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Abstract Improvement of the energy density and power density of the lithium-ion batteries is

urgently required with the rapid development of electric vehicles and portable electronic devices.

The spinel LiMn2O4 is one of the most promising cathode materials due to its low cost, nontoxicity,

and improved safety compared with commercial LiCoO2. Developing nanostructured electrode

materials represents one of the most attractive strategies to dramatically enhance battery

performance, such as capacity, rate capability and cycling life. Currently, extensive efforts have

been devoted to developing nanostructured LiMn2O4 and LiMn2O4/carbon nanocomposites to

further improve the rate capability of lithium-ion batteries for high-power applications. In this

paper, recent progress in developing nanostructured LiMn2O4 and LiMn2O4/carbon nanocompo-

sites is reviewed, and the benefits to the electrochemical performance of LiMn2O4-based cathodes

by using these electrode materials are also discussed.
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1. Introduction

Due to the fast depletion of fossil fuels and the associated

environmental problems, there has been a strong and ever-

increasing demand for renewable energy and reliable devices

for energy conversion and storage. Lithium-ion batteries, with

their superior energy density, have become attractive energy-

storage systems for portable electronic devices, such as cell

phones, digital cameras and laptops. Currently, the worldwide

market for lithium-ion batteries is valued as 10 billion dollars
sting by Elsevier Ltd. All rights reserved.
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Fig. 1 Schematic illustration of a lithium-ion battery. The anode

(graphite) and the cathode (LiCoO2) are separated by a non-

aqueous liquid electrolyte. Reprinted from Ref. [1] with permis-

sion by John Wiley and Sons.

Fig. 2 The crystal structure of spinel LiMn2O4.
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per annum and is still expanding. The emerging new technologies,

such as electric vehicles for transportation and smart grids for

utilizing renewable energy sources, will largely depend on the

development and application of lithium-ion batteries for large-

scale energy storage [1–4].

In lithium-ion batteries, lithium ions are shuttled between the

two insertion host electrodes (cathode and anode) during the

charge/discharge processes. Fig. 1 illustrates a typical lithium-

ion battery, which consists of a graphite negative electrode

(anode), a non-aqueous liquid electrolyte, and a positive

electrode (cathode) formed by layered LiCoO2. During the

charging process, lithium ions are extracted from LiCoO2, pass

across the electrolyte, and are inserted into the graphene layers

of the graphite. The discharge is the reverse process in which

lithium ions are de-intercalated from the graphite and re-

inserted into the LiCoO2 cathode. In the meantime, electrons

pass through the external circuit for charge compensation. In

commercial lithium-ion batteries, graphite is used as the anode

while lithium transition metal oxides, such as LiCoO2, LiFePO4,

and LiMn2O4, are employed as the cathode [5–7].

For the cathode materials, each system has its own advan-

tages and disadvantages. The layered LiCoO2 has revolutionized

portable electronics like cell phones and laptops, but the high

cost, toxicity, and safety concerns prevented LiCoO2 from being

used in large-scale batteries and transportation [8,9]. Although

LiFePO4 has improved safety, the high cost of producing

carbon-coated nano-LiFePO4 limits its application in large-

scale batteries [10]. In contrast, spinel LiMn2O4 has become

the most attractive cathode material for transportation and

large-scale batteries due to its low cost, environmental friendli-

ness, good structural stability, and much improved safety [11].

As illustrated in Fig. 2, LiMn2O4 adopts the spinel structure

with space group Fd3m in which the Li and Mn occupy the 8a

tetrahedral and 16d octahedral sites of the cubic close-packed

oxygen ions, respectively. The edge-shared octahedral Mn2O4

host structure is highly stable and possesses a series of

intersecting tunnels formed by the face-sharing of tetrahedral

lithium (8a) sites and empty octahedral (16c) sites. Such

tunnels allow the three-dimensional diffusion of lithium. The

lithium intercalation/deintercalation into/from the 8a tetrahe-

dral sites occurs at about 4 V with the maintaining of

the initial cubic spinel symmetry. Surplus lithium can be

intercalated into the spinel LiMn2O4 to reach a maximum
composition of Li2Mn2O4, which occurs at about 3 V against

the lithium anode with a phase transformation from cubic to

tetragonal phase. The cubic to tetragonal phase transition,

often referred to as Jahn–Teller distortion, is accompanied by

a 6.5% increase in the unit cell volume, which damages the

structural integrity of the electrode during charge/discharge

cycling and results in rapid capacity fading [12]. To prevent

Jahn–Teller distortion, LiMn2O4 are only used below 4 V vs.

Li/Liþ with a limited practical capacity of around 140 mA h/g

(the theoretical capacity of LiMn2O4 is 148 mA h/g while the

theoretical capacity of Li2Mn2O4 is 296 mA h/g). However,

LiMn2O4 tends to exhibit capacity fading even in the 4 V

region, especially at elevated temperatures. Several detrimental

effects, including Jahn–Teller distortion at the surface of the

particles under conditions of nonequilibrium cycling [13],

dissolution of Mn into the electrolyte [14], formation of two

cubic phases in the 4 V region [15], loss of crystallinity [16],

and development of micro-strain [17] during cycling, could be

the source of the capacity fading. These major detrimental

effects are summarized in Table 1. Several strategies have been

developed to overcome the detrimental effects (Table 1), such as

the over-oxidation of Mn that leads to the formation nonstoi-

chiometric LiMn2O4þd, the cationic substitutions that results in

LiMyMn2�yO4 (M¼Li, Cr, Co, Ni, and Cu) and the surface

modification. However, these strategies usually cause decrease in

capacity. On the other hand, the reduction of particle size is a

promising strategy since it can alleviate these detrimental effects

(except for the case of dissolution of Mn) and also improve the

electrochemical performance of LiMn2O4.

Although lithium-ion batteries can provide higher energy

density than other secondary battery systems, their power

density remains too low for high power applications [e.g.,

electric vehicle (EV)]. The power density of lithium-ion

batteries is limited by the low rate capability of the electrode

materials. In particular, the slow lithium ion and electron

diffusion in the cathode materials lead to insufficient lithium

ion insertion/extraction under high charge/discharge rates [18].

Two methods are generally employed to increase the rate

capability of the cathode materials. One method is to reduce

the crystallite size and particle size of the cathode materials

from micrometer to nanometer so that the electron and

lithium ion diffusion paths can be shortened [19]. Another

method is to add conductive additives to the cathode materials

to improve their electrical conductivity [20]. It was found that



Table 1 Detrimental effects that induce instability and capacity fading of LiMn2O4.

Detrimental effect Mechanism of the

detrimental effect

General solution Limitation of current

solution

Prospect on how to

improve

Jahn–Teller distortion Severe volume change Nonstoichiometric spinel, metal

ion doping

Low capacity Reduce particle size

Dissolution of Mn Disproportionation

reaction

Surface modification Low capacity Reduce coating

materials

Formation of two cubic

phases

Structure instability Nonstoichiometric spinel Low capacity Reduce particle size

Loss of crystallinity Structure degradation Nonstoichiometric spinel Low capacity Reduce particle size

Development of micro-

strain

Volume change Metal ion doping Low capacity Reduce particle size

Fig. 3 SEM images of LiMn2O4 nanoparticles synthesized by (a) nstarch-assisted sol–gel method (reprinted from Ref. [45] with

permission from Elsevier), (b) ultrasonic spray pyrolysis (reprinted from Ref. [36] with permission from Elsevier), (c) flame spray pyrolysis

(reprinted from Ref. [42] with permission from Elsevier), and (d) a resorcinol–formaldehyde route (reprinted from Ref. [44] with

permission from Elsevier).
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by using nanostructured LiMn2O4 and LiMn2O4/carbon

nanocomposites, the rate capability, the structural stability

of LiMn2O4, and the cycling stability could all be improved

[21]. To date, various nanostructures of LiMn2O4 (e.g.,

nanoparticles [22], nanorods [21,23], nanowires [24,25], and

nanotubes [26,27]) and various LiMn2O4/carbon nanocompo-

sites (e.g., carbon coated LiMn2O4 [28], LiMn2O4/carbon

nanotube [29,30], and LiMn2O4/graphene nanocomposites

[31]) have been developed and applied as the cathode materi-

als. In this review, we will discuss the recent progress in

developing nanostructured LiMn2O4 and LiMn2O4/carbon

nanocomposites and the benefits to the electrochemical per-

formance of LiMn2O4-based cathodes by utilizing these

electrode materials.
2. Nanostructured LiMn2O4

2.1. LiMn2O4 nanoparticles

LiMn2O4 is conventionally prepared by the solid-state reaction

between lithium and manganese salts. However, these prepara-

tions suffer from problems such as inhomogeneity, irregular

morphology, large particle size, poor control of stoichiometry

and long period of calcination. Recently, many wet chemical

methods including sol–gel, pechini, combustion, precipitation,

spray pyrolysis and hydrothermal synthesis have been employed

to synthesize LiMn2O4 [32–39]. In contrast to the solid-state

methods, the wet chemical methods have better control of

stoichiometry, require lower calcination temperature and relatively



Fig. 4 (a) Comparison of rate performance between nano-

LiMn2O4 prepared by resorcinol–formaldehyde route and the

sol–gel prepared LiMn2O4. (b) The discharge voltage profiles of

nano-LiMn2O4 at different discharge rates. Reprinted from Ref.

[43] with permission from American Chemical Society.
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shorter processing time, and can produce nano-sized particles with

a narrow size distribution. However, for the wet chemical

methods, hard aggregation between the nanoparticles could occur

during the post-calcining process. In addition, the calcining

temperature needs to be optimized to obtain organic free, phase

pure crystalline powders since high specific capacity and good rate

capability can only be obtained from LiMn2O4 nanoparticles with

a high degree of crystallinity [18]. LiMn2O4 nanoparticles with

poor crystallinity have excessive amount of surface defects that

can adversely affect electrochemical properties of the nanoparticles

[29]. More importantly, the spinel structure may not be perfectly

constructed in the poorly crystallized LiMn2O4 so that not all

lithium ions can be reversibly extracted and inserted. Therefore,

when using these wet chemical methods to prepare LiMn2O4

nanoparticles, caution must be taken to obtain nano-sized

particles with high crystallinity.

Various chelating agents, such as citric acid, fumaric acid and

starch, have been used to assist the sol–gel synthesis of LiMn2O4

nanoparticles [34,40,41]. Recently, Tang et al. [41] synthesized

nanochain-structured LiMn2O4 by a starch-assisted sol–gel

method. LiMn2O4 prepared by this method displayed a nano-

chain shape that consisted of nanobeads of about 100 nm in

diameter (Fig. 3a). The nanochain-structured LiMn2O4 demon-

strated better rate capability and cycling stability than the

commercial LiMn2O4 composed of aggregated submicron-

sized particles. The authors attributed the superior electroche-

mical performance of the nanochain-structured LiMn2O4 to its

interconnected nanocrystalline morphology, which may facil-

itate lithium ion transport and allow good rate performance [41].

Spray pyrolysis is another widely used method that can

continuously produce hypercomplex and uniform particles by

spray-pyrolizing the solution mixture of reagents. Spherical

LiMn2O4 composed of 10 nm-sized primary nanoparticles was

synthesized by an ultrasonic spray pyrolysis method (Fig. 3b)

[36]. It is interesting to note that these LiMn2O4 nanoparticles

did not show capacity fading in the 3 V region even after 50

cycles. The primary crystalline nanoparticles still suffered the

Jahn–Teller distortion; however, the strain within the particles

induced the phase transition to occur in random directions,

which allowed the nanoparticles to sustain the volume change.

Yi et al. prepared LiMn2O4 cathode powders comprising

nanoparticles by flame spray pyrolysis using an aqueous spray

solution prepared from inexpensive metal salts [42]. The

LiMn2O4 powders had non-aggregation characteristics as

shown in Fig. 3c, which indicated that flame spray pyrolysis

could be a promising method to prepare LiMn2O4 nanopar-

ticles without severe particle aggregation.

The best electrochemical performance of LiMn2O4 nanopar-

ticles was reported by Shaju and Bruce [43]. They synthesized

stoichiometric LiMn2O4 by a one-pot resorcinol–formaldehyde

route. Similar results have been reported by Chen et al. using a

modified resorcinol–formaldehyde route [44]. As shown in

Fig. 3d, the interconnected LiMn2O4 nanoparticles with dia-

meters of 50 to 100 nm formed a porous structure. This

nanocrystalline LiMn2O4 demonstrated a high initial capacity

of 131 mA h/g and retained 118 mA h/g after 200 cycles at a

discharge rate of C/2. It also exhibited excellent rate capability

(Fig. 4), retaining 90% of its capacity at 40 C and 85% at 60 C.

The cycling stability of this material was greatly improved as

compared to the conventionally synthesized bulk LiMn2O4 or

nanoparticle LiMn2O4 synthesized by a different sol–gel route,

which indicated that the nanocrystalline LiMn2O4 prepared
using the resorcinol–formaldehyde route might possess a stabi-

lized surface that inhibits Mn dissolution [43].

The LiMn2O4 nanoparticles synthesized by wet chemical

methods typically need a high-temperature calcination process

to form the spinel structure. Recently, hydrothermal method

has been demonstrated as an attractive low-temperature route

to prepare crystalline LiMn2O4 [46–48]. However, the pre-

viously proposed hydrothermal synthesis procedures have

some disadvantages. For examples, multiple reagents includ-

ing oxidants (e.g., H2O2), reductants (e.g., glucose), or low-

valence Mn sources [e.g., Mn(NO3)2] were used together with

the manganese sources to obtain mixed valences of Mn4þ and

Mn3þ in the starting materials, which added considerable

complexity to the synthesis. Jiang et al. [46] synthesized

LiMn2O4 nanoparticles hydrothermally at 200 1C directly

from g-MnO2 and aqueous solution of LiOH without any

additional reagents. It was found that 3 days of hydrothermal

reaction could produce highly crystallized LiMn2O4 nanopar-

ticles (30–50 nm, Fig. 5a) with good electrochemical perfor-

mance. In another study, LiMn2O4 nanoparticles (50–300 nm,

Fig. 5b) were hydrothermally synthesized from MnO2,

Mn(NO3)2, and aqueous solution of LiOH �H2O at 280 1C

for 36 h [47]. The distinctive well-defined crystal faces indicate

that the nanoparticles are single spinel crystals of octahedral

shape with well-developed {1 1 1} planes. Later, Okubo et al.

[18] synthesized nanocrystalline LiMn2O4 by a hydrothermal

reaction of nano-sized orthorhombic LiMnO2, LiOH, and

H2O (Fig. 5c). The crystallite size of the nanocrystalline

LiMn2O4 (15–210 nm) was controlled by varying the amount

LiOH, temperature and reaction time. In general, Jahn–Teller



Fig. 5 SEM and TEM images of LiMn2O4 nanoparticles prepared using different hydrothermal methods by (a) Jiang (reprinted from

Ref. [46] with permission from Elsevier), (b) Wu (reprinted from Ref. [47] with permission from Elsevier), (c) Okubo (reprinted from

Ref. [18] with permission from American Chemical Society), and (d) Liddle (reprinted from Ref. [48] with permission from Royal Society

of Chemistry).
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distortion from cubic spinel to tetragonal spinel is accompanied by

a large unit cell expansion, and the lithium ion intercalation

proceeds by fractional change of the two phases. When crystallite

size is considerably large, full lithiation throughout the particle

cannot be achieved due to the slow movement of the domain

boundaries. In this study, it was found that when crystallite size

was sufficiently small (�15 nm), the nanocrystals could not

accommodate domain boundaries between Li-rich and Li-poor

phases due to interface energy, and the lithiation would proceed

via solid solution state without domain boundaries, which allowed

fast Li-ion insertion during entire discharge process [18]. Liddle

et al. synthesized LiMn2O4 nanoparticles through a very simple

and fast hydrothermal process in which KMnO4 reacted with

organic reductants (e.g., alcohols and acetone) and the aqueous

solution of LiOH [48]. The spinel LiMn2O4 phase with no other

impurities was formed after a short reaction time (�5 h) at a

relatively low temperature (180 1C). Fig. 5d shows the synthesized

LiMn2O4 that was composed of nanoparticles with sizes between

10 and 30 nm as majority and some larger particles (100–300 nm).

However, severe nanoparticle aggregation and oxygen deficiency

were observed in the as-prepared samples [49]. Promising electro-

chemical behavior of these LiMn2O4 nanoparticles could only be

achieved after annealing in oxygen at 500 1C to remove the oxygen

deficiency.

2.2. One-dimensional (1-D), two-dimensional (2-D) and

three-dimensional (3-D) LiMn2O4 nanostructures

In addition to the LiMn2O4 nanoparticles, extensive efforts have

also been devoted to developing other LiMn2O4 nanostructures.
1-D nanostructures, such as nanorods, nanowires and nanotubes,

are particularly attractive because they have large surface-to-

volume ratio that allows for efficient active material–electrolyte

contact and can also provide efficient 1-D electron transport

pathways and facile strain relaxation during battery charge and

discharge [50]. Moreover, the nonwoven fabric morphology

constructed by these 1-D nanostructures can suppress the aggre-

gation and grain growth at high temperature, and the potential

barrier between the nano-sized grains can be ignored [24].

However, the reported single crystalline 1-D nanostructures are

generally metal oxides with an anisotropic crystal structure

because the materials with a cubic spinel crystal structure (e.g.,

LiMn2O4) cannot easily grow in the one-dimensional direction.

Therefore, most of the recent works used 1-D MnO2 nanostruc-

tures as a self-template to prepare 1-D LiMn2O4 nanostructures.

Kim et al. [50] reported the hydrothermal synthesis of

single-crystalline b-MnO2 nanorods and their conversion into

free-standing single-crystalline LiMn2O4 nanorods in a simple

solid-state reaction. The LiMn2O4 nanorods, having an

average diameter of 130 nm and length of 1.2 mm (Fig. 6a),

could deliver 100 mA h/g at a current density of 148 mA/g

(1 C). Hosono et al. [24] synthesized high-quality single

crystalline LiMn2O4 nanowires by using Na0.44MnO2 nano-

wires as a self-template. The sodium/lithium ion exchange and

the addition of more lithium were performed in molten salts of

LiNO3 (88 mol%) and LiCl (12 mol%) at 450 1C for 1 h. This

molten salt process produced a mixture of Li0.44MnO2 and

Li2MnO3, which was finally converted to LiMn2O4 when

heated at 800 1C for 1 h. The nanowire morphology of

Na0.44MnO2 was well maintained, and LiMn2O4 nanowires



Fig. 6 (a) SEM image of LiMn2O4 nanorods synthesized from b-MnO2 nanorods. Reprinted from Ref. [50] with permission from

American Chemical Society. (b) SEM image of LiMn2O4 nanowire synthesized from Na0.44MnO2 nanowires. Reprinted from Ref. [24]

with permission from American Chemical Society. (c) SEM image of LiMn2O4 nanowires synthesized from a-MnO2 nanowires.

Reprinted from Ref. [51] with permission from American Chemical Society. (d) TEM image of LiMn2O4 nanotubes synthesized from

b-MnO2 nanotubes. Reprinted from Ref. [26] with permission from John Wiley and Sons.
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with the diameters of 50–100 nm were obtained (Fig. 6b). By

employing a different self-template a-MnO2 nanowires, Lee

et al. successfully synthesized single crystalline LiMn2O4

nanowires with diameters less than 10 nm (Fig. 6c) using a

solid-state reaction [51]. The LiMn2O4 nanowire electrode

exhibited excellent rate capability and cycling stability as

shown in Fig. 7. The average discharge capacity of the

LiMn2O4 nanowire electrode at the current rate of 10 C was

around 105 mA h/g, and those at 60 C and 150 C were around

100 and 78 mA h/g, respectively. These large capacities at high

current rates arise from the nanowire morphology and the

high quality of the single crystal, which can shorten the

diffusion lengths of both the lithium and electrons. Single

crystalline LiMn2O4 nanotubes with an average diameter of

about 600 nm, a wall thickness of about 200 nm and a length

of 1–4 mm have also been synthesized using MnO2 nanotubes

as a self-template (Fig. 6d) [26]. However, due to the large

dimensions in diameter and wall thickness, the LiMn2O4

nanotubes do not exhibit superior cycling stability and rate

capability compared to the LiMn2O4 nanowires.

Two-dimensional nanostructures, such as nanosheets, can

also be beneficial for fast lithium ion transport. Specifically, 2-D

SnO2 nanosheet anodes were reported to have faster lithium ion

diffusion kinetics and superior high-rate capability owing to

their 2-D geometry [52]. Like 1-D nanostructures, since the

cubic spinel LiMn2O4 cannot easily grow in 2-D direction,

MnO2 nanosheets, which can be easily prepared, could be used

as a self-template for preparing LiMn2O4 nanosheets [53]. Sun

et al. reported the synthesis of nanoporous LiMn2O4 nanosheets

using MnO2 nanosheets as a template [54]. The preparation

process is shown in Fig. 8a. Ultrathin MnO2 nanosheets were
synthesized by a redox reaction of HMnO4. After that, the

MnO2 nanosheets were added into the solution of diethyl ether

and lithium methide to form LiOH-coated MnO2 nanosheets.

The resultant solid powder was transferred to a furnace and

annealed at 700 1C for 4 h in a nitrogen atmosphere, forming

the porous single crystalline LiMn2O4 nanosheets. The SEM

image (Fig. 8b) shows that each nanostructured sheet is

composed of small LiMn2O4 nanoparticles. Fig. 8c shows

a comparison of rate capability between porous LiMn2O4 nano-

sheets (PS-LiMn2O4) and LiMn2O4 powders produced by solid-

state reaction (SS-LiMn2O4). It is clear that the discharge

capacities of PS-LiMn2O4 are much higher than that of

SS-LiMn2O4. The superior electrochemical performance of PS-

LiMn2O4 was attributed to the nanoporous structure, the high

crystallinity and the exposed {1 1 1} facets that improved the

structural stability [54].

Three-dimensional porous nanostructures with large surface

area could exhibit higher durability in the lithium insertion/

extraction process at a high current density, owing to the short

lithium ion diffusion lengths in the 3-D channels of the

electrode [55–57]. Xi et al. synthesized porous LiMn2O4

microspheres by a solid-state reaction using a-MnO2 urchin-

like structures as a self-template [58]. As shown in Fig. 9a, the

LiMn2O4 microspheres with an average diameter of about

2 mm are composed of nanoparticles less than 100 nm.

A similar porous structure of LiMn2O4 formed by using

MnCO3 as the self-template was reported by Uchiyama

et al. [59]. The macroscopic morphologies of MnCO3 can

be tuned between spherical and rhombohedral shapes using

different agar contents. Using the biomimetic nanostructures

of MnCO3 prepared in agar matrix, a highly porous network



Fig. 7 (a) Discharge curves of the LiMn2O4 nanowires at

different rates after charging at 1 C. (b) Discharge capacity as a

function of cycle number for the LiMn2O4 nanowire electrode

cycled at different current rates. Reprinted from Ref. [51] with

permission from American Chemical Society.
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consisting of LiMn2O4 nanoparticles of 50–200 nm in dia-

meter (Fig. 9b) was obtained with high durability for lithium

charge/discharge cycles at a high current density. It was found

that MnCO3 could be partially converted into MnO2 when

heated at 290 1C for 2 h in air [60]. After performing a

chemical etching with HCl, the MnO2/MnCO3 mixture could

be converted into a hollow MnO2 structure. Wu et al. used the

hollow MnO2 microcubes as templates and successfully

synthesized hollow porous LiMn2O4 microcubes (Fig. 9c)

[60]. The hollow porous LiMn2O4 microcubes demonstrated

superior lithium-storage capacity with a stable cycle life and a

good rate capability compared to the solid-state reaction

synthesized LiMn2O4. For the 3-D porous LiMn2O4 nanos-

turctures, it is difficult to control the particle size and pore size

distributions. Jiao et al. first reported the synthesis of ordered

mesoporous LiMn2O4 [61]. In their synthesis procedure, the 3-

D mesoporous Mn2O3 synthesized using mesoporous silica as

the template was converted to Mn3O4 and finally to 3-D

mesoporous LiMn2O4 by a solid-state reaction with LiOH

(Fig. 9d). Despite having a high surface area of 90 m2/g, the

mesoporous LiMn2O4 could achieve higher rate capability

than that of the corresponding bulk material (50% higher

capacity at a rate of 30 C) at ambient temperature and good

stability at elevated temperatures, without the need for the

deliberate coating or doping with foreign ions.

Luo et al. synthesized LiMn2O4 nanorods, nanothorn micro-

spheres and hollow nanospheres by using corresponding MnO2
nanostructures as templates [62]. The surface morphologies of

these LiMn2O4 nanostructures are shown in Fig. 10a–c. Their

electrochemical lithium insertion/extraction properties were

extensively investigated. Fig. 10d shows the cycle performance

of the three LiMn2O4 nanostructures between 3 and 4.3 V at 1 C

rate. The LiMn2O4 hollow nanospheres exhibit the best cycle

performance and rate capability among the three nanostruc-

tures. Compared to the 1-D nanorods or 3-D nanothorn

microspheres, the 3-D hollow nanospheres could provide larger

interface area between the electrode material and the electrolyte,

smaller particle size and more inter-space that could facilitate

fast lithium ion transport and alleviate the volume expansion of

the electrode during charge/discharge [63].
2.3. LiMn2O4/carbon nanocomposites

The small dimensions of nano-sized active materials can greatly

increase the electrode–electrolyte contact area, facilitate charge-

transfer and diffusion kinetics during Li insertion/extraction,

and offer improved tolerance to structural distortion. Hence,

these nanomaterials are promising to achieve attractive power

capability and cycling stability. However, severe aggregation of

nanoparticles commonly occurs during electrode preparation

and charge/discharge cycling. The aggregation can reduce the

accessible interface area between electrode and electrolyte.

Moreover, electrolyte decomposition may induce the dissocia-

tion of individual nanoparticles or agglomerates from the

electrode, resulting in an irreversible loss of capacity and

electrode integrity. As a semiconductor material, LiMn2O4 also

suffers from its low electrical conductivity. Therefore, LiMn2O4

nanoparticles alone with low electrical conductivity and a

tendency to aggregate cannot achieve great improvement in rate

capability and cycling stability. To solve these problems, carbon

materials [e.g., carbon nanotubes (CNT) and graphene

nanosheets (GNS)] with high electrical conductivity, chemical

stability and mechanical robustness have been added

into LiMn2O4 to make LiMn2O4/carbon nanocomposites

[28,29,64–68]. These carbon materials can provide excellent

conducting support for the LiMn2O4 electrode, suppress aggre-

gation of nanoparticles, and minimize structural degradation

due to volume changes induced by lithium insertion/extraction.

However, the introduction of carbon into LiMn2O4 may

increase the oxygen deficiency at the surface of LiMn2O4 and

cause detrimetnal effects. Therefore, low-temperature and short-

time processing at high temperature are usually employed for

synthesizing LiMn2O4/carbon composites to prevent the reac-

tion between LiMn2O4 and carbon.

The preparation of carbon-composite-based cathode materials

is still a challenge, especially for lithium transition metal com-

pounds that requirie high-temperature solid-state syntheses.

Yue et al. synthesized the LiMn2O4/carbon (C) composite

(7.79 wt% carbon content) by a hydrothermal method [64]. The

particles of the LiMn2O4/C composite were in the size range

between 200 and 400 nm. The hydrothermally synthesized

LiMn2O4/C composite exhibited improved rate capability com-

pared to the ball mill prepared LiMn2O4/C composite because the

former has higher electrical conductivity due to the better

LiMn2O4–C contact. To obtain LiMn2O4/C composite with

smaller particle sizes, Patey and Novak et al. synthesized

LiMn2O4/C nanocomposites using a flame spray pyrolysis

(FSP) method [28]. The authors developed a strategy to combine



Fig. 8 (a) Schematic representation of the in-situ conversion of ultrathin MnO2 nanosheets to porous LiMn2O4 nanosheets. (b) SEM

images of the porous LiMn2O4 nanosheets. (c) Variation in discharge capacities versus cycle number for the porous LiMn2O4 nanosheets

and the solid-state reaction synthesized LiMn2O4. Reprinted from Ref. [54] with permission from Royal Society of Chemistry.

Fig. 9 (a) SEM image of LiMn2O4 porous microspheres synthesized from MnO2 urchin-like microspheres. Reprinted from Ref. [58] with

permission from Elsevier. (b) SEM image of porous spherical LiMn2O4 obtained from spherical MnCO3. Reprinted from Ref. [59] with

permission from Royal Society of Chemistry. (c) SEM image of hollow porous LiMn2O4 microcubes synthesized from MnCO3 hollow

microcubes. Reprinted from Ref. [60] with permission from John Wiley and Sons. (d) TEM image of ordered mesoporous LiMn2O4

synthesized using mesoporous silica. Reprinted from Ref. [61] with permission from John Wiley and Sons.
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Fig. 10 (a) TEM image of LiMn2O4 nanorods. (b) SEM image of LiMn2O4 nanothorn microspheres. (c) TEM image of LiMn2O4

hollow nanospheres. (d) Cycle performance of the three different LiMn2O4 nanostructures. Reprinted from Ref. [62] with permission

from American Chemical Society.

Fig. 11 Discharge capacities for electrodes with the FSP-produced

LiMn2O4 nanoparticles and various co-produced carbon black

contents at various C-rates between 3.5 and 4.3 V vs. Li/Liþ.

Reprinted from Ref. [28] with permission from Elsevier.
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vapor- and liquid-fed flame technology for flame co-synthesis of

LiMn2O4/C nanocomposites. The synthesized LiMn2O4/C nano-

composites had an average LiMn2O4 particle size of 10 nm and
exhibited excellent rate capability. The electrodes could retain

more than 80% of their nominal discharge capacities even when

cycled up to a 50 C rate (Fig. 11). However, the carbon content is

more than 32 wt% in the nanocomposites, which would cause

reduction in the energy density of the electrode.

Compared to other carbon nanostructures, CNT and GNS are

attractive as ideal templates to construct a hybrid material with

good dispersion of nanoparticles and improved electrical con-

ductivity [69]. Liu et al. synthesized LiMn2O4/CNT nanocompo-

sites (CNT content 10 wt%) by a sol–gel method [65]. Although

LiMn2O4 nanoparticles of 20–40 nm in diameter were obtained,

severe aggregation was still observed in the nanocomposites

(Fig. 12a). Since a low calcination temperature (250 1C) was used

for the final synthesis step, these LiMn2O4 nanoparticles were

poorly crystallized, which lead to the limited capacity of about

70 mA h/g. Jia et al. reported the synthesis of LiMn2O4/CNT

nanocomposites (CNT content 11 wt%) by a two-step hydro-

thermal method [66]. The second step of the hydrothermal

treatment was performed at 180 1C for 4 days and produced

highly crystallized LiMn2O4 nanoparticles of 50–100 nm in

diameter (Fig. 12b). Their nanocomposites could deliver a

discharge capacity of about 109 mA h/g without using any binder

in the electrode. To further reduce the particle size of LiMn2O4 in

the nanocomposites, Xia et al. developed a one-step hydrothermal

method using alcohol as the reducing agent and successfully



Fig. 12 (a) SEM image of LiMn2O4/CNT nanocomposites prepared by a sol-gel method. Reprinted from Ref. [65] with permission from

Elsevier. (b) SEM image of LiMn2O4/CNT nanocomposites prepared by a two-step hydrothermal method. Reprinted from Ref. [66] with

permission from Royal Society of Chemistry. (c) TEM image of LiMn2O4/CNT nanocomposites prepared by a one-step hydrothermal

method. Reprinted from Ref. [29] with permission from Elsevier. (d) TEM image of LiMn2O4/CNT nanocomposites prepared by a solid-

state reaction at 380 1C. Reprinted from Ref. [67] with permission from Royal Society of Chemistry. (e) TEM image of LiMn2O4/GNS

nanocomposites prepared by a solid-state reaction at 380 1C. Reprinted from Ref. [67] with permission from Royal Society of Chemistry.

(f) TEM image of LiMn2O4/GNS nanocomposites prepared by a microwave-assisted hydrothermal method. Reprinted from Ref. [68]

with permission from Royal Society of Chemistry.
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synthesized ultrafine LiMn2O4/CNT nanocomposites at 180 1C in

5 h [29]. In these nanocomposites, LiMn2O4 nanoparticles (10–

20 nm) were well crystallized and uniformly distributed in the

CNT matrix (Fig. 12c), which contributed to a high discharge

capacity of about 124 mA h/g and good rate capability. However,

for the LiMn2O4/CNT nanocomposites discussed above, the

LiMn2O4 nanoparticles were not anchored on the surface of the

CNTs but were mainly distributed in the CNT matrix. When the

particle size becomes considerably small, the nanoparticle aggre-

gation can only be partially reduced but not completely

prevented by the introduction of CNTs. To overcome this

problem, Zhao and Kung et al. developed a simple solid-state

reaction at 380 1C and successfully prepared LiMn2O4/CNT

nanocomposites with LiMn2O4 nanoparticles anchored on the

CNTs [67]. As shown in Fig. 12d, for nanocomposites with a

high carbon content, a monolayer or submonolayer of discrete

nanoparticles (less than 10 nm in diameter) could be assembled

on the CNTs. The LiMn2O4/GNS nanocomposites could also

be synthesized (Fig.12e) by a similar approach [67]. These

LiMn2O4/CNT (or GNS) nanocomposites exhibited very large

discharge capacities that are close to the theoretical capacity of

LiMn2O4 (148 mA h/g). When normalized to the LiMn2O4

content, the initial capacities of LiMn2O4/10 wt%CNT,

LiMn2O4/30 wt%CNT, and LiMn2O4/6 wt%GNS nanocompo-

sites were 159, 161, and 155 mA h/g, respectively, which

exceeded the theoretical capacity (Fig. 13). The extra capacity

could be attributed to the electric double-layer capacitance

arising from the storage of lithium ions on the surface of CNTs

and CNS [67]. Bak and Kim et al. synthesized LiMn2O4/GNS
nanocomposites (carbon content 27%) using a microwave-

assisted hydrothermal method at 200 1C for 30 min [68]. Their

LiMn2O4 nanoparticles were evenly dispersed on the GNS

template without agglomeration (Fig. 12f). The LMn2O4/GNS

nanocomposite electrode exhibited a high discharge capacity of

137 mA h/g at 1 C rate and remarkable discharge capacities of

117 and 101 mA h/g at 50 C and 100 C rates, respectively

(Fig. 14). Such high rate capability of the LiMn2O4/GNS

nanocomposites was attributed to the large surface capacitive

contribution from the hybrid electrode.

Recently, Lee et al. reported 3-D porous LiMn2O4/carbon

nanocomposites that are nanoclusters of carbon-coated primary

LiMn2O4 nanoparticles with a size of 20 nm [70]. The LiMn2O4

nanoparticles were synthesized by a low-temperature hydrother-

mal treatment. The carbon coating on the nanoparticles was

performed by mixing the as-prepared LiMn2O4 nanoparticles with

sucrose and quenching at 600 1C for 10 min. The 3-D LiMn2O4/

carbon nanocomposites exhibited excellent rate capability with

83.1% capacity retained at 50 C. The excellent performance was

attributed to its unique nanoarchitecture that connects every

single-crystal nanoparticle electrically and ionically in parallel,

thus enabling fast charge transport. Although the introduction of

carbon could improve the electrochemical properties of

LiMn2O4, different forms of carbon, such as carbon coating,

CNT and GNS, may play different roles in the LiMn2O4/carbon

nanocomposites. GNS usually exhibits larger specific surface

area than CNT, which leads to better dispersity of LiMn2O4

nanoparticles in the GNS matrix. To achieve good attachment

of LiMn2O4 nanoparticles on the carbon surface, acid-treated



Fig. 13 First cycle charge/discharge curves of LiMn2O4/

10 wt%CNT, LiMn2O4/10 wt%CNT, and LiMn2O4/10 wt%CNT

in the voltage range between 3.3 and 4.4 V at 0.2 C rates. Reprinted

from Ref. [67] with permission from Royal Society of Chemistry.

Fig. 14 Charge/discharge curves of the LiMn2O4/GNS nano-

composites electrode at various C-rates between 3.5 and 5 V vs.

Li/Liþ and cycle performance of the LiMn2O4/GNS nanocompo-

sites electrode at different C-rates. Reprinted from Ref. [68] with

permission from Royal Society of Chemistry.
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CNTs and graphite oxide (GO) sheets are often used to attract

metal ions. Due to the defects and functional groups of the acid-

treated CNTs, the electrical conductivity of the CNTs could be

decreased. GO has to be reduced to graphene to improve the

electrical conductivity. Hence, the electrical conductivity of

LiMn2O4/GNS nanocomposites depends on the degree of

reduction of GO. While GNS and CNT cannot provide

complete contact between carbon and all the surfaces of

LiMn2O4 nanoparticles, a uniform carbon coating on the
nanoparticles could achieve such complete contact, which makes

it promising in improving the electrical conductivity of the

nanocomposites. However, the electrical conductivity of coated

carbon also depends on the degree of graphitization during the

high-temperature annealing process. As discussed in the pre-

vious part, high-temperature processing could lead to oxygen

deficiency of LiMn2O4 due to the strong reductivity of carbon.

Therefore, it is still a challenge to coat a highly conductive

carbon layer on the LiMn2O4 nanoparticles without changing

the stoichiometry of LiMn2O4.
3. Conclusions

Nanostructured LiMn2O4 and LiMn2O4-carbon nanocomposites

will play a more and more important role in developing high

performance lithium-ion batteries for high power applications

such as EV and HEV. The features of nanostructured LiMn2O4,

such as large surface area, short diffusion paths for lithium

diffusion and electron transfer, and improved structural stability

against volume changes during cycling, enable the electrodes to

achieve larger capacity, better rate capability and cycling stability

than their bulk counterparts. However, nanoparticle aggregation

and low degree of crystallinity, which can degrade their electro-

chemical performance, are the two common problems for the

nanostructured LiMn2O4. Except for nanoparticles, most of 1-D,

2-D and 3-D LiMn2O4 nanostructures are synthesized using

manganese oxides or manganese carbonates as self-templates.

The incorporation of CNT or GNS in LiMn2O4 can partially

solve the problem of particle aggregation and improve the

electrical conductivity of the electrode, thereby improving the rate

capability. However, a high content of carbon in the nanocompo-

sites would reduce the energy density of the electrode. Hence,

further optimization of the CNT and GNS contents in the

nanocomposites is required. To achieve a wide range of industrial

applications, the development of new synthetic routes of nanos-

tructured LiMn2O4 and LiMn2O4/carbon nanocomposites that

have simple procedure and are capable of mass production is

necessary and remains a challenge.
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