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e carbon-coated mesoporous
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composite†
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and Zhongtai Zhanga

Carbon-coated mesoporous spinel LiMn2O4 has been synthesized from a novel hydrated layered-spinel

lithium manganate composite through a facile hydrothermal process and subsequent thermal treatment.

Benefiting from the carbon coating and mesoporous structure, the LiMn2O4 material exhibits superior

high-rate capability and long-life cycling stability, delivering the initial discharge capacity of 117.8 mA h

g�1 at 30C with over 90% capacity retention after 1500 cycles. Moreover, the innovative employment of

hydrated layered Li-deficient and spinel Li-rich intermediates might provide greater inspiration for other

high-performance electrodematerials with multiple layer architectures and optimized phase compositions.
Introduction

Nowadays, lithium-ion batteries (LIBs) have extensive applica-
tions in electrochemical energy storage and conversion
including hybrid electric vehicles (HEVs), electric vehicles (EVs),
portable electronic devices and energy storage systems (ESSs).
However, at the present stage, lithium-ion batteries are still
facing challenges to meet the increasing market demands
for higher energy and power densities, longer cycling life, better
security and lower cost.1–4 Since cathode materials can severely
restrict the electrochemical properties, breakthroughs in the
cathodes become more essential and urgent.1,5–7 Among all the
appealing cathode materials, spinel LiMn2O4 has attracted
much attention by virtue of its low cost, environmental friend-
liness, high operating plateaus, acceptable energy density and
excellent safety.8–10 Nevertheless, the electrochemical properties
of LiMn2O4 seem far from satisfactory: (1) poor high-rate
capability hampered by the low electronic and ionic conduc-
tivities; (2) capacity deterioration caused by the severe manga-
nese dissolution and side reactions.9,11,12

To improve the high-rate capability and cycling stability
of LiMn2O4, designs of carbon coating and mesoporous
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structures have been extensively investigated.13–19 Carbon
coating can increase the electronic conductivities by forming
a continuous electron transport route along the materials'
surface, while mesoporous structures can increase the ionic
conductivities by reducing the pathway of Li+ diffusion and
providing more reaction sites, which contribute to the rate
capability.13–17 Meanwhile, upon lithium insertion/extraction,
carbon coating can protect the materials from volume
changes and side reactions, while the mesoporous structures
can accommodate the structural strain, thus contributing to the
cycling stability.13,16,18,19

As for the synthesis of LiMn2O4, various polymorphs of
manganese oxides have been explored such as a-MnO2,20,21

b-MnO2,22,23 g-MnO2,21,24 d-MnO2.25–27 and R-MnO2.28 Among
them, birnessite-type lithium manganese oxide (d-type or Li-
birnessite) possesses a hydrated layered structure containing
Li ions and crystal water between the layers,29–31 contributing to
the exotic properties in many elds.32–34 Moreover, the layered
phase is prone to generate the lamellar nanostructure32,33 which
can reduce the Li+ diffusion pathway in the thickness direction
and further improve the rate performance. Unfortunately,
though having been reported as precursors or immediate
products for years, the Li-birnessite troubles with impurities
such as Li-decient LixMnO2 orMn2O3 and lamellar aggregation
during the transformation to spinel LiMn2O4,25,31,35 resulting in
inferior electrochemical performances. Thus, how to utilize the
Li-birnessite with novel structure to synthesize high-
performance LiMn2O4 is worth further study.

In this work, we have employed a novel hydrated layered-
spinel lithium manganese oxide composite to synthesize the
carbon-coated mesoporous spinel LiMn2O4 via a facile
This journal is © The Royal Society of Chemistry 2017
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hydrothermal process and subsequent thermal treatment.
Based on the gradual transformation from layered Li-birnessite
phase to spinel LiMn2O4 phase, the resultant mesoporous
structure and carbon coating can effectively improve the rate
capability and cycling stability. The outstanding electro-
chemical performance thus obtained, is of interest as a cathode
material for lithium-ion batteries.
Results and discussion

As illustrated in Fig. 1, the formation mechanism of the carbon-
coated mesoporous LiMn2O4 involves two steps: the hydro-
thermal reaction between manganese oxides (denoted as MO in
Fig. 1a) and lithium hydroxide solution at 160 �C (Step I) and the
thermal treatment under vacuum at 600 �C (Step II). The
absorbed organic group CH3COO

� (shown in Fig. 1a and b) is
originated from the reduction of ethanol in the synthesis
process of the initial MO. Through Step I, the obtained hydro-
thermal products (Fig. 1b) consist of two phases: layered
Li-birnessite and spinel LMO. The blooming ower-like nano-
sheets at different levels were interlaced, contributing to the
mesoporous structure. Then through Step II, carbon-coated
mesoporous LiMn2O4 (Fig. 1c) was obtained where the
residual Li-birnessite fully transformed into the spinel LMO
accompanied by the surface carbonization (see more experi-
mental details in the ESI†).

The hydrothermal process of Step I is so critical through the
whole synthesis process that deserves further investigation
and analysis. X-ray diffraction (XRD) patterns of the prepared
MO and hydrated hydrothermal products are shown in Fig. 2a.
The weak peaks of MO indicate the disordered nature of
the birnessite-type manganese oxides. While aer the hydro-
thermal treatment, the layered monoclinic Li-birnessite (Li4-
Mn14O27$xH2O, JCPDS 50-0009) coexists with the spinel lithium
manganese oxide (LMO). The layered Li-birnessite phase
contains crystal water and Li-ions between layers with a basal
spacing of �0.7 nm (presented in Fig. 2b), which corresponds
to the (001) diffraction peak at around 12.8�. Typical (111)
diffraction at 2q ¼ 18.9� conrms the appearance of Li-rich
spinel phase Li1.27Mn1.73O4 (JCPDS 51-1582) which is
a common hydrothermal product consistent with previous
reports.36 Fig. 2c shows the crystal structure of the spinel
lithium manganese oxide. The two-phase mixture (denoted as
hydrated L–S) consisting of both Li-decient layered phase
(compared with Li : Mn ¼ 1 : 2 (atom%) for stoichiometric
LiMn2O4) and Li-rich spinel phase can be signicant for the
subsequent changes. XRD patterns of hydrothermal products at
intermediate time are depicted in Fig. S1a and c.† Aer 1 h
Fig. 1 A schematic illustrating the formation mechanism of the
carbon-coated mesoporous spinel LiMn2O4.

This journal is © The Royal Society of Chemistry 2017
reaction, only single layered Li-birnessite phase exists and when
the reaction time increased, the spinel lithium manganese
oxide (LMO) comes out and coexists with the layered
Li-birnessite. The above results assist to understand the phase
transformation process which are based on the ‘hydrothermal-
so chemical reaction’:25,26,37–39 Li+ inserts into the interlayer
spaces of Li-birnessite (so chemical reaction); the layered
structure collapses along with the squeezing of water and
changes into the spinel structure (hydrothermal reaction).

Furthermore, scanning electron microscopy (SEM) images
in Fig. 2d, e, S1b and d† reveal the corresponding morphology
evolution. The initial MO are bud-like nanoclusters of 200–
300 nm assembled by interconnected thin nanosheets (Fig. 2d)
and transmission electron microscopy (TEM) images show
that these nanosheets are only a few nanometers in thickness
(Fig. S2a and b†). Then aer hydrothermal treatment, inho-
mogeneous nanostructures appear which consist of both
pedal-like bigger nanosheets and bud-like smaller nanoclusters
(Fig. 2e). Additionally, as can be seen from Fig. S2c and d,†
the bigger nanosheets are of several hundred nanometers
and the nanoclusters are assembled by small nanosheets
(tens of nanometers). Fig. S1b† reveals that the morphology
of nanosheets and nanoclusters originated from the layered
Li-birnessite phase which is more liable to generate the laminar
morphology. The obtained nanosheets with different sizes
and the whole morphology evolution can be interpreted as
Ostwald ripening, nucleation–dissolution–recrystallization
and self-assembly processes in consistent with previous
reports.25,39–42 In particular, the MO nanodomains separated
from the edge of original nanosheets and new MnO2 nuclei
adsorbed with the CH3COO

� group formed. Due to the coexis-
tence of multi-phases in the hydrothermal system as described
before and energy difference, more than one nucleus of the
crystal units may be contained with different nucleation,
orientation and growth rates,40,42 which can explain the inho-
mogeneous outward migration of crystallites. Moreover, the
relatively higher concentration of Li+ facilitates dissolution of
manganese oxide39,42 and thus favors the generation of those
bud-like smaller nanoclusters according to the dissolution–
recrystallization mechanism. Ultimately, the blooming ower-
like nanosheets at different levels are self-assembled, the
interconnection between which can result in the mesoporous
structure. The mesoporous structure is further conrmed by the
nitrogen adsorption–desorption isotherms with a type-IV curve
and hysteresis loop (Fig. 2f). The pore size distribution curve
calculated by using the density functional theory (DFT) shows
a multimodal feature with peaks ranging from 3–30 nm. More
importantly, X-ray photoelectron spectroscopy (XPS) investiga-
tion of C1s in Fig. 2g reveals peak locations at 284.6 eV (C–C),
285.8 eV (C–O) and 288.6 eV (C]O),15,43,44 conrming organic
groups terminated on the surface which guarantees the subse-
quent carbon coating.

Then subsequent thermal treatment under vacuum through
Step II leads to the ultimate pure phase spinel LiMn2O4 trans-
forming from the intermediate of hydrated L–S. XRD charac-
terization (Fig. 3a) of the heat-treated product reveals that
all the reections can be identied as spinel LiMn2O4 (JCPDS
RSC Adv., 2017, 7, 3746–3751 | 3747
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Fig. 2 (a) XRD patterns of MO and hydrated L–S. (b and c) Crystal structure of the layered hydrated Li-birnessite (b) and spinel LMO (c). (d and e)
SEM images of MO and hydrated L–S. (f) N2 adsorption–desorption isotherms and the corresponding pore size distribution of hydrated L–S. (g)
XPS C1s spectrum of the initial manganese oxide (MO).
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35-0782). The Li : Mn atomic ratio of 0.505 tested by inductively
coupled plasma optical emission spectrometry (ICP-OES)
method conrms the nearly stoichiometric composition. To
further verify the disappearance of the Li-birnessite phase,
thermogravimetric-differential thermal analysis (TG-DTA) was
performed (Fig. S3a†). An obvious endothermic peak with
remarkable weight loss of �3.0% is observed at �150 �C, which
can be ascribed to dehydration of physically absorbed water
and partial interlayer water.37,41,45 XRD pattern of the sample
annealed at 150 �C in Fig. S3b† also conrms the collapse of the
Fig. 3 Characterizations of the as-synthesized carbon-coated mes-
oporous spinel LiMn2O4. (a) XRD pattern, (b) SEM image, (c) N2

adsorption–desorption isotherms together with the corresponding
pore size distribution and (d) HRTEM image.

3748 | RSC Adv., 2017, 7, 3746–3751
layered Li-birnessite. The weight loss over 150 �C can be
assigned to the further dehydration of OH groups, release of
oxygen molecules and structural rearrangement.37,41,45 More-
over, when increasing the annealing temperature, the
increasing intensity and slight le shi of (111) diffraction for
the spinel structure can be observed (Fig. S3b†), implying the
composition change of spinel phase. So far, the transforma-
tion from the two-phase mixture consisting of layered Li-
decient phase and spinel Li-rich phase to the single stoichio-
metric spinel LiMn2O4 phase has been successfully completed.

Fig. 3b shows the SEM image of the as-prepared LiMn2O4. It
can be observed that the heat-treated product inherits the
former multiform lamellar structure but with coarsened nano-
plates (200–500 nm) and distributed small nanoplatelets. The
thickness of these nanoplates is only tens of nanometers and
this is supposed to shorten the Li+ diffusion pathways. Note-
worthily, the smaller nanoplatelets spread around the bigger
nanoplates, which can prevent the mutual aggregate and
provide more interspaces. Nitrogen adsorption–desorption
isotherms with the hysteresis loop shown in Fig. 3c conrm the
mesoporous nature of the LiMn2O4 product. Relatively smaller
pore size is mainly due to the structural shrinkage during the
annealing process compared with that of the hydrothermal
product. Such mesoporous structure is benecial to Li+ storage
by providing more convenient contact between the electrolyte
and electrode materials.13,14

The crystal structure and surface feature of the LiMn2O4

product were further studied by using high-resolution trans-
mission electron microscopy (HRTEM) method combined with
energy disperse spectroscopy (EDS) point mapping analysis.
This journal is © The Royal Society of Chemistry 2017
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HRTEM image in Fig. 3d exhibits a clear interplanar distance of
�0.49 nm, corresponding to the (111) plane of cubic spinel
LiMn2O4. In addition, originated from surface carbonization,
an apparent thin carbon layer wrapped on the surface can
be distinguished. EDS point mapping results in Fig. S4† indi-
cates the higher relative concentration of C at the edge than that
in the middle zone. The carbon content is 0.27 wt% measured
by an element analyzer. The amorphous carbon layer can form a
3D conductive network and prevent carbon-coated LiMn2O4

from excessive Mn dissolution during the charge/discharge
cycling.16–19

Based on the above observations, the carbon-coated meso-
porous spinel LiMn2O4 (denoted as LMO-CM), as the nal state,
can be thus reasonably conrmed. When exploring the elec-
trochemical performances as the cathode material for LIBs,
we also introduced two control groups for comparison: the no
carbon-coated spinel LiMn2O4 (denoted as LMO-NC) which was
annealed in air with the other experimental variables the same
as those of LMO-CM and the commercial spinel lithium
manganese oxide (denoted as LMO-COM). Their typical XRD
patterns and SEM images are shown in Fig. S5.† Fig. 4a shows
the rst galvanostatic discharge–charge proles between 3.2–
Fig. 4 Comparison of electrochemical performances for carbon-coated
LMO-COM. (a) The first galvanostatic discharge–charge profiles at 0.2C. (
0.5C to 30C. (c) Long-term cycling performance at 30C for all the three sa
LMO-CM.

This journal is © The Royal Society of Chemistry 2017
4.3 V vs. Li+/Li at 0.2C (1C ¼ 140 mA g�1). All the three samples
have two voltage plateaus at around 4.0 V and 4.1 V, which can
be attributed to the Mn3+/Mn4+ redox couple associated with
the two-stage mechanism of Li+ insertion and extraction. The
corresponding electrochemical conversion reactions can be
expressed as follows: LiMn2O4 / Li0.5Mn2O4 + 0.5Li+ + 0.5e�

(at low plateau); Li0.5Mn2O4 / 2l-MnO2 + 0.5Li+ + 0.5e�

(at high plateau).10,46,47 In contrast, LMO-CM has much atter
voltage plateaus, suggesting its better crystallinity property
and reversibility; LMO-CM has the highest reversible discharge
specic capacity of 129.7 mA h g�1 compared with 116.1 mA h
g�1 and 100.7 mA h g�1 for LMO-NC and LMO-COM. These
results are in accordance with the most distinguished cathodic/
anodic peaks as well as the largest integral area surrounded
by the relevant cyclic voltammetry (CV) plot (Fig. S6†).

Notably, LMO-CM exhibits superior rate capability as shown
in Fig. 4b. It delivers high reversible capacities of 129.4 mA h
g�1, 121.7 mA h g�1, 115.4 mA h g�1, 114 mA h g�1 and 110.8
mA h g�1 when cycled at 0.5C, 1C, 4C, 10C, 30C for each
10 cycles, respectively. Also, the capacity can be well recovered
when cycled back to 1C. While LMO-NC and LMO-COM only
remain 91.0 mA h g�1 and 47.8 mA h g�1 at 30C, much lower
mesoporous LMO-CM, no carbon-coated LMO-NC and commercial
b) Discharge capacity with cycle number at different rates ranging from
mples. Note that the given coulombic efficiency in (b) and (c) is only for

RSC Adv., 2017, 7, 3746–3751 | 3749
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than that of LMO-CM, besides, their corresponding capacity
retention is �83% and �49% (versus capacity at 1C), inferior to
�91% for LMO-CM. Rate performance of the as-synthesized
LMO-CM was also compared with that of other typical high-
rate LMO/C materials reported previously as displayed in
Fig. S7,† showing the superior rate capability of our work
especially at rates higher than 20C.

To investigate cycle performance at high rates, the three
samples were cycled at 30C for 1500 cycles as presented in
Fig. 4c. When charged and discharged at the same rate of 30C,
the initial discharge capacity of LMO-CM is 117.8 mA h g�1

(nearly 80% of the theoretical specic capacity of 148 mA h g�1),
higher than that of LMO-NC (108.5 mA h g�1) and LMO-COM
(52.5 mA h g�1). What's more, LMO-CM can retain �92%
capacity (108.5 mA h g�1) aer 1500 cycles with the coulombic
efficiency retaining nearly 100%, whereas LMO-NC has a drastic
capacity decay aer about 500 cycles and ultimately retains
�61% capacity (66.5 mA h g�1). As given in Fig. S8,† remarkably,
at 60C (charged within 1 min actually), over 90% stable capacity
retention is maintained with an initial capacity of 102.7 mA h
g�1. Even cycled at 80C (�34 s) and 120C (�28 s), LMO-CM can
still yield a discharge capacity as high as 102.5 mA h g�1 and
88.6 mA h g�1, showing the unprecedented high-rate and long-
life cycling stability. Though mainly conned to the laboratory
level, the current results are still encouraging.

As schematically illustrated in Fig. 5, the outstanding elec-
trochemical performance of the as-synthesized carbon-coated
mesoporous LiMn2O4 can be ascribed to three main factors.
Firstly, the thin carbon layer decorated on the surface can not
only reduce the interface resistance by forming a three dimen-
sional electro-conductive network, but also improve the struc-
tural integrity by suppressing volume change and side reactions
during cycling operations.16–18,48,49 Electrochemical impedance
spectroscopy (EIS) analysis in Fig. S9† suggests a smaller
charge-transfer resistance of LMO-CM. Secondly, the novel
mesoporous structure constructed by bigger nanoplates and
distributed smaller nanoplates can ensure intimate contact
between the electrolyte and electrode materials, thus providing
more sites for Li+ storage.13,14,50,51 Finally, the thickness of all
existing nanoplates is only tens of nanometers and such small
dimension can support to shorten the pathways for Li+
Fig. 5 Schematic illustration of electron conduction and Li+ storage in
LMO-CM.

3750 | RSC Adv., 2017, 7, 3746–3751
diffusion.52–54 Therefore, all the above factors enable the ob-
tained LiMn2O4 material with superior rate capability and
remarkable cycling stability, which provides a perspective on
the potential applications in high-power electric vehicles and
smart grids.

Conclusions

In summary, by employing the hydrated layered Li-decient and
spinel Li-rich composite, we have successfully synthesized
a carbon-coated mesoporous LiMn2O4 via a facile hydrothermal
process and subsequent thermal treatment. Remarkably, the as-
prepared LiMn2O4 exhibits superior high-rate capability and
long-life cycling stability, delivering the initial discharge
capacity of 117.8 mA h g�1 at 30C with over 90% capacity
retention aer 1500 cycles. Additionally, this work paves a fresh
route to obtain pure and high-performance LiMn2O4 with
mesoporous structure by utilizing layered birnessite-type
manganese oxides. The innovative employment of hydrated
layered Li-decient and spinel Li-rich intermediate product
might provide inspiration to high-performance LiMn2O4

synthesized from other methods or other high-performance
electrode materials with multiple layer architecture and opti-
mized phase composition.
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