pre-edge decreased, indicating
that Mn ions were transferred from tetrahedral to octahedral
sites. These trends in the XAS spectra matched well with the
structural changes from LiMn3O4 toMnO. The edge energy con-
tinued to decrease to lower values, corresponding to the forma-
tion of metallic Mn (Figure 1d). The isosbestic points indicate
that Mn ions changed only between MnO and Mn in their local
structure. However, the XAS spectra also indicated that Mn ions
were not involved in the redox reactions in the early stage of
phase II or at the end of discharge (overlapping black and green
lines, respectively, in Figure 1d).
Voltage profiles during the initial delithiation and subsequent

lithiation ofMn3O4 exhibited sloping features, while those during
the initial lithiation showed well-defined plateaus. This is the case
because the domain size of the active materials becomes smaller
with a largely amorphous character after the initial lithiation. The
charge capacity (about 800mA h g−1) arose from the oxidation of
Mn0 to Mn2+ in MnO as well from non-Mn-centered redox reac-
tions. Combining all of these data, a conversion reaction mecha-
nism for the first cycle was proposed, as shown in Figure 1e. The
changes in theMn ions follow the sequenceMn3O4→LiMn3O4→
MnO → Mn → MnO. The redox reaction between Mn0 and
MnO is reversible and plays a key role regarding the reversibility
of the conversion reaction; in fact, it is responsible for the
reversible charge/discharge processes. Our study not only pro-
vided great insights into the overall mechanism of the Mn3O4
conversion reaction but also emphasized the need to understand
the role of Li-containing species and reactions.
Grey and co-workers reported on the origin of additional

capacity delivered during the voltage slope close to the end of
lithiation.5 In their report, RuO2 was investigated, and lithium-
centered reactions were monitored by ex situ 6Li, 17O, and 1H
solid-state NMR spectroscopy. According to their study, the
initial discharge started with the formation of a lithiated ruthenate
phase and solid−electrolyte interphase (SEI) formation. LiOH
appeared shortly after, supporting the notion that the non-metal-
centered reaction started at the early stages of discharge. The
LiOH later decomposed into Li2O and LiH throughout most of
the discharge, providing additional capacity. They also stated that
the reaction from LiRuO2 to Li2O was another main contributor
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to the extra capacity. While these two systems are structurally and
compositionally distinct, they nevertheless show some common
mechanistic features such as the early generation of a lithiated form
of the starting material and eventual formation of a Li2O matrix.
In situ transmission electron microscopy (TEM) has been

employed to reveal atomistic mechanisms of lithiation into tran-
sition metal oxides.6,7 In many transition metal oxides, such as
Fe3O4 and RuO2, intercalation reactions occur to some extent
before the conversion reaction takes place. He et al.6 observed
the phase evolution of Fe3O4 during intercalation and subse-
quent conversion reactions using in situ TEM. Thermodynami-
cally, these two reactions in Fe3O4 are non-overlapping processes.
However, they found that the initial intercalation reaction followed
a two-phase reaction, initially forming the rock salt LiFe3O4, and
this initial process overlapped with the subsequent conversion
reaction to form Fe + Li2O in a single particle.
2.2. Design of Nanostructures for High-Performance Anodes
Conversion reactions generally yield much higher capacities
compared to insertion reactions. However, they often suffer from

problems like low lithium ion mobility, high volume expansion,
and large cell polarization.2 A variety of morphology designs have
been employed to overcome these problems by providing void
space in the structure to accommodate the volumetric expansion
that accompanies lithiation.
Hollow structures are among the most frequently used archi-

tectures for conversion reactions. They are believed to withstand
high volumetric expansion and stress, and their high surface to
volume ratio greatly enhances the Li diffusion rate. However, the
generally low volumetric energy density of these structures is an
issue that remains largely unresolved. In addition, hollow mate-
rials are usually prepared through template-assisted methods, but
the low yields typical for this type of synthesis limit their applica-
tion in large-scale manufacture.
Our group developed a template-free method to synthesize

hollow-structured Co3O4 nanoparticles dispersed on a carbon
support.8 As shown in Figure 2a, pores ranging from 10 to 50 nm
are clearly evident. The Co3O4/C nanoparticles showed excellent
performance as conversion anodes. They exhibited high capacity

Figure 1. (a) Electrochemical voltage profile for Mn3O4 during the initial cycle. (b) Operando XRD patterns during phase I. (c) Operando X-ray
absorption near edge structure (XANES) spectra of the Mn K-edge during phase I. The inset shows the pre-edge region. Red and black lines were
recorded during the charge intervals 0.0−1.0 and 1.0−2.0 e−/Mn3O4, respectively. (d) XANES spectra of MnK-edge during phases II and III, colored to
show distinct trends over specified charge intervals. (e) Proposed mechanism ofMn3O4 through conversion reaction. Reproduced with permission from
ref 4. Copyright 2013 Royal Society of Chemistry.
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retention, with a capacity of 880 mA h g−1 after 50 cycles (the
theoretical capacity is 890 mA h g−1). They also delivered
reversible capacities of 850, 750, 600, and 450 mA h g−1 at 100,
500, 1000, and 2000 mA g−1, respectively.
Lee et al.9 synthesized Fe3O4 mesoporous iron oxide nanopar-

ticle clusters (MIONCs) using a bottom-up self-assembly
approach (Figure 2b). These clusters had voids distributed inside
the structure, which provided buffer space/volume during the
conversion reaction, as well as shortened lithium diffusion paths.
The SEI layer formed mostly on the surface of the MIONCs,
generating a shell that helped stabilize and support the structure.
As a result of the robust three-dimensional (3D) architecture, a
specific capacity of 867 mA h g−1 was achieved after 80 cycles.
The reaction voltage of conversion-reaction-based transition

metal oxides is closely related to the cation, so it can be tuned by
adjusting the cation ratio in multimetal oxides. Oh et al.10 syn-
thesized Mn3−xFexO4 nanocages via a galvanic replacement reac-
tion (Figure 2c). The reaction started with growth of γ-Fe3O4 on
the surface of Mn3O4 nanoparticle clusters (NCs). These Mn3O4
NCs were later reduced by Fe2+ ions and dissolved into solu-
tion during the replacement reaction. These multimetallic oxide
nanoparticles showed high cycle stability, with a reversible capa-
city of ∼1000 mA h g−1 for 50 cycles without apparent capacity
fade. Their study also demonstrated that the reaction voltage
could be easily tuned by adjusting the ratio of Mn and Fe ions in
the Mn3−xFexO4 composite.
Incorporationwith/on carbonaceousmaterials, such as in carbon-

coated metal oxides and metal oxides anchored on graphene
layers, has also shown greatly enhanced performance. For
example, Wang et al.11 prepared Mn3O4 nanoparticles dispersed

on reduced graphene oxide (RGO) through a two-step solution-
phase reaction (Figure 2d). These hybrid materials delivered a
capacity of about 900 mA h g−1 at a current density of 40 mA g−1.
At the high current density of 1600 mA g−1, a capacity of about
390 mA h g−1 was delivered. This improvement in the elec-
trochemical performance of Mn3O4 nanoparticles on RGO
compared to bare Mn3O4 is due at least in part to enhanced
electrical conductivity and decreased aggregation arising from
good dispersion of the Mn3O4 nanoparticles on the RGO.

2.3. Conversion-Type Cathodes

The reaction voltage of conversion-reaction-based materials is
strongly dependent on both the transition metal and the anionic
species.12 The calculated electromotive force (emf) values of
binary transition metal compounds with transition metals from
Ti to Cu and anionic species (F, O, S, and N) for conversion
reactions are shown in Figure 3a. As a general trend, for a given
anionic species, the emf increases as the atomic number of the
transition metal increases. For a given metal, the emf values for
these anions increase in the following order: F > O ≈ S > N (the
order of the emfs for oxides and sulfides changes depending on
the metal). The high ionicity of the bond between the metal and
fluoride anions leads to high reduction potentials for the
conversion reaction. Therefore, some transition metal fluorides,
including transition metal oxyfluorides, have been investigated as
potential cathode materials and have shown promising behavior.
Fan et al. synthesized poly-(3,4-ethylenedioxythiophene)

(PEDOT)-coated FeOF (FeOF@PEDOT) nanorods.13 In the
discharge profile (Figure 3b), two plateaus (regions I and II)
were observed, corresponding to intercalation and conversion
reactions, respectively. The composite delivered a high reversible
capacity of about 560 mA h g−1 at a current density of 10 mA g−1.
The material also showed excellent cycling performance (94%
capacity retention) during 150 cycles at 50 mA g−1, after a five-
cycle activation. Wang et al.14 prepared ternary metal fluorides
(CuyFe1−yF2) by ball-milling. Among these, Cu0.5Fe0.5F2 showed
highly reversible behavior, in contrast to the irreversible elec-
trochemical reaction of CuF2 (Figure 3c). It was also found that
the voltage hysteresis of Cu0.5Fe0.5F2, obtained by the galvano-
static intermittent titration technique (GITT), was only 148 and
∼200 mV for the Cu and Fe redox processes, respectively.
Although the conversion-reaction-based binary/ternary tran-

sition metal fluorides/oxyfluorides deliver higher capacities than
conventional intercalation-based cathodes, they do not contain
lithium, which is a critical drawback for cathode materials. How-
ever, recent emerging cathode materials, LiF + TMOs/TMFs,
which are prepared by blending lithium fluoride with transition
metal oxides/fluorides, exhibited high capacity with LiF serving
as the Li source. Kim et al.15 initially reported this strategy and
proved their concept using LiF + FeF2 composites. Well-blended
LiF + FeF2 composites exhibited a capacity of 190 mA h g−1 at
50 mA g−1. Fan and co-workers prepared Fe+LiF+C and
FeM+LiF+C (M = Co, Ni) nanocomposites, and they exhibited
very high capacities of above 400 and 300 mA h g−1, respec-
tively.16,17 Dimov et al.18 expanded this approach to transition
metal oxides (LiF +MnOx). They demonstrated a high reversible
reactivity of LiF + MnOx in the voltage range between 1.5 and
4.8 V. It is worth noting that manganese oxides are electro-
chemically inactive at high potentials, although they can deliver
high capacities at low potentials (<1.5 V) through classical con-
version reactions. Recently, Jung et al.19 carried out an in-depth
analysis of the reaction mechanism of LiF + TMO (TM = Mn,
Fe, Co) nanocomposites (Figure 3d). The reaction mechanism

Figure 2. (a) Bright-field scanning transmission electron microscopy
(BF-STEM) image of hollow Co3O4/C. Reproduced from ref 8.
Copyright 2015 American Chemical Society. (b) Transmission electron
microscopy (TEM) image of Fe3O4 MIONCs clusters. Reproduced
from ref 9. Copyright 2013 American Chemical Society. (c) TEM image
of carbon-coated Mn3−xFexO4 nanocrystals. Reproduced with permis-
sion from ref 10. Copyright 2013 American Association for the Advance-
ment of Science. (d) TEM image of Mn3O4 dispersed on RGO.
The inset shows the electron diffraction pattern. Reproduced from
ref 11. Copyright 2010 American Chemical Society.
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of a LiF + MnO nanocomposite has been suggested to occur on
the surface of the Mn as follows (“surface conversion reaction”):

+ ⇄ + + −+ −LiF Mn O Li e Mn O FII III (3)

3. SULFUR CATHODES FOR LI−S BATTERIES

3.1. Reaction Mechanism Studies of Sulfur Cathodes

The theoretical capacity of a sulfur cathode is 1675 mA h g−1

assuming that the starting material is sulfur (S8) and that it is fully
converted into lithium sulfide (Li2S). This value is much higher
than that of state-of-the-art intercalation-based cathodes, such
as LiCoO2. In the typical discharge profile of a Li−S cell with
liquid electrolytes, two plateaus are clearly defined (Figure 4a).
Insoluble S8 is reduced to soluble (higher) polysulfide inter-
mediates in the upper plateau, and soluble polysulfides are
further reduced into insoluble lithium sulfide in the lower
plateau.20 In terms of electrolytes for the Li−S battery system,
since carbonate-based electrolytes irreversibly react with polysulfides,
ether-based solvents such as 1,3-dioxolane (DOL), 1,2-dimeth-
oxyethane (DME), and tetra-(ethylene glycol) dimethyl ether
(TEGDME) are frequently used. On the other hand, only one
plateau is typically observed in the discharge profile when a
solid electrolyte is used or when sulfur contained in micropores
(<2 nm, so that only small molecules, S2−4, are incorporated/
confined) is used as the starting material.21−23 When sulfur con-
fined in micropores is used as the starting material, the carbonate
electrolytes can also be used.
The reactions occurring in a typical Li−S battery system are

very complex, and various soluble polysulfides are produced as
intermediates (Figure 4b).21 Although the detailed mechanism is
not fully understood, much progress has been made. Among the
many analytical techniques available, in situ/operando XRD is

especially well suited and powerful to study the evolution of
crystalline structures during battery operation. In our previous
operando XRD-based study, we demonstrated that orthorhom-
bic α-S8 disappeared at the upper plateau and Li2S appeared
toward the end of discharge (Figure 4c).24 In addition, during
charging, the Li2S peak gradually decreased and disappeared at
the end of the lower plateau, and monoclinic β-S8 was formed at
the end of the charge. The formation of β-S8 is interesting
because this phase (β) is known to be stable only above 95 °C.25

However, the origin of the formation of the β phase rather than
the α phase is unclear, though nucleation from polysulfides to
metastable β-phase sulfur might be energetically favorable.
XAS has also been applied to Li/S cells in an effort to identify

the polysulfide intermediates during cycling. We have studied the
evolution of polysulfide species using in situ XAS at the S K-edge
region (Figure 4d). During discharge, the prepeak at about
2471.1 eV, related to S3

− radical anions, appeared at the end of
the upper plateau. As the voltage reached the lower plateau, the
main peak shifted to higher energies. The positions of these two
peaks remained essentially constant during the lower plateau
without the appearance of any other signal. On the basis of this
XAS result, it was suggested that long-chain polysulfides chemi-
cally dissociate to form S3

−, which is electrochemically reduced to
S3

2− and subsequently reacts with the longer polysulfides. During
the recharge, the XAS peaks evolved in reverse sequence at the
same position, indicating that the (microscopic) reverse reaction
occurs during charge. Recently, Zhang et al.26 investigated the
reaction mechanism of a Li2S electrode using in situ/operando
XAS and suggested two different pathways during the charge
process when the starting material was Li2S instead of S. During
the first cycle, Li2S was oxidized to elemental sulfur without poly-
sulfide formation. However, during the second charge, residual
polysulfides remained after the first discharge, affecting the

Figure 3. (a) Calculated emfs of binary transition metal compounds for conversion reactions. Reproduced with permission from ref 12. Copyright 2011
Royal Society of Chemistry. (b) Voltage profiles of FeOF@PEDOT nanorods. Reproduced from ref 13. Copyright 2015 American Chemical Society.
(c) Voltage profiles of Cu0.5Fe0.5F2 for the initial five cycles. Reproduced with permission from ref 14. Copyright 2015 Nature Publishing Group.
(d) Schematic of cathode material design by blending LiF and transition metal monoxide. Reproduced with permission from ref 19. Copyright 2017
Nature Publishing Group.
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charge processes of Li2S, so that Li2S was converted to poly-
sulfides and then oxidized to elemental sulfur.

3.2. Strategies To Improve the Electrochemical Performance
of Li−S Batteries

Physical entrapment of polysulfides is the most popular strategy
to enhance the capacity and cycling performance of Li−S bat-
teries. Nazar’s group first demonstrated that a highly ordered
mesoporous carbon/sulfur composite cathode exhibited enhanced
cycling stability and high capacity (Figure 5a).27 Sulfur was infil-
trated into mesoporous carbon (CMK-3) by a melt−diffusion
method. The carbon framework acted as both an electronic
conductor and a mini-electrochemical reaction chamber, which
ensured that a more complete redox process would take place.
An extra polymer coating on the surface of the composite further
helped mitigate diffusion of the polysulfides out into the elec-
trolyte. The composites delivered a discharge capacity of up to
1320 mA h g−1 (though normalized to the mass of sulfur).
This work spurred rapid growth in the field of lithium−sulfur
batteries.
Various carbon materials have been used to increase the elec-

trode conductivity and provide physical confinement/entrap-
ment of lithium polysulfides. Among them, microporous carbon/
sulfur composites were found to undergo a new reaction mecha-
nism without forming long-chain polysulfides (Figure 5b).22

They found that small sulfur allotropes, S2−4, could be confined
in a microporous carbon matrix with a pore size of ∼0.5 nm.
These small S2−4 molecules could not be converted into long-
chain polysulfides because of the limited space within the pores,
resulting in a single output plateau at ∼1.9 V. The composite

displayed a high specific capacity of 1670 mA h g−1 and excellent
cycling stability during 200 cycles. Although the use of micro-
porous carbons greatly improved the stability, the sulfur load-
ing in the composite was relatively low (<50%) because of the
limited surface area of the microporous carbon materials. It is
worthwhile noting that in a previous study we established the key
parameters governing the energy density (especially volumetric)
of Li−S batteries, particularly in comparison to metal oxide
cathodes, making a direct comparison with LiCoO2.

28 In that
study, we demonstrated that the sulfur loading played a critical
role in determining the volumetric energy density and that in
order for Li−S batteries to be competitive with a typical graphite/
LiCoO2 cell, the sulfur loading had to be at or beyond 70%byweight.
Graphene and graphene oxide (GO) have been extensively

studied as sulfur host materials. The polysulfides were wrapped
by graphene/GO, which suppressed diffusion of the polysulfides
into the electrolyte. Further improvement was achieved by using
oxygen-rich GO as the sulfur host.29 The functional groups in
GO play an important role in immobilizing the otherwise-free
lithium polysulfides. However, the superficial sulfur cannot be
fully trapped, and the open channels among the GO layers pro-
vide large space for polysulfides to escape. A soft polymer,
amylopectin (Amy), was employed to wrap the GO/S composite
and form cross-linked 3D structures to immobilize the polysulfide
species and accommodate the volumetric expansion (Figure 5c).30

With the help of the three-dimensionally cross-linked structure,
the Li−S battery exhibited much improved cycling stability and
Coulombic efficiency compared to the unwrapped composite.

Figure 4. (a) Typical discharge profile of a Li−S battery showing two clear plateaus. Reproduced with permission from ref 20. Copyright 2013 Nature
Publishing Group. (b) Schematic illustration of stepwise reduction reactions from elemental sulfur to lithium sulfide generating intermediate
polysulfides. Reproduced with permission from ref 21. Copyright 2014 Elsevier. (c) Voltage profile of the Li−S battery during cycling (top) and peak
heights of S8 and Li2S from the corresponding in situ XRD results (bottom). (d) In situ XAS spectra selected from specific points (left) and variations of
the fluorescence signal and cell voltage as a function of time (right). Reproduced with permission from ref 24. Copyright 2014 Royal Society of
Chemistry.
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Conducting polymers represent a novel and interesting class
of encapsulation materials for sulfur cathodes. They can act
as an effective physical barrier to confine polysulfide species.
Our group prepared sulfur−polyaniline (S−Pani) yolk−shell
nanostructures by heat treatment of a core−shell nanostructure
(Figure 5d).31 The capacities of the S−Pani yolk−shell com-
posite were 1101 and 920 mA h g−1 at 0.2C and 0.5C, respec-
tively. Also, stable, reversible capacities of 765 mA h g−1 at 0.2C
and 628 mA h g−1 at 0.5C after 200 cycles were obtained.
The yolk−shell structure can encapsulate the sulfur inside the
polymer shells with a buffer void. The internal void space can
accommodate the large volumetric changes of sulfur while main-
taining the structural integrity of the composite, whereas the
core−shell structure is destroyed during cycling.
Chemical interaction is a new kind of strategy to suppress

diffusion of polysulfides. Metal oxides, nitrides, and sulfides have
been widely studied, as they can exhibit strong affinity for poly-
sulfide species by polar−polar interactions.32 MnO2 was inves-
tigated as a sulfur host material by the Nazar group.32 They
reported that MnO2 can significantly improve the cycling stability
of Li−S batteries through a thiosulfate−polythionate conversion
(Figure 5e). The surface Mn4+ oxidizes polysulfides, forming
Mn2+ and S2O3

2−. These species anchor higher-order polysul-
fides Sn

2− (n > 4) by catenating them into the S−S bond in thio-
sulfate to form polythionate complexes, while the lower-order
polysulfides are in contact with the MnO2 host.
Apart frommodification of the cathode materials and architec-

tures, some other strategies have been proposed. For example,
the introduction of a microporous carbon interlayer between the
cathode and the separator was reported by the Manthiram group
(Figure 5f).33 The interlayer helps prevent lithium polysulfides
from diffusing into the electrolyte and also improves the utiliza-
tion of active material by serving as an additional (upper) current
collector. As a result, a stable capacity of over 1000 mA h g−1 was
achieved after 100 cycles at 1C. Modification of the separator

is another strategy to enhance the cycling stability of Li−S
batteries. A layer of carbon black was coated onto the polymer
separator.34 This provides much higher capacity than that of the
unmodified one, indicating an enhanced utilization of the active
material. A high initial capacity of 1350 mA h g−1 was achieved,
and the capacity retention reached 55% after 500 cycles at 0.5C.

4. CONCLUSIONS AND OUTLOOK
We have broadly reviewed conversion-type electrode materials
for LIBs with a focus on understanding the reaction mechanisms
involved. Anodic conversion reactions often have different reac-
tion paths between charge and discharge processes associated
with the formation of new phases. Understanding these different
reaction pathways and the roles of Li-centered reactions could
provide additional solutions to improve the round-trip efficiency.
To achieve a significant breakthrough in the performance of
Li−S batteries, it is necessary to have a full understanding of both
the fundamental electrochemistry of Li−S batteries and the
interactions of lithium polysulfides with host materials and lithium
anodes. Furthermore, to make Li−S batteries more comparable/
competitive with commercial LIBs, one needs to increase the
sulfur mass loading to above 70%.
Although we have focused on LIB applications, the general

concepts of conversion-type electrodematerials can be applied to
sodium-ion batteries (SIBs). Since traditional graphite and sili-
con are known to be inappropriate as SIB anodes, we anticipate
that conversion-type electrodes will be attractive candidates for
SIB anodes. In addition, many strategies to improve the perfor-
mance of Li−S batteries could be adapted to Na−S batteries.
However, the reaction mechanisms of electrodes can be quite
different in SIBs and Na−S batteries because of different phase
stabilities. Through charge/discharge, sodium compounds form
various stable sulfides (Na2S, Na2S2, Na2S4, and Na2S5) and oxides
(Na2O, Na2O2, and NaO2), while lithium-based materials are
known to form Li2S, Li2O, and Li2O2. Thus, conversion reactions

Figure 5. (a) Schematic of sulfur confined in mesoporous carbon. Reproduced with permission from ref 27. Copyright 2009 Nature Publishing Group.
(b) Schematic of S2−4 confined in microporous carbon and its charge/discharge process. Reproduced from ref 22. Copyright 2012 American Chemical
Society. (c) Schematic of GO/S/Amy composite. Reproduced from ref 30. Copyright 2013 American Chemical Society. (d) Schematic of the synthesis
of the S−Pani yolk−shell composite. Reproduced from ref 31. Copyright 2013 American Chemical Society. (e) Schematic of oxidation of polysulfide by
δ-MnO2 to form thiosulfate on the surface. Reproduced with permission from ref 32. Copyright 2015 Nature Publishing Group. (f) Schematic
configuration of a Li−S cell with a bifunctional microporous carbon interlayer. Reproduced with permission from ref 33. Copyright 2012 Nature
Publishing Group.
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in SIBs and Na−S batteries may have more intermediates.
In addition, the reaction pathways can be different, although the
overall reactions are similar. For example, it was recently demon-
strated that the nanoscale reaction pathways for the reactions of
Li and Na with NiO are different in detail but follow a similar
mechanism.35 Themechanism in SIBs could bemore complicated
but can also provide additional venues to explore. Thus, it is crucial
to perform systematic studies on conversion materials in SIBs or
Na−S batteries to reveal their reaction mechanisms.
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