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Nanotechnology and nanomaterials engineering have played a crucial role in the recent development of

energy conversion and storage systems. Huge efforts have been made for advancing energy storage

technologies particularly battery technologies including lithium-ion, sodium-ion, potassium-ion, and

lithium–sulfur batteries. As electrodes (anodes and cathodes) are the key components of these

rechargeable batteries, any improvement in electrode materials can effectively enhance the performance

of these devices. The combination of nanotechnology and nanomaterials engineering has been proven

to meet this challenge through the discovery or development of new materials chemistry, especially

frontier materials at the nanoscale. In this review article, we briefly summarize our battery research

based on the application of a wide range of nanomaterials over the last decade. The major goal of this

review is to highlight various strategies to tackle problems associated with electrode materials and to

discuss different approaches for the synthesis of nanomaterials with improved electrochemical perfor-

mance. To achieve high performance rechargeable batteries, various design and synthesis strategies as

well as new material properties are discussed. A number of future research directions are also suggested

in this review article.
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1. Introduction

Recently, great effort has been focused on various kinds of
batteries to store energy from renewable sources.1 Electrochemical
energy storage (EES) systems, particularly alkali-ion batteries
including lithium-ion batteries (LIBs), sodium-ion batteries (SIBs)
and potassium-ion batteries (PIBs), are considered as typical
rechargeable battery systems due to ions travelling between anode
and cathode during the charging/discharging process.2 Among
alkali-ion batteries, LIB technology is playing a major role in
powering a wide range of mobile devices for quite a long-time.
Currently, the application of LIBs is shifted to another level and
LIBs are being considered for energy/power storage on a large-
scale, such as electric vehicles (EVs) and electric power grids.3–5 It
is, however, expected that the increase in the demand for lithium
on a large-scale will dramatically drive up the cost of raw lithium-
containing precursors and could make the technology very
expensive. Therefore attention has been paid to sodium (Na),
which is the next sister element to lithium (Li) in the periodic
table. Na resources are virtually unlimited as Na is one of the

most abundant elements in the Earth’s crust and ocean.6

Nontoxic and inexpensive raw materials are available for preparing
Na-based electrodes, which make SIBs the most promising tech-
nology for stationary large-scale energy storage applications.6,7

Furthermore, PIBs are a new type of electrochemical energy storage
cells with many advantages. Both theoretical calculations and
experimental observations have revealed that the K+/K couple
exhibits the lowest redox potential compared to Li and Na in some
non-aqueous electrolytes, suggesting that K-ion high voltage
batteries with high energy density are possible.8–10 It is expected
that this next-generation technology could have potential for a
wide range of energy storage applications, such as electric power
grids and storage of electricity from renewable sources.11 In
addition to alkali-ion batteries, the lithium–sulfur (Li–S) system
is another type of rechargeable battery, which consists of a Li
metal anode and an environmentally friendly low cost sulfur (S)
cathode with a high theoretical specific energy (2600 W h kg�1)
and specific capacity (1675 mA h g�1).12,13 Due to their high
energy density and low cost sulfur cathode, Li–S batteries are
considered as promising future energy storage devices to power
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electric vehicles (EVs). As rechargeable batteries are powering
and/or expected to power a wide variety of applications,14 the
development of components as well as understanding of the
microstructural evolution and atomic scale storage mechanism
of these devices is critical.15 All rechargeable batteries consist of
three functional components: (i) electrode (anode and cathode),
(ii) separator, and (iii) electrolyte. Among them, electrode materials
are regarded as the key elements dominating the capacity of these
devices,2–5,16–18 as shown in Fig. 1. It is observed from Fig. 1 that
most cathode systems exhibit a similar specific capacity (except the
Li–S system) between 50 and 250 mA h g�1 within the voltage
range of 2–4.3 V for all metal-ion systems. In the case of anode
electrodes, the specific capacity of anode materials is significantly
different among metal-ion systems. LIB anodes exhibit a wide
range of capacity (200–4200 mA h g�1) in which aluminium and

silicon based alloys provide the highest specific capacity. On
the other hand, the specific capacity of the anodes is limited to
900 mA h g�1 for SIBs and 500 mA h g�1 for PIBs. Since anode
materials are capable of storing ions via conversion, alloying, or
combined reactions, they typically have much higher theoretical
capacity compared with insertion-based cathode materials. It is
realised that a number of materials are indeed capable of alloying
with sodium or potassium and display a promising level of
capacity in excess of that of a typical graphite anode.

Until now, a substantial amount of battery research with
respect to both fundamental studies and practical applications
has been conducted. Huge efforts have been made for improving
rechargeable battery performance by adopting a wide range of
strategies. However, many challenges (such as low energy/power
density, high cost, low safety, and short lifespan) are still present
in alkali-ion batteries whereas Li–S batteries could face the issue
of the shuttle effect. Many of these challenges are related to the
electrode host structure because fundamental structures of
electrode materials play a more crucial role in lifting battery
performance as well as in understanding battery chemistry.
Undoubtedly, the electrochemical properties of both cathode
and anode materials (e.g., specific capacity, cycling stability,
Coulombic efficiency, potential, rate performance, etc.) are fully
dependent on the correlation between host chemistry and
structure, the ion diffusion mechanisms, and phase transfor-
mations as well.17,18 Even though the chemical properties of
lithium, sodium, and potassium are very similar to each other,
phase stability, transport properties and interphase formation
among the three systems are quite different because of the size
difference of ions (Li+ o Na+ o K+; 0.76 Å o 1.02 Å o 1.38 Å).19–21

It is, therefore, more challenging to develop electrode hosts to
accommodate and reversibly transfer large Na+ and K+ ions
(compared to Li+ ions) which cause a greater change in the host
structures and damage upon extraction/insertion, leading to a
poorer electrochemical performance. In comparison with metal-
ion batteries, the Li–S system exhibits the highest energy density

Fig. 1 Comparison of various electrode materials (cathode and anode) in terms of capacity and voltage within the field of rechargeable batteries (alkali-
ions: Li+, Na+, K+ and Li–S).
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which results in a different reaction mechanism. Although the
system has matured, many problems with electrodes still exist
such as the insulating nature of sulfur, formation of poly-
sulfides, large volumetric expansion of sulfur during lithiation,
polysulfide shuttle effect, unstable solid electrolyte interphase
layer and growth of Li dendrites.

To solve many of the above mentioned problems related to
the electrode host structure, nanostructuring of electrodes is
being explored as a suitable method for developing large
verities of electrode materials where materials engineering is
adopted as a key technique to build electrode architecture at
the nanoscale.11,13,22–24 Tuning the electrode architecture at the
nanoscale offers unique properties which result in high perfor-
mance electrodes, suitable for application in various energy
storage devices. It is important to note that the electrochemical
performance of nanostructured electrodes not only depends on
the nanoscale but also mostly on the design as well as the
synthesis method of materials including phase fraction, phase
purity, morphology, and particle/crystal size distribution. In the
past several years, our group have demonstrated a significant
advancement in the field of nanostructured electrode materials
for rechargeable batteries. In this review article, we provide a
comprehensive summary and discussion of various strategies,
diverse designs and different synthesis approaches for the
fabrication of varied electrode architectures and the impacts
of proper nanostructuring and advanced compositing on
enhanced physicochemical/electrochemical properties of electrode
materials for rechargeable battery technologies. Even though
nanomaterials have shown significant advantages in the field of
electrode materials, the latest nanotechnology is required to
further advance battery technology.

2. Nanostructured anodes for LIBs and
SIBs

Nanomaterials are expected to provide solutions suitable for
designing advanced electrode architectures.23–25 The use of
nanoparticles, in particular, helps to overcome the issues of
ionic conductivity (by reducing the length scale for ionic trans-
port) and, to some extent, excessive stress developing in the
electrode upon charge and discharge. The smaller particles are
generally able to tolerate the repeated expansion and contraction
better and, in addition, the electrode composed of such particles is
highly porous, thus providing enough internal space for the
expansion of its components. Moreover, the use of nanostructured
material as an electrode leads to improved electrochemical perfor-
mance as it provides a large surface area, numerous active sites,
and a short mass and charge diffusion distance.26

Among various anode electrodes, nanostructured metal oxides
are promising electrode materials for LIBs, SIBs, and super-
capacitors because of their high specific capacity/capacitance,
typically 2–3 times higher than that of carbon/graphite based
materials. Metal oxides, particularly transition metal oxides
(TMOs), are, by far, the family of compounds that react through
conversion reactions deserving the most attention.27–29 The

mechanism of reaction with lithium or sodium is different from
that of the carbon-based materials. Lithium or sodium ions react
reversibly with metal oxides via a conversion reaction that
involves the formation and decomposition of Li2O or Na2O and
is accompanied by the reduction and oxidation of metal nano-
particles. Generally, the electrochemical reactions can be sum-
marized by the following equations:30–32

MxOy + 2yLi+ + 2ye� 2 yLi2O + xM (i)

MxOy + 2yNa+ + 2ye� 2 yNa2O + xM (ii)

The forward reaction is thermodynamically favourable and
involves multiple electron transfer per unit of metal atom
leading to a high theoretical lithium or sodium storage capacity
(400–1100 mA h g�1).27,32 However, most metal oxides in SIBs
usually deliver a relatively small reversible capacity of less than
400 mA h g�1, in spite of their high theoretical capacity.32 The
realization of a practical battery with TMO anodes that undergo
reversible conversion reactions during cycling is not straightfor-
ward. The oxides reacting electrochemically with lithium/sodium
through conversion reactions often experience significant volume
changes upon lithiation/sodiation and delithiation/desodiation.
More specifically, metal oxides suffer from several problems when
used as anode materials, which limit their use. Swelling and
shrinking of active material particles upon insertion and extraction
of Li+ or Na+ ions induce poor contact due to pulverization between
the active materials and the electron conducting agents, leading to
low electric and ionic conductivity, which directly affects the
electrochemical performance of the electrodes.33–37 As a result,
stable cyclic behaviour and good rate capability are difficult to
achieve in conversion reaction anodes. Therefore, it is quite
challenging to satisfy these issues with metal oxide anodes and
these issues need to be addressed. To tackle these problems, some
elegant strategies have been proposed. To verify the strategies, a
couple of metal oxide electrode systems including Fe2O3–SnO2/C,
Co3O4–Fe2O3/C, ZnFe2O4/C, Nb2O5–TiO2, Co3O4/CNTs and SnO2/
graphene have been synthesised and investigated.

2.1 Hybridization of binary metal oxides and their composites

Despite the huge advantages of nanoparticles, the transition
metal oxide electrodes based on nanoparticles of only one
phase still suffer from poor cyclic stability and rate capability.
To circumvent the issue with single-phase transition metal
oxide electrodes, a hybridization concept is proposed.38 The
idea is to include dissimilar nanostructured components within
a single electrode of a battery anode that operates via conversion
reaction mechanisms. Although, in general, any conversion
reaction in anode materials occurs within the same potential
range of 0.01–3.0 V vs. Li/Li+ or 0.01–3.0 V vs. Na/Na+ or possibly
0.01–3.0 V vs. K/K+, the exact potentials responsible for particular
stages of the conversion reactions are varied between different
materials. This results in the fact that the maxima of the volume
expansion/contraction via conversion reactions and the associated
stresses in electrodes are different for various transition metal
compounds. If two suitable materials are combined together in the
same anode within an appropriate working potential with a
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nanostructured architecture, the volume change is expected to
occur sequentially, potentially reducing the level of stress in the
electrode and resulting in better structural stability of the com-
bined metal oxide system (compared to a single system). There-
fore, the combination of two different metal oxides is critical for
stress management in a single electrode system whereas formation
of a conducting network with a conductive agent is also essential
for more efficient electronic transport in the electrode.

Fe2O3–SnO2/C for LIBs. A common issue with SnO2 and Fe2O3

electrode materials delaying their commercial implementation is
the significant volume change (B300% for SnO2

39–41 and B96%
for Fe2O3

34,35) upon reaction with lithium, resulting in unstable
cycling behaviour and poor rate capability. It is challenging to

accommodate this level of volume alterations without damaging
the structure of the electrode. An interesting strategy that our
group have applied to combat the effects of a drastic volume
change more effectively is to combine the two phases that react
with lithium at different potentials vs. Li/Li+ in one electrode
and simultaneously disperse them on chains of the conductive
carbon matrix of super P Lit carbon black.42 A large-scale
synthesis approach of combination of a molten salt method
and a low energy ball milling was demonstrated to create such
a fascinating hybrid structure of Fe2O3–SnO2/C (Fig. 2a). The
electrochemical performance of the hybrid Fe2O3–SnO2/C
electrode was superior to that of the Fe2O3–SnO2 electrode
assembled via a conventional procedure. The Fe2O3–SnO2/C

Fig. 2 (a) Schematic representation of the hybridization and material preparation procedure; (b–d) TEM images of (b) a bright-field of Fe2O3–SnO2

where the Fe2O3 particle is adjacent to the aggregated nanoparticles of SnO2, (c) a bright-field of Fe2O3–SnO2/C where Fe2O3–SnO2 particles are
dispersed along the chains of super P Lit carbon black, (d) a selected region (top mark) of (c) containing a Fe2O3 particle surrounded by SnO2

nanocrystals with an HRTEM image (inset in the top right corner) revealing lattice fringes of the Fe2O3 crystal. The inset in the lower left corner shows a
selected region (bottom mark) of (c) containing SnO2 nanoparticles; (e and f) electrochemical performance of (e) cycling stability up to 50 cycles at
158 mA g�1 and (f) consecutive cycling behaviour at different rates of the Fe2O3–SnO2/C and Fe2O3–SnO2 electrodes.42 (Adapted with copyright
permission, The Royal Society of Chemistry.)
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electrode exhibited a stable reversible capacity of 1110 mA h g�1

at a current rate of 158 mA g�1 with only 31% of initial
irreversible capacity in the first cycle. A high reversible capacity
of 502 mA h g�1 was obtained at a high current rate of
3950 mA g�1 (Fig. 2f). A few attempts of combining SnO2 and
Fe2O3 into one electrode have been reported. Zeng et al.43 have
produced microelectrodes based on Fe2O3–SnO2 nanotube
arrays, capable of delivering higher gravimetric capacity
(965 mA h g�1) than that of previously reported Fe2O3 nanotube
arrays44 and better cyclic stability than that of SnO2 nanotube
arrays.45 Fe2O3–SnO2 nanocombs and nano-heterostructures
have been studied by Singaporean groups,46,47 with a modest
electrochemical performance; however, their initial capacity
gradually faded away over extended cycles. Another type of
Fe2O3–SnO2 heterostructure, representing sub-10 nm iron oxide
rods on a micron-sized primary SnO2 sheet, was evaluated by
Wang et al.48 and a capacity of 325 mA h g�1 was measured after
50 cycles. Chen et al.49 have indicated that the performance of
Fe2O3–SnO2 nanorattles is superior to that of SnO2 hollow
nanospheres. Zhu et al.50 have assessed the electrochemical
properties of SnO2–Fe2O3 nanoparticles dispersed over reduced
graphene oxide sheets, capable of delivering 958 mA h g�1 at a
current density of 395 mA g�1. The content of Fe2O3 nano-
particles in their work was, however, rather low (weight ratio of
1 : 11 with respect to SnO2), and the iron oxide nanoparticles
were believed to contribute merely as spacers preventing the
agglomeration of the SnO2 nanoparticles. Various groups have
also developed robust nanocomposites of Fe2O3/SnO2/graphene.
Xia et al.51 fabricated a Fe2O3/SnO2/graphene composite with
improved reversible capacity (700 mA h g�1 at 400 mA g�1) and
rate capability (154 mA h g�1 at 4205 mA g�1) by adopting a
time consuming complicated synthesis process of combination
of in situ precipitation and chemical reduction. The same
composite of Fe2O3/SnO2/graphene was prepared by employing a
hydrothermal method.52 A combination of 0D (zero-dimensional)
SnO2 nanoparticles and 1D (one-dimensional) Fe2O3 nanorods was
homogeneously attached onto the nanosheets of 2D (two-
dimensional) reduced graphene oxide. The electrode exhibited
a high reversible capacity of 1530 mA h g�1 at 100 mA g�1 and a
rate capability of 615 mA h g�1 at 2000 mA g�1. Even though
reversible capacity was quite good in both cases, rate capability was
not promising.

The excellent electrochemical performance of the hybrid
Fe2O3–SnO2/C electrode prepared by our group can be attributed
to the elegant combination of SnO2 and Fe2O3, two promising
anode materials, into an integrated structure of small clusters
dispersed on top of conductive chains of carbon black.42 The
high surface area (147 m2 g�1) and clusters of SnO2–Fe2O3

nanoparticles enable better contact between active materials
and the electrolyte, reducing the traverse time for both electrons
and lithium ions. The combination of two materials, SnO2 and
Fe2O3, provides breathable aggregates and makes sequential
expansion and contraction of the electrode possible, mitigating the
problems associated with volume change. The conductive chains of
carbon black among the small clusters serve as a conductive scaffold
that maintains a reliable electrical contact between SnO2–Fe2O3 and

the current collectors. The presence of extra space between the
carbon black particles and the clusters is also beneficial for diffusion
of the electrolyte into the bulk of the electrode, providing fast
transport channels for the Li ions, and more effectively accommo-
dating the volume variation. All of these factors could increase the
structural stability of the electrode, leading to the superior electro-
chemical performance. This strategy was further extended to pro-
duce other hybrids/nanocomposites of functional oxides.

Co3O4–Fe2O3/C for LIBs and SIBs. Despite high theoretical
capacity, it is very difficult to minimise dramatic volume variations
of as high as B100% with Co3O4 in LIBs.53 To minimise this
volume change, a hybrid anode of Co3O4–Fe2O3/C was prepared
using low-energy ball milling by mixing together Co3O4–Fe2O3

nanoparticles synthesized by the molten salt method and super
P Li carbon black powder.54 The hybrid Co3O4–Fe2O3/C electrode
exhibited outstanding cycling stability in LIBs with a retained
reversible capacity of 703 mA h g�1 (96% retention of the
calculated theoretical capacity of 731 mA h g�1) at 0.5C rate
after 300 cycles (Fig. 3c). A high reversible capacity of 400 mA h g�1

was achieved at a very high current rate of ca. 3 A g�1 (4C). Even
after 50 cycles of discharge/charge at different current rates, the
Co3O4–Fe2O3/C electrode still delivered a reversible capacity of
780 mA h g�1, which represents 499% capacity recovery
(Fig. 3d). Hybridization of Co3O4 and Fe2O3 into hybrid
Co3O4–Fe2O3 electrodes has also been explored by several
groups. Wu et al.55 have reported the direct growth of Co3O4/
aFe2O3 branched nanowire heterostructures prepared by a two-
step hydrothermal method. The Co3O4/aFe2O3 branched nano-
wires exhibited significantly enhanced Li+ storage capacity and
stability, with a high reversible capacity of 980 mA h g�1 after
60 cycles at a current density of 100 mA g�1. Although the
reversible capacity was attractive in this study, the capacity
retention was unsatisfactory (B63%) with respect to the initial
capacity (1534 mA h g�1). A hierarchical Fe2O3@Co3O4 nano-
wire array based on the sacrificial template accelerated hydro-
lysis (using ZnO as the template) has also been reported.56 The
Fe2O3@Co3O4 nanowire array exhibited good cycling perfor-
mance (1005 mA h g�1 after 50 cycles at 200 mA g�1) with
improved rate performance (788 mA h g�1 at 5000 mA g�1) but
significant capacity fading was observed. Luo et al.57 demon-
strated another novel hierarchical Co3O4@a-Fe2O3 core–shell
nanoneedle array (Co3O4@a-Fe2O3 NAs) produced by a step-
wise, seed-assisted, hydrothermal approach with a high rever-
sible capacity of 1045 mA h g�1 after 100 cycles at 120 mA g�1.
However, the capacity retention (B53%) and rate capability
were not satisfactory. Recently, a high performance composite
of Fe2O3–Co3O4/polypyrrole (PPy) has been constructed for LIBs
through hybridization of Fe2O3 and Co3O4 nanosheets and
their subsequent encapsulation into conductive polypyrrole.58

The Fe2O3–Co3O4/polypyrrole (PPy) composite exhibits high
capacity (922 mA h g�1 after 100 cycles), very good rate
capability (712 mA h g�1 at 5 A g�1) and excellent long-term
cycling stability (414 mA h g�1 at 10 A g�1 after 1000 cycles).

We have prepared a Co3O4–Fe2O3/C electrode with attractive
electrochemical performance which originates from the presence
of the percolating carbon host in the hybrid electrode and
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sequential volume expansion in the oxide components.54 Post
cycling SEM images (Fig. 3e and f) clearly demonstrate that
structural stability of the hybrid Co3O4–Fe2O3/C electrode is
significantly better than that of Co3O4–Fe2O3 due to the presence
of the carbon host. A large crack is developed in the Co3O4–Fe2O3

electrode, leading to an unstable structure, resulting in deterioration
in electrochemical performance. It is evidenced that Fe2O3 reacts
first, followed by the Co3O4 component in the hybrid system. Each

component starts being active at different parts of the first discharge
and the activity appears to be sequential rather than simultaneous
in their reactions in the first discharge of the half-cell. It is
realized from Fig. 3g that the sloping potential region is pre-
dominantly due to the Fe2O3 phase reacting during discharge
and the plateau region signals the onset of the Co3O4 phase
reacting. It is also worthwhile to note that the Co3O4 phase
fraction remains stable while the majority of Fe2O3 reacts with

Fig. 3 (a–j) Characterization of Co3O4–Fe2O3/C in LIBs54 (reproduced with permission, Copyright 2015, American Chemical Society): (a and b) TEM
analysis of (a) a bright-field image and (b) the corresponding energy filtered map of Co and Fe; (c and d) electrochemical performance of the Co3O4–
Fe2O3/C electrodes; (e and f) post cycling SEM images of the electrodes extracted from lithium half-cells after 50 cycles of the rate capability test;
(g) evolution of the phase fractions of the Co3O4 and Fe2O3 components as a function of time correlated to the electrochemical charge/discharge curve
in blue; and (h–j) cyclic voltammetry. (k and l) Electrochemical performance of the Co3O4–Fe2O3/C electrode in SIBs61 (adapted with copyright
permission, The Royal Society of Chemistry).
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lithium first. Although both materials react with lithium within
the same potential range of 3–0.01 V vs. Li/Li+, the exact potential
for the maximal electrochemical activity differs for Co3O4 and
Fe2O3, as was supported by CV curves (Fig. 3h–j). Sequential
volume expansion was also found in the nanocomposite of
multilayer CuO@NiO hollow spheres,59 in which the sequence
of lithium insertion was first in CuO at B1.2–1.1 V and then in
NiO at B0.7–0.6 V. Due to the discrepancy in electrochemical
active potentials, SnO2 has been used as an inert matrix for Fe2O3

particles and it keeps them from agglomerating. Both the lithium
insertion and extraction potentials of SnO2 are below 0.7 V and
just beyond the active potential range of Fe2O3 (0.7 to 2.0 V),
leading to a sequential volume expansion in the systems of
graphene/Fe2O3/SnO2

60 and Fe2O3–SnO2/C,42 respectively.
Furthermore, the obtained hybrid of Co3O4–Fe2O3/C was

used in SIBs for the first time,61 with a capacity retention of
410 mA h g�1 after 100 cycles at 50 mA g�1 within the potential
range of 0.1–3.0 V vs. Na/Na+ (Fig. 3k). The hybrid also exhibited
superior rate capability in SIBs with a capacity recovery of
440 mA h g�1 (93% retention) after 180 long-term cycles at
50–1000 mA g�1 and back to 50 mA g�1 (Fig. 3l). This work
led to several follow-up studies in the metal oxide based anodes
for SIBs.62,63

2.2 Construction of ternary metal oxide composites

Ternary metal oxides involve both the conversion and alloying
reaction mechanisms, leading to high theoretical capacity.
Complex chemical composition, interfacial effects, and synergic
effects of multiple metal species make ternary metal oxides much
more competitive than single metal oxides and possess a better
electrical conductivity than their simple oxide counterparts.64–66

However, the sluggish diffusion of lithium ions and relatively low
electronic conductivity are two major barriers for their practical
application in energy storage in higher rate environments.64 To
make these materials viable, rational design with favourable
structural features is needed. Over the past several years, various
strategies have been introduced to improve the electrochemical
performance of ternary metal oxides with a spinel structure
(AB2O4, A = Mn, Zn, Fe, Co, Ni, or Cu; B = Mn, Fe, Zn, Co, Ni,
or Cu; A a B) in LIBs such as (i) synthesis of very special
morphologies (hollow microspheres,67 hollow nanospheres,68

macroporous particles,69 and flakes),70 (ii) surface coating with
carbon,71 and (iii) decreasing of particle size to the nanometre
range.72 Carbon coating and special morphologies are capable of
improving their cyclability; however, the complicated synthesis
procedure along with high temperature carbon coating is time-
consuming, which significantly hinders the process scale-up. It is
anticipated that ball milling could be an exceptionally suitable
method for this purpose because ball milling can efficiently
reduce oxide particle size down to the nanometre level and
simultaneously mix them homogeneously with the carbon matrix
to form a composite microstructure. A simple, cost effective and
high yield ball milling method is thus required to overcome
problems with ternary metal oxide anodes, particularly ZnFe2O4

based anodes.

ZnFe2O4/C for LIBs. The anode of ZnFe2O4 (a member of
AB2O4) with a spinel lattice structure has attracted much
attention because lithium insertion into the ZnFe2O4 electrode
involves both the conversion and alloying reaction mechanisms,
leading to a high theoretical capacity of 1000 mA h g�1.73,74 This
material, however, experiences first cycle irreversibility and fast
capacity decay, which are challenging to mitigate. An effective
method for the preparation of a ternary metal oxide composite
of ZnFe2O4–C by combining sol–gel and ball milling techniques
is proposed,75 as shown in Fig. 4a. The crucial feature of this
structure is that sol–gel synthesised ZnFe2O4 nanoparticles are
dispersed and attached uniformly along the chains of the Super
P Lit carbon black host by adopting low energy ball milling
which gives a number of advantages such as (i) high electronic
conductivity; (ii) reduction in the traverse time for both elec-
trons and lithium ions; (iii) increase in the structural stability;
and (iv) high Coulombic efficiency in the first cycle because of
sufficient infiltration of the electrolyte and fast diffusion of Li+

ions. As a result, the electrochemical performance (in terms of
cycling stability, rate capability, and capacity retention) of
the ZnFe2O4–C electrode is outstanding (Fig. 4c and d). The
cycling stability and rate capability of the ZnFe2O4–C electrode
were improved dramatically with a reversible capacity of
681 mA h g�1 (96% retention of the calculated theoretical
capacity of B710 mA h g�1) at 0.1C after 100 cycles with a
remarkable coulombic efficiency (82%) improvement in the first
cycle. The rate capability was as high as 702 at 0.1, 648 at 0.5,
582 at 1, 547 at 2 and 469 mA h g�1 at 4C (2.85 A g�1). The
capacity recovery was B98% when the cell was returned to 0.1C.
It is demonstrated that a smart electrode design enables
ZnFe2O4–C materials to be a high quality anode for LIBs.

2.3 Fabrication of metal oxide–carbon nanotube (CNT)
composites

In Sections 2.1 and 2.2, super P Lit carbon black and graphene
were used as the conductive matrix for the formation of
transition metal oxide based composites and mixed metal oxide
based composites. To achieve high performance electrodes,
another effective strategy is to fabricate composites of metal
oxides with carbon nanotubes (CNTs). Compared to graphite,
carbon nanotubes (CNTs) (an allotrope of graphite) might be
another interesting conductive matrix for the formation of
composites with metal oxides because of the unique properties
of CNTs including strong mechanical properties, excellent
electronic conductivity, and large surface areas.76 Moreover,
composites with CNTs could retain the sizes of nanoparticles
due to their tight anchoring by the CNTs. Most importantly,
CNTs exhibit higher Na ion storage properties than other
carbon materials such as activated carbon, mesoporous carbon,
and graphene nanosheets,77 which encourages one to fabricate
metal oxide–CNT composites for more efficient sodium storage.

Co3O4/CNTs for SIBs. Little attention has been paid to study
the electrochemical behaviours of Co3O4 with sodium. In 2014,
we first attempted to extend the electrochemical investigation of
cobalt oxides (Co3O4) with sodium and demonstrated a possible
conversion reaction with a reversible capacity of 447 mA h g�1.78
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This work was undoubtedly helpful to further advance towards
sodium electrochemistry of Co3O4 based electrodes. Later on,
Wen et al.79 also synthesized bowl-like hollow spherical
Co3O4 structures and studied their sodium-storage behaviour;
however, electrochemical performance was unsatisfactory. To
achieve high performance electrodes, Jian et al.80 developed
Co3O4@CNT composites wherein monodispersed hierarchical
Co3O4 spheres were intertwined with carbon nanotubes, providing
both facile electron and Na+ ion diffusion in the system simulta-
neously. As a consequence, the composite Co3O4@CNT electrodes
exhibited improved cycling and rate performance. Mesoporous
Co3O4 nanosheet/3D graphene network (Co3O4MNS/3DGN) nano-
hybrids have also been reported.81 It is noticed that the Co3O4

MNS/3DGN nanohybrids exhibit better SIB performance with
enhanced reversible capacity, good cycle performance and rate
capability as compared to Co3O4 MNSs and Co3O4 nanoparticles,
but the rate capability was not as good as that of Co3O4@CNT
composites, which may be due to different conductive agents used
in both cases. It was found that the Na-ion storage properties of
carbon nanotubes (CNTs) are better than those of other carbon
materials such as activated carbon, mesoporous carbon, and
graphene nanosheets.82 By considering this information, we
have produced a robust composite electrode of Co3O4/CNT.83

A single step process of the ‘‘liquid plasma’’ method with a
nanosecond pulse atmospheric pressure plasma (NPAPP) system

was used (Fig. 5a), where Co3O4 nanoparticle clusters were
uniformly dispersed into the CNT networks.83 When used as a
SIB anode, the Co3O4/CNT electrode exhibits a high reversible
capacity of 403 mA h g�1 at 50 mA g�1 after 100 cycles and shows
a remarkable rate capability of 212 mA h g�1 at 1.6 A g�1 and
190 mA h g�1 at 3.2 A g�1. Such a high rate capability is under-
stood to be a consequence of incorporation of CNTs into Co3O4

clusters to form a Co3O4/CNT composite. In this composite, Co3O4

guarantees high electrochemical reactivity towards sodium, while
the CNT improves the conductivity and stabilizes the anode
structure during repeated cycling (Fig. 5f). Due to the simple
synthesis technique with high electrochemical performance, the
Co3O4/CNT composite could have great potential as an anode
material for SIBs.

2.4 Fabrication of metal oxide–graphene composites

Fabrication of metal oxide–graphene composites is another
effective strategy to combat against volume expansion of the
electrodes used in LIBs and SIBs. As an electrode host material,
mono-layer graphite, known as graphene, has attracted world-
wide attention since 2004.84 The impact of incorporation of
graphene into battery electrodes is huge because monolayer or
few-layer graphene can provide high conductivity and more
active sites for lithium and sodium ions, not only on both sides
of the carbon sheets but also on the edges and covalent sites of

Fig. 4 Schematic illustration of the composite preparation procedure (combination of a sol–gel process and a ball milling method); (b) a bright-field
TEM image of the ZnFe2O4–C sample; (c and d) electrochemical performance: (c) cycling performance up to 100 cycles at a low current rate of
0.1C (0.1C = B100 mA g�1 for ZnFe2O4 and B71 mA g�1 for ZnFe2O4–C) and (d) consecutive cycling performance of the ZnFe2O4–C electrode at
different current rates, ranging from low to moderate to very high.75 (Reproduced with permission, Copyright 2015, Elsevier.)
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graphene fragments. Furthermore, elastic graphene layers are
excellent buffers for anisotropic volumetric expansion.85,86 As a
result, to achieve high performance metal oxide anodes with
excellent electrical conductivity and superior structural stabi-
lity, graphene is widely utilised for the fabrication of metal
oxide based graphene composites. For instance, Su et al.87 have
synthesised SnO2–graphene nanocomposites by adopting an
in situ hydrothermal process. Although SnO2 can deliver a high
theoretical sodium storage capacity of 1378 mA h g�1, huge
volume variation during the cycling process leads to rapid
capacity loss. To tackle the volume variation of the SnO2 anode
in SIBs, SnO2 nanocrystals were uniformly anchored on graphene
nanosheets in their synthesis process, in which individual SnO2

nanocrystals were wrapped with graphene nanosheets, creating a

superior electrode architecture (Fig. 6a and b). The obtained
SnO2–graphene nanocomposites demonstrated a high reversible
capacity of over 700 mA h g�1 in SIBs with an excellent cyclability
as compared to bare SnO2 electrodes (Fig. 6c). Commendable rate
capabilities were also achieved (Fig. 6d). Inspired by this work,
various research groups also prepared a wide range of Sn or
SnO2–graphene nanocomposites for SIBs.88–91

Recently, Kong et al.92 have reported a facile synthesis approach
of three-dimensional (3D) hollow spheres of the SnO2/rGO com-
posite with a porous wall by adopting a sol–gel assisted spray
drying method combined with solid-state calcination (Fig. 6e). In
these composite spheres, the reduced graphene oxide (rGO) acts as
a substrate as well as a super conductive matrix, in which SnO2

nanoparticles play the dual role of a reinforcement agent and

Fig. 5 (a) Schematic illustration of the preparation of the Co3O4/CNTs composite; (b and c) bright-field and HRTEM images; (d and e) electrochemical
performance; and (f) post cycling TEM analysis.83 (Adapted with copyright permission, The Royal Society of Chemistry.)
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Fig. 6 (a–d) Characterization of the SnO2–graphene nanocomposite in SIBs87 (reproduced with permission, Copyright 2021, The Royal Society of
Chemistry): (a and b) electron microscopy analysis of (a) FESEM image and (b) low magnification TEM bright-field image (inset: SAED pattern); and (c and
d) electrochemical performance of (c) cycling stability and (d) rate capability. (e–j) Characterization of 3D porous SnO2/rGO hollow spheres in SIBs92

(reproduced with permission, Copyright 2019, Elsevier): (e) schematic illustration of the preparation of SnO2/rGO hollow spheres; (f–h) electron
microscopy analysis of (f) SEM image of a microsphere and (g and h) TEM bright-field images; and (i and j) electrochemical performance of (i) rate
capability and (j) cycling stability.

Materials Chemistry Frontiers Review

Pu
bl

is
he

d 
on

 0
9 

jn
ijs

 2
02

1.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 0
7.

05
.2

02
5 

10
:1

3:
04

. 
View Article Online

https://doi.org/10.1039/d1qm00274k


5908 |  Mater. Chem. Front., 2021, 5, 5897–5931 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

essentially as an active material for Na+ storage, providing the
most advanced electrode architecture (Fig. 6f–h). As a result, the
as-prepared 3D porous/hollow SnO2/rGO anode maintained an
enhanced rate capability of 231 mA h g�1 at 2000 mA g�1 (Fig. 6i
and j). In addition to SnO2 based graphene oxide composites,
many other different systems including MO/graphene, M2O3/
graphene, M3O4/graphene, MO2/graphene, M2O5/graphene, MO3/
graphene, and ternary MxM0yOz/graphene (M, M0 = low-cost metals
of Cu, Ni, Co, Zn, Fe, Mo, V, Mn, Ti, etc.) have been synthesised
and characterized in LIBs and SIBs with promising electro-
chemical performances.93–96

2.5 Additive-free hybridization

Most traditional syntheses of battery materials and subsequent
electrode preparation methods are time consuming involving
unhealthy multiple steps, including material synthesis with
toxic reagents, slurry formation, coating onto current collectors,
and drying in vacuum. Furthermore, carbon black, polymeric
binders and organic solvents (N-methyl-2-pyrrolidone) are
commonly included during slurry preparation for electrical
conduction and better physical contacts between particles and
current collector, respectively.97–101 Basically, addition of various
additives to the electrodes generates 3 major problems:102,103 (i) an
extra weight (10–40%, depending on the electrode materials used) of
the electrode is increased; (ii) inhomogeneous blend of carbon
black, binders, and nanoparticles (active materials) makes the
diffusion paths of the ions and electrons unclear, leading to
modeling and characterization difficulties; and (iii) complicated
procedure and various additives lead to environmental hazard as
well as high cost of the electrodes. Therefore, it would be beneficial
but also challenging to develop a simplistic method of fabrication of
hybrid electrode systems without incorporation of any additives/
chemicals but with excellent electrochemical performance.

Nb2O5–TiO2 for LIBs. Earlier, nanomaterials, particularly
nanowires and nanotubes, have been developed and investigated
as additive-free electrodes for energy storage.104–108 However,
additive-free electrode films based on fully nanoparticles,
specifically hybridization of both nanoparticles of TiO2 and
Nb2O5 in one electrode, are hardly reported. In 2016, Yu et al.109

hybridized Nb-doped TiO2 and Nb2O5 as a core–shell hetero-
structure where the Nb-doped TiO2 rod was used as a core and
the Nb2O5 nanosheet was used as a shell. Combination of
nanoparticles of TiO2 and nanosheets of Nb2O5 is also reported
as a heterogeneous composite of TiO2–Nb2O5.110 Even though
they successfully hybridized TiO2 and Nb2O5, both systems
cannot be claimed as additive-free systems as they used binder
and carbon black for the preparation of the electrode as well as
various reagents in the synthesis process. Recently, a hybrid
Nb2O5–TiO2 electrode without incorporation of any chemicals/
additives in the synthesis/electrode fabrication process is developed.
A radio frequency sputtering technique was employed to deposit
directly hybrid Nb2O5–TiO2 on the copper foil (Cu) current collector
by combining the titanium (Ti) and niobium (Nb) target together.111

The obtained Nb2O5–TiO2 electrode delivers high gravimetric
capacity (214 mA h g�1 at 50 mA g�1), high areal capacity
(0.0214 mA h cm�2 at 5 mA cm�2), and high volumetric capacity

(1813 mA h cm�3 at 5 mA cm�2) (Fig. 7d). A long-term cycling
stability with a gravimetric capacity of 174 mA h g�1 at 0.4 A g�1,
an areal capacity of 0.0174 mA h cm�2 at 40 mA cm�2, and
a volumetric capacity of 1474 mA h cm�3 at 40 mA cm�2 after
1000 cycles was recorded (Fig. 7f). Such a superior electrochemical
performance of the electrode is credited to its distinctive electrode
architecture and the synergistic effects between components. The
duration of deposition time plays a crucial role in this regard.
The 1 h deposition film features pearl-chain like morphology
consisting of numerous nanoparticles, which are attached one
after one, capable of creating a void due to interconnection gaps
among chains (Fig. 7a and b). As a result, the voids function as
an electrolyte reservoir, facilitating electrolyte diffusion into the
bulk of the electrode, thus improving the Li+ ion transport path.
Moreover, 1 h deposition provides small particle size in the
Nb2O5–TiO2 film, enabling charge transfer (both ionic and
electronic) over shorter distances (Fig. 7c). Most importantly,
grain boundaries and interface charge transfer resistance
are likely to be reduced significantly due to the binder free
electrode, leading to high electron transport along the lattices of
electroactive Nb2O5–TiO2. The obtained electrochemical perfor-
mance of the additive-free hybrid Nb2O5–TiO2 electrode is better
than that of other reported additive-based Nb2O5 and TiO2

systems.112–118

A safe LIB anode of Nb2O5 with a new morphology of a vein-
like nanoporous network was produced using a simple electro-
chemical anodization method (Fig. 7g).119 The porous Nb2O5

electrode, even without surface coating or cation doping, could
deliver a high reversible capacity of 201 mA h g�1 within 1.0–
3.0 V and 175 mA h g�1 within 1.2–3.0 V after 300 cycles at a
current density of 0.4 A g�1 (Fig. 7k and l). However, this system
cannot be claimed as an additive-free electrode because carbon
black and binder were used during slurry mixing for electrode
fabrication. The electrode could also tolerate very high current
and exhibited commendable rate capabilities of 208 mA h g�1

at 0.2 A g�1, 186 mA h g�1 at 0.4 A g�1 and 161 mA h g�1 at
0.8 A g�1 with a cut-off voltage window of 1.0–3.0 V (Fig. 7m).
The demonstrated synthesis method can potentially be used to
produce a wide range of functional nanomaterials.

3. Nanostructured cathodes for LIBs
and SIBs

The impact of cathode materials in LIBs and SIBs is remarkable
as they play a crucial role in determining the power density and
fast charging/discharging. The key to improving the electro-
chemical performance of LIBs and SIBs is the smart design and
controlled synthesis of cathode materials. The cathode materials
for LIBs and SIBs are expected to work well if they function as a
host material for Li and Na; the volume variation should be
negligible during cycling for Li+ and Na+ in and out, and this
capability is critical for achieving high performance devices.120,121

Although a significant number of cathode hosts for LIBs have
already been commercialized, potential cathodes for successful
commercial implementation in SIBs are still far away.121–123
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Basically, unstable structure and limited electrochemical perfor-
mance make cathode materials difficult to meet the requirement
of practical application in SIBs. However, the requirements of
stable cathodes with high sodium storage capacity and excellent
cycling stability have facilitated the exploration of various

cathode materials (metal oxides, polyanionic compounds,
Prussian blue analogs, and organic electrodes) for SIBs.124,125

Among various cathode systems, layered transition metal oxides
and poly-anionic compounds are identified as suitable cathode
hosts for LIBs and SIBs. Even though many important cathode

Fig. 7 (a–f) Characterization of additive-free electrode films of Nb2O5–TiO2, Nb2O5, and TiO2 fabricated with different deposition time durations of 0.5,
1.0, and 1.0 h, respectively111 (reproduced with permission, Copyright 1969, John Wiley and Sons): (a–c) SEM image, AFM topography image, and particle
size distribution of the Nb2O5–TiO2 electrode film fabricated with 1.0 h deposition time; and (d–f) electrochemical performance of the electrodes. (g–m)
Characterization of nanoporous Nb2O5

119 (adapted with copyright permission, The Royal Society of Chemistry): (g) schematic of the nanoporous Nb2O5

preparation procedure; (h and i) SEM images of (h) top view, and (i) cross-sectional view of the entire nanoporous structure; (j) a TEM image of a cross-
section of the nanoporous network; and (k–m) electrochemical performance.
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materials based on metal oxides or layered transition metal
oxides and poly-anionic compounds have attracted attention for
potential use, some challenges still exist with these cathodes;
particularly their poor cycling stability and rate capability need to
be overcome for their successful implementation. A number of
strategies have been adopted to achieve high performance
cathodes as summarised below.

3.1 Double carbon coating

The carbon coating strategy is widely considered for the con-
struction of battery materials due to several advantages:126,127

(i) carbonaceous materials are available and cheap with excellent
electronic conductivity; (ii) they are physically and chemically
stable with high mechanical strength and structural flexibility,
and are capable of acting as a buffer layer to protect active
materials from fracture during reaction; and (iii) most importantly,
carbonaceous materials with various allotropes and geometric
structures are available to meet architectural requirements. Even
though carbon coating improves electrochemical performance by
increasing conductivity, buffering volume expansion and/or stabi-
lizing the reaction interface, single carbon coating is unable to
meet all the requirements in terms of conformal coverage of active
materials and a continuous conductive network for the electrodes.
As a result, single carbon-coated active materials themselves still
suffer from inefficient electrical connections between particles,
where a random and discontinuous electron-transport path leads
to inadequate conductivity in the bulk electrodes, resulting in poor
rate capability of the materials. To circumvent this problem, a
dual carbonaceous coating strategy is proposed. In this section,
we mainly focus on the development of polyanion compound
cathodes through their rational design by adopting the double
carbon coating strategy.

Polyanion compound cathodes. In 1997, Goodenough et al.128

reported olivine LiMPO4 (M = Mn, Fe, Co and Ni) with high
thermal stability as a promising cathode family. Among them,
olivine LiFePO4 is the most competitive material for electric
vehicle application and it has now been commercialized. Later
on, a wide range of follow-up studies have been conducted to
discover or improve LiMPO4 based cathodes for different
applications.129 For instance, LiFe1�xMnxPO4 is being considered
as a potential cathode for LIBs owing to its high theoretical
capacity (B170 mA h g�1) and high operating voltage of
3.5–4.1 V. However, low electronic and ionic conductivity with
LiFe1�xMnxPO4 based cathodes leads to unsatisfactory electro-
chemical performance. To advance LiFe1�xMnxPO4 based cathodes,
a more robust preparation strategy as well as structural design
is required. In 2013, Liu et al.130 fabricated spherical
LiFe0.6Mn0.4PO4/C particles with much improved electrochemical
performance by employing a double carbon coating process.
However, the overall material preparation process was difficult to
be scaled up for mass production. In this regard, we proposed a
LiFe0.4Mn0.6PO4/C composite microstructure which was produced
using a double carbon coating process by employing traditional
industrial techniques (a combination of ball milling, spray
drying and annealing) (Fig. 8a–g).131 The composite micro-
spheres exhibited a reversible capacity of 152 mA h g�1 at 1C

after 500 cycles with excellent rate capabilities of 132, 103, and
72 mA h g�1 at 5, 10, and 20C, respectively (Fig. 8e–g). Such an
excellent electrochemical performance is attributed to the
micrometer-sized spheres of double carbon-coated LiFe0.4Mn0.6PO4

nanoparticles with improved electric conductivity and higher Li ion
diffusion coefficients, ensuring full redox reactions of all nano-
particles. The strategy of double carbon coating ensures that all
particles get electrons from all directions and contribute to the
charge–discharge process.

3.2 Entwining/anchoring nanoparticles with conductive networks

The strategy of entwining/anchoring of nanoparticles with con-
ductive networks is widely considered to enhance the electro-
chemical performance of battery electrodes. To achieve high
performance batteries, a smart electrode architecture with high
electrical and thermal conductivity, an appropriate high specific
surface area, as well as high thermal and chemical stability is
required. To meet these requirements, both carbon nanotubes
(CNTs) and graphene are widely considered for the fabrication
of battery electrodes due to their multiple roles (such as conductive,
active, flexible and supportive roles) at the same time.132 However, it
is challenging to construct a superior electrode architecture by
combining nanoparticles and conductive agents, particularly CNTs
and graphene. In most cases, many particles/materials of the
electrode are unable to participate in the charge–discharge process
because they are segregated or isolated from the conductive net-
works, leading to poor cycling performance. It is thus required to
develop effective fabrication techniques which are capable of
entwining/anchoring of nanoparticles in graphene or CNT net-
works where both electron transfer and ion diffusion could
occur simultaneously and most particles can contribute to the
charge/discharge process. Development of various cathode
materials, electrochemical performance, and entwining/anchoring
fabrication techniques are discussed in this section.

Maricite NaFePO4 cathodes. Olivine NaFePO4 does not work
in SIBs due to its non-reversible charge/discharge process.
Additionally, the conventional synthesis process is unable to
produce olivine NaFePO4.133 Even though carbon coated maricite
NaFePO4 in the form of nanometre-sized particles exhibits rever-
sible charge/discharge processes in SIBs,134,135 success is limited.
An innovative approach of combination of a solid-state reaction
and a ball milling technique was adopted to produce more
reactive maricite NaFePO4 nanoparticle entwined graphene
sheets by dispersing the nanoparticles of NaFePO4 in the in situ
generated graphene sheets (Fig. 9a and b).136 Entwining particles
in a graphene network ensured both electron transfer and ion
diffusion simultaneously and most particles contributed to the
charge/discharge process. The obtained hybrid NaFePO4/C/gra-
phene exhibited an outstanding cycling performance with a
capacity of 142 mA h g�1 after 300 cycles (98% capacity retention)
(Fig. 9c). The rate capabilities were also appealing with reversible
capacities of 79 at 1, 67 at 3, and 51 mA h g�1 at 5C (Fig. 9d). This
study demonstrates a significant advance in the field of NaFePO4

based cathodes, which includes an industry acceptable synthesis
method, a new robust electrode architecture, and a high perfor-
mance cathode for SIBs.
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Metal oxide cathodes. A metal oxide based alternative cath-
ode of the a-LiFeO2–multiwalled carbon nanotubes (MWCNTs)
nanocomposite,137 with a similar rock-salt structure to LiCoO2,
has been developed for LIBs due to its low cost, more environ-
mentally benign nature and safety during operation. A significant
improvement in the reversible capacity and rate capability of
the a-LiFeO2–MWCNTs cathode is realised due to the unique
composite structure of MWCNTs with a-LiFeO2 nanoparticle
clusters achieved by combining a molten salt precipitation
process and a radio frequency oxygen plasma (Fig. 9e–h). The
a-LiFeO2–MWCNTs nanocomposite can deliver a reversible
capacity of 147 mA h g�1 after 100 cycles at 1C, and exhibits
an excellent rate capability with about 96% retention of its original
initial capacity at a high current rate of 10C (2820 mA g�1) (Fig. 9g
and h). Both rate capability and cycling stability can be a result
of introduction of the unique composite structure of clusters of
a-LiFeO2 nanoparticles integrated into the conductive network
of MWCNTs. A nanocomposite of LiFeTiO4–MWCNTs prepared
by combination of low energy ball milling and annealing was
also demonstrated as a novel cathode for LIBs (Fig. 9i–k). The
composite shows a high capacity (105–120 mA h g�1) at a slow
current rate, and can operate at a relatively high current.138 A
simple wet ball-milling method was used to construct another
hybrid cathode of V2O5/graphene for LIBs.139 In this hybrid
structure, nanometre-sized V2O5 particles/aggregates were well
embedded and uniformly dispersed in the conductive networks
of crumpled and flexible graphene sheets generated by in situ

conversion of bulk graphite during ball milling (Fig. 9l–n). The
V2O5/graphene hybrid shows good cycling stability with a high
discharge capacity of 185 mA h g�1 at 1C (1C = 294 mA g�1) after
100 cycles (Fig. 9m). Moreover, a huge improvement in rate
performance, particularly at high rates (10C) (Fig. 9n), suggests
that the in situ incorporation of graphene into V2O5 crystals not
only tremendously increases the electronic conductivity (both
interparticle and intra-particle conductivity) but also improves
the ionic conductivity of the hybrid electrodes.

3.3 Surface nanocoating

The term nanocoating refers to nanoscale (thickness of a few tens
to a few hundreds of nanometers) thin-films that are applied to
surfaces to improve material’s functionalities. Due to the signifi-
cant benefits of nanocoating, this strategy is widely used in various
industries. Among different strategies, the carbon-based coating
technique is well-known in the battery industry; however, safety
issues with carbon materials encourage to develop carbon-free
coatings.140 To achieve superior rate performance, high tap
density, and surface stability of the electrode materials, the
strategy of nanocoating is very popular and it is routinely used
for the electrochemical improvement of nickel–manganese–cobalt
(NMC) based Li-rich layered oxide cathodes in LIBs.141,142 However,
the electrochemical performance of surface coated cathode
materials is determined by qualities of the coated oxides in
terms of thickness, conformity, uniformity, and integrity. In
most cases, the resultant coating layers are often very thick and

Fig. 8 (a–g) Characterization of the LiFe0.4Mn0.6PO4 cathode for LIBs: (a) schematic structures of the single and double carbon coated LiFe0.4Mn0.6PO4;
(b–d) SEM and TEM images of the double carbon-coated LiFe0.4Mn0.6PO4: (b) low and (inset) high-magnification SEM images, (c and d) typical TEM
images of LiFe0.4Mn0.6PO4/C particles containing several primary crystallites; and (e–g) comparison of electrochemical performance between the
double and single carbon coated LiFe0.4Mn0.6PO4.131 (Adapted with copyright permission, The Royal Society of Chemistry.)
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Fig. 9 (a–d) Characterization of the NaFePO4/C/graphene cathode for SIBs136 (adapted with copyright permission, The Royal Society of Chemistry):
(a) schematic illustration of the electrode architecture; (b) TEM image; (c and d) electrochemical performance of (c) cycling at 0.1C (1C = 155 mA g�1) up
to 300 cycles and (d) rate capability; (e–h) characterization of a-LiFeO2 and a-LiFeO2–MWCNTs cathodes for LIBs137 (adapted with copyright permission,
The Royal Society of Chemistry): (e) schematic illustration of the preparation procedure of a-LiFeO2–MWCNTs; (f) a bright-field TEM image; and (g and h)
cycling performance; (i–k) characterization of the LiFeTiO4–MWCNTs cathode for LIBs138 (adapted with copyright permission, The Royal Society of
Chemistry): (i and j) SEM and TEM images; and (k) cycling stability; (l–n) characterization of the V2O5/graphene cathode for LIBs139 (adapted with
copyright permission, The Royal Society of Chemistry): (l) a bright-field TEM image and (m and n) electrochemical performance of V2O5/graphene
hybrids.
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thereby impede the transport of lithium ions and electrons. In
this section, we discuss the development of nickel–manganese–
cobalt (NMC) based layered oxide cathodes by employing surface
nanocoating with various materials.

Nickel–manganese–cobalt (NMC) based layered cathodes.
Layered transition metal oxide electrodes, particularly nickel–
manganese–cobalt (NMC) based electrodes, are considered the
most promising candidates for metal-ion batteries.143,144 However,
the NMC based cathodes suffer from sluggish diffusion of ions
and electron transfer, which results in a rapid capacity decay
and inferior rate capability. Among them, nickel-rich cathodes,
LiNi1�x�yMnxCoyO2 (0 r x + y r 0.5), have been one of the most
important cathodes for next generation LIBs due to their high
reversible capacity of about 200 mA h g�1, excellent capacity
retention, low cost and high working voltage, as compared with
LiCoO2. Basically LiNi1�x�yMnxCoyO2 systems face two major
obstacles: (i) poor capacity retention and (ii) poor thermal
stability. The undesirable side reactions between the transition
metal ions, in particular Ni4+, and the electrolyte and the phase

transition from the layered to the rock-salt structure on the
particles’ surfaces cause a decline in the lithiation kinetics at
the electrode–electrolyte interfaces, leading to poor capacity
retention.145,146 On the other hand, a highly de-lithiated state
releases oxygen from the lattice structure which is responsible
for poor thermal stability.147,148 De-lithiated nickel-rich cathodes are
highly reactive with organic electrolytes because of a substantial
overlap between the 3d band of Ni and the 2p band of oxygen.

Surface nanocoatings have been considered to lower the
electrochemically reactive surface with improved cycle life. To
enhance the capacity retention and thermal stability of Ni-rich
layer structured cathodes, a surface nanocoating with metal
oxides, such as SiO2,149 ZrO2,150 and antimony,151 is developed
(Fig. 10a–i). These surface coatings suppress the side reaction
in the interface between electrolyte and electrode, reduce the
transition-metal dissolution, and hinder the decomposition of the
electrolyte, leading to improved electrochemical performance. It is
obvious that the rate performances of the ZrO2-modified (Fig. 10f)
and antimony doped tin oxide (ATO) (Fig. 10i) coated samples are

Fig. 10 (a–c) Characterization of the 0.5 wt% SiO2-coated LiNi0.5Co0.2Mn0.3O2 microsphere cathode149 (reproduced with permission, Copyright 2017,
Elsevier): (a) SEM image and corresponding Si map (inset); (b) a bright-field TEM image; and (c) rate capability at different current rates;
(d–f) characterization of the 0.5 wt% ZrO2 modified LiNi0.6Co0.2Mn0.2O2 cathode150 (reproduced with permission, Copyright 2017, Elsevier): (d) SEM
image and corresponding EDS mapping of Zr (inset); (e) TEM image; and (f) rate capability at different current rates; (g–i) characterization of the 0.5 wt%
antimony doped tin oxide (ATO)-coated LiNi0.5Co0.2Mn0.3O2 cathode151 (reproduced with permission, Copyright 2018, Elsevier): (g) SEM image and
corresponding EDS mappings of Sn and Sb elements; (h) HRTEM image; and (i) rate capability at different current rates.
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better than that of the pristine materials. However, the electro-
chemical performance of the cathodes could be very sensitive to
the amount of coating materials. An excess amount (2.0 wt%) of
ZrO2 and ATO has a negative effect on the improvement of rate
capability. On the other hand, the rate performance of the pristine
material is better than that of the SiO2-coated sample (Fig. 10c).
The poor rate capability of the SiO2-coated sample could be ascribed
to the bad electrical conductivity of excess SiO2, because the low ion
and electron conductivity of SiO2 results in a high interfacial
resistance between the cathode and the electrolyte.152 This observa-
tion reveals that an appropriate amount of coating plays a critical
role in the electrical conductivity of the LiNi1�x�yMnxCoyO2

cathodes during cycling which affects electrochemical performance.

4. Nanostructured alloy anodes for
PIBs

Despite the exceptionally valuable features of the PIBs, the
device faces two major barriers: (i) achieving a stable cycle life
with high reversible capacity of electrode hosts (anode and
cathode), and (ii) achieving sufficiently high energy density of a
full-cell. All of these barriers are related to the heavier and larger
size of K+ ions (1.38 Å),19–21 which causes a greater change in the
electrode host structure and damage upon extraction/insertion of
the ions, leading to a poorer cycle life and lower capacity.
Although conversion/alloying reaction based anodes show high
potential in these new-generation large-scale energy storage
applications, the main challenge with conversion/alloying-based
anodes in PIBs is to buffer the unavoidable volume expansion
and maintain the structural integrity during the repeated insertion
and extraction of K+ ions.153,154 Among various PIB anodes,
antimony (Sb)-based anodes including pure Sb and its compo-
sites, Sb-based alloys, Sb-oxides and Sb-selenides have attracted
much attention.153,154

Recently, Wang et al.154 have developed a superior stable
antimony selenide (Sb2Se3) based anode by adopting a combined
strategy of conductive encapsulation and 2D confinement. The
obtained N-doped carbon encapsulated and graphene oxide (rGO)
confined Sb2Se3 nanorod composites (Sb2Se3@NC@rGO) exhib-
ited significantly improved reversible capacity (B590 mA h g�1)
and outstanding cycling stability over 350 cycles, demonstrating a
significant advance in the field of research. Besides, we have also
developed a series of alloy-based anode materials such as tin (Sn),
phosphorus (P), antimony (Sb) and silicon for PIBs, which are
summarized and discussed in this section.

4.1 Construction of alloy electrodes

Tin (Sn) based composites. As an anode, pure tin (Sn) shows
unsatisfactory electrochemical performance in LIBs and SIBs
because of mechanical degradation of the electrodes caused by
large volume variation during the cycling process (B420% in
sodium cells and B260% in lithium cells).155 To make this
material viable, an approach of composite formation with the
carbon matrix is widely demonstrated where fine nanoparticles
of Sn are dispersed/embedded in a carbon matrix. This strategy

is quite successful to prevent mechanical degradation of the
electrodes because of the advantages of nanometre dimensions
of tin for controlling mechanical strain.156–158 The same
strategy was adopted and the composite of Sn–C was produced
and reported for the first time as the PIB anode.159 The Sn–C
composite was prepared by mixing tin and graphite powders in
the weight ratio of 7 : 3 and nanoparticles of Sn were distributed
in the carbon component (Fig. 11a and b). Even though the tin-
graphite (Sn–C) composite electrode exhibited a reversible
capacity of 150–170 mA h g�1 in the first few cycles, capacity
contribution from graphite was significant but slightly lower
than that of the composite (Fig. 11d). This study also demon-
strated a storage mechanism of the reversible alloy–de-alloying
process in the Sn–C electrode (Fig. 11e and f). In the study of
ex situ XRD, K4Sn23 and K2Sn5 phases were detected in the first
discharge but the final phase of the alloying process was not
detected. However, during charging, the diffraction peak of Sn
re-appeared confirming that Sn is capable of alloying and
de-alloying with potassium in a reversible manner. Later on,
follow-up studies have been conducted on Sn electrodes in
potassium-cells and a final potassiation phase of KSn has been
suggested.160–162 This study certainly underpins the importance
of developing tin-based electrodes further. Another anode of
the tin sulfide-reduced graphene oxide (SnS2–rGO) composite in
potassium cells is also reported for the first time (Fig. 11g–j).163

In this composite, nanocrystalline SnS2 was dispersed on sheets
of reduced graphene oxide (rGO) produced via a chemical route.
An impressive capacity of 350 mA h g�1 was achieved, exceeding
the capacity of graphite. A high capacity of above 250 mA h g�1

was retained for the first 30 cycles but capacity decay was
observed afterwards. This study discloses a new type of
tin–sulfide anode for PIBs and stimulates the development of
non-graphitic anode materials.

Antimony (Sb) based composites. Antimony (Sb) has been
considered as a well-known alloy anode for both LIBs and SIBs
because of its high theoretical capacity of 660 mA h g�1 due to
the formation of Li3Sb and Na3Sb alloys, respectively.164–166 In
2015, McCulloch et al.167 first reported an antimony–carbon
anode for PIBs with a capacity of 600 mA h g�1 after 10 cycles,
corresponding to a final alloy phase of K3Sb. A steady capacity
of 250 mA h g�1 with 98% coulombic efficiency has been
observed for 50 cycles when restricted cyclic conditions were
applied. The capacity fall and the impairment of cyclic stability
seem to be distinctive phenomena in Sb–C electrodes in
potassium half-cells, which differ drastically from lithium
and sodium half-cells of the same electrode material. To gain
insight into the failure mechanism in electrodes and possible
avenues to improve cyclic stability, a comprehensive examination
of the Sb–C electrodes prepared from different amounts of
graphite with varied Sb particle size has been carried out
(Fig. 12a–f).168 It is observed that abrupt capacity decay in the
cycling experiments is sensitive to the Sb particle size and
graphite content. The ex situ investigation of the electrodes and
separators extracted from the cycled cells suggests that mechanical
degradation of the electrodes is likely to be the dominant cause
of the capacity fall. For achieving improved cycling stability,

Review Materials Chemistry Frontiers

Pu
bl

is
he

d 
on

 0
9 

jn
ijs

 2
02

1.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 0
7.

05
.2

02
5 

10
:1

3:
04

. 
View Article Online

https://doi.org/10.1039/d1qm00274k


This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021 Mater. Chem. Front., 2021, 5, 5897–5931 |  5915

three possible strategies (such as the use of an electrolyte additive,
changing the binder type used and the addition of an extra alloying
element to composites) are proposed. The strategy of replacement
of the standard electrode binder (CMC) with gum arabic, sub-
stituting a certain fraction of Sb with another high capacity
alloying component, black phosphorus (P), and incorporation of
an electrolyte additive (FEC) is capable of enhancing the cyclability
of the Sb based anodes in potassium cells. The new composite of
Sb–P–C coupled with an alternative binder (gum arabic) appears to
be more effective in improving the cyclic stability with a retained
capacity of above 400 mA h g�1 in the first 50 cycles (Fig. 12g–i).168

These results demonstrate a significant advance in the field of Sb
based anodes for PIBs.

Phosphorus (P) based composites. Zhang et al.169 have
recently reported red phosphorus-based anodes for PIBs with
a demonstrated capacity higher than that of graphitic materials.
In their study, the authors suggested a three-electron charge
storage mechanism with the formation of a K3�x P-type alloy,
which is similar to the reaction mechanisms known in lithium
and sodium cells. It was concluded that pure phosphorus-based
electrodes are not suitable because of unstable cyclic behaviour.

They suggested Sn4P3 alloy materials as a substitute. Later
on, an alternative type of anode based on black phosphorus
encapsulated in a carbon matrix was developed by our group.170

Two phosphorus–carbon composite samples (weight ratios of
7 : 3 and 1 : 1) were prepared by mechanical milling of mixtures
of black phosphorus and graphite powders. The typical mor-
phology of a phosphorus–carbon nanocomposite and an excel-
lent degree of mixing were observed (Fig. 13a). The stable
electrochemical performance of black phosphorus–carbon
(BP–C 1 : 1) was evaluated and a high reversible capacity of
617 mA h g�1 was measured in the first cycle for the BP–C
7 : 3 sample, indicating the maximal level of reversible capacity
that can be achieved for the material in a potassium cell
(Fig. 13d). The ex situ XRD analysis of the potassiation products
in the electrodes suggests that the mechanism in the electrodes
is electrochemical alloying of phosphorus with potassium to
form a KP alloy, leading to a theoretical capacity of 843 mA h g�1

for phosphorus (Fig. 13f). This investigation certainly reinforces
the importance of developing phosphorus-based electrodes for
PIBs further. As follow-up studies, several groups have demon-
strated phosphorus based electrodes in potassium cells.171,172

Fig. 11 (a–f) Characterization of the Sn–C anode for PIBs159 (adapted with copyright permission, The Royal Society of Chemistry): (a and b) bright-field
TEM image and an energy-filtered image with an elemental contrast (color scheme: C – yellow; Sn – blue); (c) thermogravimetric curve; and (d–f)
electrochemical analysis of (d) cycling performance at a current rate of 25 mA g�1 within the potential window of 2.00–0.01 V vs. K/K+; (e) cyclic
voltammogram; and (f) ex situ XRD patterns after the first discharge and the first charge in potassium half-cells of the Sn–C anode. (g–j) Characterization
of the SnS2–rGO composite anode for PIBs163 (adapted with copyright permission, The Royal Society of Chemistry): (g) SEM image of an area in the
sample; (h) SEM image of an individual SnS2-coated sheet of rGO; (i) energy-filtered TEM image (color scheme: red – sulfur, green – carbon); and
(f) cycling stability at 25 mA g�1 of the SnS2–rGO composite.
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Silicon based composites. Among various alloy materials,
silicon is the most attractive anode for LIBs because of its high
theoretical capacity (silicon produces Li4.4Si alloy with lithium,
which is corresponding to the capacity of 4200 mA h g�1), low
cost, abundance, and environmental friendliness.173,174 Inspired
by the attractive alloying properties of silicon with lithium,
we have investigated the alloying properties of silicon with
potassium for the first time.175 As silicon experiences significant
volume variations during alloying with lithium, a composite
structure of Si/graphene was constructed where micrometre-
sized aggregates consisting of Si nanoparticles and graphene
were observed (Fig. 14a). The Si/graphene electrode was tested
in potassium-ion cells; however, no alloying–de-alloying electro-
chemistry was observed in this study as evidenced by the triangular
shape of the charge–discharge profile of the Si–graphene electrode
(Fig. 14c). The Si/graphene electrode displayed a capacity around
100 mA h g�1 in the course of 50 cycles in which the most capacity
contribution came from graphene whereas silicon seemed to be
inactive (Fig. 14d and e). The ex situ XRD of the electrode after
the first discharge and charge further confirmed that Si remains
inert towards the alloying process with potassium (Fig. 14f).

In this experiment, it is concluded that the formation of the reactive
structure of silicon with potassium is challenging, although Si can
theoretically alloy with potassium to form a KSi phase with a
capacity of 955 mA h g�1.176

5. Electrodes for Li–S batteries

The lithium–sulfur (Li–S) battery comprises of a lithium metal anode
and a sulfur cathode. In a typical Li–S battery (Fig. 15a),177–179 the
elemental sulfur (S8) is gradually reduced during the discharge
process and forms a wide range of long-chain lithium polysul-
fides (Li2S8 and Li2S6), short-chain lithium polysulfides (Li2S4

and Li2S2), and finally lithium sulfide (Li2S). On the other hand,
the charge process takes reversibly from Li2S to S8. The inter-
mediate polysulfide products formed during the discharge
process are soluble in common electrolyte solvents, and they
migrate through the separator from the cathode to the anode
and irreversibly deposit on the surface of the Li anode, causing
the shuttle effect (Fig. 15a and c). Basically, redox reactions
between solid-state S and Li2S occur stepwise, causing several

Fig. 12 (a–f) Characterization of Sb–C anode electrodes for PIBs168 (reproduced with permission, Copyright 2019, Elsevier): (a–c) cycling stability of the
electrodes with the CMC binder; (d) cycling stability of the Sb–C 9 : 1 electrode with the gum arabic binder; and (e and f) SEM image of the Sb–C 9 : 1
electrode after twenty galvanostatic discharge–charge cycles and corresponding digital photograph of the separator extracted from the same cell.
(g–i) Characterization of Sb–P–C anode electrodes for PIBs: (g) a bright-field TEM image; (h) cycling stability at 50 mA g�1 with the gum arabic binder up
to 50 cycles; and (i) SEM image of the Sb–P–C electrode extracted from the potassium cell after 50 cycles (the inset in top right corner shows the digital
photograph of the separator extracted from the same cell after 50 cycles).
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compositional and structural transformations as demonstrated
in Fig. 15b.180 Step I. During the initial discharge, a plateau at
B2.4 V is observed which represents the two-phase reaction
from solid S8 to liquid long-chain lithium polysulfides (LiPSs)
(Li2Sx, 6 o x r 8). Step II. A pronounced slope is observed just
below B2.4 V, suggesting single-phase reaction and the

formation of liquid short chain LiPSs (Li2Sx, 2 o x r 6). As a
result, both steps (step I and step II) deliver 0.5 electrons
transfer per S, which corresponds to 25% theoretical
capacity.181 Step III. A typical low discharge very long plateau
at around 2.1 V is observed, confirming two-phase transition
from short-chain LiPSs to solid Li2S2. Step IV. A single-phase

Fig. 14 Characterization of Si/graphene, pure silicon, and graphene electrodes: (a and b) SEM image and TGA analysis of the Si–graphene material;
(c–e) electrochemical behavior of Si/graphene, graphene and pure silicon electrodes in potassium cells; and (f) ex situ XRD patterns of Si/graphene
electrodes after the first discharge and the first charge in a potassium half-cell.175 (Reproduced with permission, Copyright 1969, John Wiley and Sons.)

Fig. 13 (a) SEM image of the typical appearance of a phosphorus–carbon nanocomposite material; (b) an elastic TEM image of a black phosphorus–
carbon nanocomposite (BP–C 1 : 1); (c) an overlay of energy-filtered three window maps (color scheme: red – phosphorus, green – carbon); (d) cyclic
stability of the two samples (BP–C 7 : 3 and BP–C 1 : 1); (e) charge–discharge profiles of pure black phosphorus; and (f) ex situ XRD pattern of the BP–C
1 : 1 electrode after the first discharge and the first charge.170 (Adapted with copyright permission, The Royal Society of Chemistry.)
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transition from Li2S2 to solid Li2S is observed at the end of the
final slope. However, a potential dip is seen at the beginning of
the second plateau which is ascribed to the concentration
polarization. As a result, Li+ transport is delayed due to the
increased electrolyte viscosity where overpotential is required
for the crystallization of insulating Li2S2.182,183 Overall, both
steps III and IV contribute 75% of theoretical capacity through
1.5 electrons transfer per S in the liquid–solid transition.184 On
the other hand, a potential hill is also observed during the
initial charging which is related to the phase nucleation of Li2S2/
Li2S (Fig. 15b). Such a potential hill displays a sluggish oxidation
process of Li2S2/Li2S as well as low S utilization.185 Additionally,
Li2S/Li2S2 is deposited on the cathode surface which hinders
access of both electrons and Li+, leading to difficulties for the
final products to completely convert back to S. Therefore, the
obtained practical charge capacity of the Li–S battery is lower
than the theoretical value.186 At the same time, the lithium
metal anode also faces many problems as shown in Fig. 15c. As
a result, the device faces several problems, particularly low
sulfur utilization in the cathode and unstable SEI layer/dendrite
formation on the surface of the electrode leading to severe
capacity fading and a low Coulombic efficiency, which hinder
the real application of Li–S batteries.187,188 To overcome these
inherent limitations of Li–S systems, many strategies including
novel cell configurations, rational design of sulfur cathodes,
and incorporation of the protective layers on the surface of the
lithium metal have been proposed.

5.1 Rational design of sulfur cathodes

Significant materials have been identified as potential sulfur
hosts, which led to the development of a wide range of

nanostructured sulfur cathodes. Nanostructured sulfur cathodes
can be divided into several categories depending on the composi-
tion and structure of the electrodes,189,190 including (i) nanoporous
carbon–sulfur composites, (ii) graphene–sulfur composites, (iii) one
dimensional (1D) carbon–sulfur composites, (iv) conductive poly-
mer–sulfur composites, (v) porous oxide additives, and (vi) nanos-
tructured Li2S cathodes. Even though the first three categories use
carbon as a conductive pathway and as a matrix to trap poly-
sulfides, different carbon structures have their own advantages
and limitations. Among all the host materials, carbon-based
materials are widely investigated as their structures and proper-
ties can readily be tailored for specifically addressing the issues
of sulfur cathodes in Li–S batteries.

Carbon–sulfur based cathodes. Most of the traditional
approaches for the preparation of sulfur electrodes involve
physical mixing of sulfur with conductors such as super P or
carbon black and binders. No matter which method is used for
the preparation of sulfur cathodes, selection of carbon materials
(both conductor and sulfur loading carbon) and proper design of the
cathode architecture need to be considered to achieve an appropriate
interface between electrode and electrolyte to ensure maximum
utilization of sulfur. In this respect, the electrode architecture
should be intertwined with stable three phase networks of e�/S8/
Li+ where lithium ions and electrons can smoothly contact with
sulfur and react easily, ensuring maximum utilization of sulfur.
Therefore, high sulfur loading or sulfur host materials with a high
content of sulfur, good conductivity and structural stability are very
important to fabricate carbon based robust sulfur composite
cathodes for the development of high-performance Li–S batteries.

To physically trap the soluble lithium polysulfides, carbons with
various pore structures and morphologies including microporous

Fig. 15 Schematic illustrations of the Li–S system: (a) shuttle effect178 (reproduced with permission, Copyright 2013, John Wiley and Sons), (b)
discharge/charge profiles and corresponding products of the sulfur cathode180 (reproduced with permission, Copyright 2020, John Wiley and Sons), and
(c) challenges with the lithium metal anode.
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carbon spheres/sheets, mesoporous carbon nanoparticles,
hierarchical porous carbon nanotubes, and 3D (three-dimensional)
carbon nanohybrids have been developed.191–194 Macropores and
mesopores with large pore volumes are expected to host a high
content of sulfur; however, they are less effective to trap polysulfides
due to their much larger pore size. Moreover, microporous carbon
negatively influences the battery performance because of the very
small pore volume (typically lower than 1 cm3 g�1), which could
only host a small fraction of sulfur in its pores. As a result,
conventional microporous carbons are practically useless for real
applications in Li–S batteries. To solve some of these key issues, a
yolk–shell carbon nanosphere (denoted as YSCN) with a micro-
porous shell, a mesoporous core, and a large void between them is
proposed as an effective sulfur host structure prepared by a
modified Stöber coating method (Fig. 16a).195 Such a robust elec-
trode architecture gives a number of advantages over the conven-
tional structure such as (i) connection between yolk and shell
fundamentally eliminates the poor electron transfer problem, which
occurs in all hollow structure hosts because of the gap formation
between hollow host and polysulfide in the long-term cycles; (ii) the
yolk-supported shell can provide a more robust physical architecture
to deal with the sulfur volume expansion problem; (iii) both yolk
and shell effectively block soluble lithium polysulfides; and (iv) both
sulfur storage and utilization are improved significantly. These
advantages result in a stable and increased reversible capacity as
well as an improved rate capability. This yolk–shell carbon

nanosphere can provide effective barriers to prevent the shuttle
effect by confining small sulfur molecule allotropes in both
porous yolk and shell. A high sulfur loading of 76 wt% with a
high initial capacity of 1106 mA h g�1 is achieved. The electrode
exhibits commendable rate capability with a capacity of about
400 mA h g�1 at 2C (Fig. 16e). Besides, when cycled at a high rate
of 0.5C, the material still maintains a capacity of 337 mA h g�1

with a very small capacity decay as low as 0.05% per cycle up to
1000 cycles (Fig. 16f).

5.2 Fabrication of interlayers

Boron nitride–graphene based interlayer. An effective strategy of
incorporation of an interlayer between sulfur cathode and separator
has been proposed for the absorption of soluble polysulfides as well
as reuse of the absorbed active material. Until now, a number of
interlayers such as carbon paper,196 carbon nanocube multilayered
reservoirs,197 carbon nanotube paper,198 and an acetylene black
mesh199 have been developed. The major problems with all of
these interlayers are their complex preparation procedure, weak
interaction between interlayer and polar polysulfide anions, and
unacceptable thickness with heavy mass of the interlayer, which
affect battery performance significantly. Therefore, development
of a lightweight interlayer that can not only increase the electric
conductivity but can also alleviate polysulfide transport from the
cathode to anode is a challenge. To decrease charge transfer
resistance and alleviate polysulfide diffusion, a thin and selective

Fig. 16 (a) Schematic synthesis protocol of the yolk–shell carbon nanospheres (YSCNs) and the subsequent sulfur impregnation (S-YSCNs); (b) STEM
image and (c and d) corresponding elemental distributions (areal); (e and f) electrochemical performance of (e) rate capability and (f) cyclic stability of the
S-YSCN electrodes.195 (Reproduced with permission, Copyright 1969, John Wiley and Sons.)
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interlayer was prepared by coating the surface of a carbon nanotube/
sulfur (CNT/S) cathode with a thin layer of a functionalized boron
nitride (FBN)/graphene (G) composite.200 The interlayer of FBN/G
not only leads to the reduction of charge transfer resistance but also
mitigates the shuttling problem. The incorporation of positively
charged amino groups into FBN makes it to act as an ion-
attracting site of negatively charged polysulfide products due to
the electrostatic interaction, where graphene as a conductor
and skeleton provides enough conductivity to the system.
Consequently, a low capacity degradation rate of 0.0067% per
cycle at 1C and 0.0037% per cycle at 3C is measured for the cell
with interlayers over 1000 cycles (Fig. 17e). The Li–S cell with a
FBN/G interlayer also exhibits a superior high-rate capability
(Fig. 17f). This new interlayer provides a promising approach
to significantly enhance Li–S battery performance. Such a
novel configuration strategy can potentially be applied to other
energy storage systems.

5.3 Advanced infusion of molten lithium

Li metal anodes. The lithium (Li) metal is considered as an
ultimate choice for the anode for Li–S batteries due to its highest
theoretical capacity (3860 mA h g�1 or 2061 mA h cm�3) and
lowest electrochemical potential (�3.04 V versus the standard
hydrogen electrode) among all possible candidates.201,202 The Li
anode, however, poses two critical issues: (i) the virtually infinite
relative volume change, resulting in cracks of the solid–
electrolyte-interface (SEI),203 and (ii) uncontrollable formation
of Li dendrites during charge/discharge cycles, leading to low
Coulombic efficiency, poor cyclic stability, and serious safety
problems.204–207 To address the problem of relative volume
change, the molten lithium infusion strategy has been developed
to pre-store Li in the stable hosts,208,209 which delivers several
advantages: first, a stable host minimizes volume variation by
dividing dense Li into smaller domains; second, the increased

active Li surface greatly reduces the effective current density,
homogenizing the ion flux and further suppressing dendrites; third,
stable volume can be maintained at the electrode level to avoid
stress fluctuation within a cell, thus minimizing safety concerns.
However, the most challenges are to find out suitable host materials
with excellent lithiophilicity for molten Li infusion because most
available materials cannot be well wetted by molten Li.

Exploring new lithiophilic materials and finding a new
surface functionalization strategy are of significant importance
to the broader application of the molten Li infusion and the
carbon-based hosts for stable Li-metal anodes. Recently, our
group has identified a series of metal oxides including MnO2,
Co3O4 and SnO2 as superior lithiophilic materials. In this study,
MnO2 was used to functionalize graphene foams (G) by simply
touching the edge of the functionalized graphene foams to
molten Li (Fig. 18a–d).210 Such a novel design of metal oxide
nanoflake-decorated graphene foams (GFs) as 3D hosts exhibits
several attractive features such as high porosity, high conductivity,
and good mechanical flexibility, which ensure structural integrity
during cycling. The 3D network acts as a cage to effectively confine
lithium, realize minimum volume change, stabilize the electrolyte/
electrode interface, and effectively suppress large dendrite
formation during cycling. The obtained Li–Mn/graphene anode
demonstrates a super-long and stable lifetime for repeated Li
plating/stripping of 800 cycles at 1 mA cm�2 without voltage
fluctuation, which is eight times longer than the normal life-
span of a bare Li foil under an identical testing condition
(Fig. 18e). In addition, excellent rate capability and cyclability
are also realized in full-cell batteries with Li–Mn/graphene
anodes and LiCoO2 cathodes (Fig. 18f and g). This study
demonstrates a major advancement in developing a stable Li
anode for Li–S batteries.

In addition to the above mentioned strategies, fabrication of
hollow multishell structured (HoMS)/hollow micro-/nanostructured

Fig. 17 (a) Schematic configuration of a Li–S cell with a FBN/G interlayer; (b) SEM image of cross section of the FBN/G interlayer and CNT/S cathode; (c)
SEM image of the surface of a FBN/G interlayer; (d) SEM image of the surface of a pure graphene; and (e and f) electrochemical performance of (e) cyclic
stability and (f) rate capability.200 (Reproduced with permission, Copyright 1969, John Wiley and Sons.)
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Fig. 18 (a) Schematic of the material design and the consequent synthetic procedures; (b) top-view SEM image of the MnO2/graphene foam; (c) digital
camera image of MnO2/graphene foam after contacting with molten Li; (d) SEM image of the Li–Mn/G composite anode; (e) long-term cycling
performance of a symmetric Li–Mn/G composite anode (red) and bare Li foil (black) with a stripping/plating capacity of 1 mA h cm�2 at 1 mA cm�2; and (f
and g) cycling performance of full-cell batteries with Li–Mn/graphene anodes and LiCoO2 cathodes (1C = 120 mA g�1).210 (Reproduced with permission,
Copyright 2018, John Wiley and Sons.)
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materials and their application in rechargeable batteries as electro-
des and/or sulfur carrier have received serious attention.211–214

Hollow structures have been shown to be fruitful in addressing
the cycling-stability problem of high capacity electrode materials.
HoMS materials have unique properties including large specific
surface area, high loading capacity and/or buffering effect, benefit-
ing the mass/energy transmission and effective surface area. As a
result, hollow structured electrodes can maintain good structural
integrity and achieve much better cycling stability than their solid
counterparts. Besides, to resolve dendrite growth of alkali metals
(typically Li, Na and K), an effective approach of anode engineering
on structured current collectors can potentially be adopted.215

6. Conclusions and future
perspectives

In this review article, we have discussed our battery research
carried out over the last decade. Table 1 summarizes all electrode
materials and their critical properties which have been reflected
here. This review article clearly demonstrates the development
from bulk to nanoscale materials by adopting nanotechnology and
how nanoscale materials profoundly change the performance
of various energy storage systems including LIBs, SIBs, PIBs,
and Li–S batteries. Various strategies, different nanostructural

electrode design, synthesis methods as well as some future
works are discussed to overcome existing limitations with
different storage systems.

LIBs and SIBs

Metal oxides exhibit several serious problems, specifically swel-
ling and shrinking of active metal particles during Li+ or Na+ ion
insertion/de-insertion, causing pulverization between active
materials and electron conducting agents, leading to low electric
and ionic conductivity, which directly affect battery performance,
in particular cycling stability and rate capability. Minimization of
the high level of volume alterations with metal oxide anodes is a
challenge. To combat the effects of a drastic volume change in
metal oxides, a hybridization strategy is employed where two
phases that react with lithium at different potentials vs. Li/Li+ are
combined together in one electrode and are simultaneously
dispersed in a conductive carbon matrix by adopting the industry
acceptable ball milling technique. As a result, the obtained
hybridized Fe2O3–SnO2/C and Co3O4–Fe2O3/C composite anodes
deliver improved cycle life and high rate capability due to the
mitigation of volume change through sequential expansion and
contraction in one electrode where the carbon matrix serves as a
conductive scaffold that maintains a reliable electrical contact
between active particles and current collectors. Such an electrode
architecture is beneficial for diffusion of the electrolyte into the

Table 1 A summary of the various electrode materials (synthesis methods and properties) for rechargeable batteries

Materials Systems Synthesis methods Cycling stability
Rate capability
(mA h g�1) Ref.

Fe2O3–SnO2/C LIB anode Molten salt and ball milling 1110 mA h g�1 (50 cycles) 502 at 3950 mA g�1 42
Co3O4–Fe2O3/C LIB anode Molten salt and ball milling 703 mA h g�1 (300 cycles) 400 at 3 A g�1 54
Co3O4–Fe2O3/C SIB anode Molten salt and ball milling 410 mA h g�1 (100 cycles) 278 at 1 A g�1 61
ZnFe2O4/C LIB anode Sol–gel and ball milling 681 mA h g�1 (100 cycles) 469 at 2.85 A g�1 75
Co3O4/CNTs SIB anode Molten salt and liquid plasma 403 mA h g�1 (100 cycles) 190 at 3.2 A g�1 83
Additive-free Nb2O5–TiO2 LIB anode Radio frequency sputtering 218 mA h g�1 (400 cycles) 174 at 0.4 A g�1

(1474 mA h cm�3

at 40 mA cm�2)

111

Nanoporous Nb2O5 LIB anode Electrochemical anodization 201 mA h g�1 (1.0–3.0 V) and
175 mA h g�1 (1.2–3.0 V)
(300 cycles)

161 at 0.8 A g�1 119

LiFe0.4Mn0.6PO4/C composite LIB cathode Combination of ball milling,
spray drying and annealing

152 mA h g�1 (500 cycles) 72 at 20C 131

Maricite NaFePO4 SIB cathode Solid-state reaction and ball milling 142 mA h g�1 (300 cycles) 51 at 5C 136
a-LiFeO2–MWCNTs
nanocomposite

LIB cathode Molten salt and a radio
frequency oxygen plasma

147 mA h g�1 (100 cycles) 101 at 10C 137

LiFeTiO4–MWCNTs LIB cathode Ball milling and annealing 110 mA h g�1 (100 cycles) 65 at 500 mA g�1 138
Hybrid V2O5/graphene LIB cathode Wet ball-milling 185 mA h g�1 (100 cycles) 149 at 10C 139
SiO2-coated LiNi0.5Co0.2Mn0.3O2

microspheres
LIB cathode Wet chemistry and solid

state reaction
153.4 mA h g�1 (50 cycles) 131 at 2C 149

ZrO2 modified
LiNi0.6Co0.2Mn0.2O2

LIB cathode Wet chemistry and solid
state reaction

146 mA h g�1 (100 cycles) 94.5 at 5C 150

Antimony doped tin oxide
coated-LiNi0.5Co0.2Mn0.3O2

LIB cathode Wet chemistry and solid
state reaction

123 mA h g�1 (50 cycles) 110 at 5C 151

Sn/C nanocomposite PIB anode Ball-milling 120 mA h g�1 (30 cycles) — 159
SnS2/rGO composite PIB anode Sequential wet-chemistry 250 mA h g�1 (30 cycles) 120 at 2 A g�1 163
Sb–P/C composite PIB anode Planetary ball mill 402 mA h g�1 (50 cycles) — 168
P/C nanocomposite PIB anode Planetary ball mill 270 mA h g�1 (50 cycles) 300 at 2 A g�1 170
Sulfur/carbon nanospheres
(yolk–shell)

Li–S battery
cathode

Modified Stöber coating 337 mA h g�1 (1000 cycles) 400 at 2C 195

CNT/S coated with boron
nitride nanosheets/graphene

Li–S battery
cathode interlayer

Ball milling and wet-chemistry 700 mA h g�1 (1000 cycles) 556 at 6C 200

Li–Mn/graphene Li–S battery anode Combination of CVD,
hydrothermal and melt infusion

800 cycles at 1 mA cm�2

without voltage fluctuation
— 210
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bulk of the electrode, providing fast transport channels for the Li
ions as well as fast electron transfer to the outer circuit. A mixed
metal oxide composite anode of ZnFe2O4/C is also prepared by
combining sol–gel and ball milling methods where sol–gel
synthesised ZnFe2O4 nanoparticles are dispersed and attached
uniformly along the chains of the carbon matrix. This composite
structure features several advantages over the conventional
materials, leading to outstanding electrochemical performance
in LIBs. Most importantly, a green electrode material of hybrid
Nb2O5–TiO2 for LIBs is fabricated by adopting the advanced
radio frequency sputtering technique, which requires no sup-
plementary support from additives/chemicals. The development
of additive-free electrodes based on low-cost and environmen-
tally friendly materials is a significant advance for expansion of
sustainable and ecologically friendly energy storage. Another
safe LIB anode of Nb2O5 with a new morphology of a vein-like
nanoporous network was produced using a simple electrochemical
anodization method. The demonstrated synthesis method is cap-
able of producing a wide range of functional nanomaterials.

In the case of SIBs, the development of this storage device is
hampered due to the lack of suitable anode materials. Our
group carried out the first study of sodium electrochemistry
with Co3O4 in 2014. It is verified that stable cycle life and high
rate capability are difficult to achieve with the Co3O4 anode in
SIBs without incorporation of the carbon matrix. To tackle this
problem, a robust composite electrode of Co3O4/CNT was
designed and produced by a new ‘‘liquid plasma’’ method in a
single step process. In this electrode architecture, Co3O4 nano-
particle clusters are uniformly dispersed in CNT networks where
Co3O4 guarantees high electrochemical reactivity towards
sodium, while the CNT improves the conductivity and stabilizes
the anode structure during cycling.

In terms of cathode materials, layered transition metal oxides
and poly-anionic compounds are considered as a suitable cathode
host for LIBs and SIBs. However, poor cycling stability and rate
capability still exist with these cathode hosts. To advance poly-
anionic cathodes, a composite microstructure of LiFe0.4Mn0.6PO4/C
is proposed and produced using a double carbon coating process by
employing a traditional industrial technique (a combination of ball
milling, spray drying and annealing). The strategy of double carbon
coating is found to be an effective technique to ensure that all
particles get electrons from all directions and contribute to the
charge–discharge process. A high performance SIB cathode of
maricite NaFePO4 nanoparticle entwined graphene sheets is
designed and produced by an innovative approach of combi-
nation of a solid-state reaction and a ball milling technique.
Entwining particles in a graphene network ensured both
electron transfer and ion diffusion simultaneously and most
particles contributed to the charge/discharge process. A wet
ball-milling method was used to produce the hybrid cathode of
V2O5/graphene where nanometre-sized V2O5 particles/aggregates
were well embedded and uniformly dispersed in the crumpled
and flexible graphene sheets generated by in situ conversion of
bulk graphite during ball milling. Improvement in reversible
capacity and rate capability is a serious challenge with LiFeO2 based
cathodes in LIBs. A cathode architecture of a-LiFeO2–MWCNTs was

produced by combining a molten salt process and a radio
frequency oxygen plasma, which is realised as an advanced
cathode with high reversible capacity and high rate capability.
To enhance the structural stability of Ni-rich layer structured
cathodes (LiNi1�x�yMnxCoyO2 (0 r x + y r 0.5)), a surface
nanocoating with metal oxides such as SiO2, ZrO2, and Sb doped
SnO2 is proposed. This surface nanocoating suppresses side
reactions in the interface between electrolyte and electrode,
reduces transition-metal dissolution, and hinders decomposition
of the electrolyte, leading to improved electrochemical perfor-
mance. In-depth in situ electrochemical analysis, electrolyte
study, and prototype full-cell fabrication by coupling a suitable
anode and cathode are expected to be undertaken in the future.

PIBs

Potassium-ion batteries are a new class of high voltage non-
aqueous batteries that have received worldwide attention since
2015 and are currently becoming a hot topic in the electro-
chemical energy storage field. To justify the feasibility of this
new type of battery system, the identification of suitable anode
electrode materials for this device is very important. Initially,
only graphitic carbon anodes were disclosed. The works (mate-
rial preparation, evaluation of electrochemical properties, and
establishment of the charge storage mechanism) carried out by
our group are the first to demonstrate non-carbon anodes
based on tin (Sn), antimony (Sb) and phosphorus (P) where a
number of materials identified are capable of alloying with
potassium, delivering capacity higher than graphite. However,
it is realised that the stable cycle life of PIBs with alloy anodes is
a significant challenge because of large volume variation dur-
ing potassiation, leading to an abrupt mechanical degradation
of the electrodes. To combat volume variation, an effective
approach of composite formation with the carbon matrix is
proposed. Indeed, composite formation with the carbon matrix
does improve the cycling stability of the Sb based anode. In this
regard, a combination of three strategies (addition of an
electrolyte additive, FEC; choice of the binder, replacement of
the CMC with gum arabic; and addition of an extra alloying
element to the composite such as black phosphorus, P) is
proposed to construct the Sb–P/C composite anode for improv-
ing the cycling stability of the Sb based anodes in potassium
cells. Surprisingly, no electrochemical reactivity of the silicon
based anode with potassium is observed in our experiments. All
of these early results in the field have stimulated the research
community significantly and have led to the subsequent dis-
closure of many new non-carbon anode materials for PIBs. In-
depth study of reaction mechanisms (reaction mechanisms of
electrochemical alloying in potassium cells are quite different
from those in previously assessed lithium and sodium cells),
creation of certain intermetallic phases (like Sn4P3), and fabri-
cation of prototype full-cells with alloy based anodes are to be
explored in the future.

Li–S batteries

Significant research achievements have been made through the
development of novel strategies for the fabrication of sulfur
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cathodes as well as the protection of the Li metal anode in Li–S
batteries. A rational novel design of yolk–shell carbon nano-
spheres composed of a microporous shell and a mesoporous
core with a large void between them was found to be an
effective sulfur host for the fabrication of conducting and high
sulfur loading cathodes. To increase electronic conductivity
and prevent shuttling, the formation of an interlayer on the
cathode surface is demonstrated as a practical strategy, which
significantly improves battery performance. The protection of
the Li metal anode is also a significant challenge to relieve
volume variation, suppress dendrite formation, and block
unfavourable reaction between soluble polysulfides and Li. An
advanced molten lithium infusion strategy is proposed for the
successful protection of the Li-metal anode to overcome all of
these issues. It is anticipated that such a strategy could be
extended to other rechargeable batteries. A more comprehensive
study including sophisticated electrode design and modification of
separators and electrolytes is required to achieve next-generation
high performance Li–S batteries.
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