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a b s t r a c t

The self-sacrificial template approach based on Kirkendall effect in crystal growth has been widely
employed in fabrication of hollow inorganic micro/nanostructures in recent years. Nevertheless, almost
all reported works so far are limited only to unitary or binary template methods to achieve hollow multi-
component materials. In this work, we describe a new ternary self-template method to fabricate hollow
multi-component Li1.4Mn0.6Co0.2Ni0.2O2þd (LMCN) micro/nano-spheres, which further simplifies the
synthetic process and facilitates the homogenization of all metal elements to improve the performance.
By a facile process of adjusting the values of NH4HCO3 precipitant to prepare spherical carbonate pre-
cursor, metal oxides with different porous can be developed after the heat treatment of the precursor. It
is proved that the metal oxide with more porosity is beneficial for the formation of hollow structured
multi-component cathode material treated at the same temperature. When tested in lithium-ion bat-
teries, the hollow structured LMCN exhibits outstanding electrochemical performance comprising
prominent rate capabilities (151.3mAh g�1 at a high rate of 10 C) and greatly prolonged cyclic lifespan
(87.8% of capacity retention over 200 cycles at 2 C) in contrast to solid counterpart. The excellent per-
formance can be attributed to the hierarchical macro/nano-porous hollow structures, which are con-
trollably synthesized by easily adjusting the values of NH4HCO3 precipitant based on the ternary self-
template method.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

With the enhancing pressure on resources and the increasingly
environmental crisis, past renewable energy storage such as
lithium-ion batteries (LIBs) applying on the marketplace can hardly
meet the ever-increasing social needs today, which their energy
and power densities are highly dependent on the performance of
cathode materials. Compared with the commercialized cathode
materials, such as LiCoO2 [1], LiMn2O4 [2], LiFePO4 [3], Li[NiCoMn]
O2 and Li[NiCoAl]O2 [4,5], lithium-rich layered xLi2MnO3$ (1-x)
LiMO2 (0< x< 1, M¼Ni, Co and Mn) (LLOs) [6,7] deliver excellent

capacities over 250mAh$g�1 while commercialized cathode ma-
terials can hardly reach to 200mAh g�1. Nevertheless, the
commercialization of LLOs is limited by the unsatisfied perfor-
mances, e.g. poor cycle life, rate capability and safety. Considering
the fact that the structure determines its performances, varieties of
protocols have been developed successfully to fabricate different
morphologies and desired macro/nano-structures. Particularly,
hollow structures with controlled size, shape, ingredient, and
interior architecture have attracted widespread attention in the last
few years, owing to their excellent application value in many fields
including catalysis [8], photo catalysis [9], drug delivery [10], gas
sensors [11] and LIBs [12]. In order to further improve the elec-
trochemical performances of LLOs, designing materials with stable
3D hierarchical porous hollow structures is of great importance, as
this can speed up electron transportation, shorten ion-diffusion
path and provide enough active sites for the electrochemical
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reaction during the lithiation/delithiation process [13e18].
However, due to the different chemical properties among

different elements, it is difficult to fabricate hollow multi-
component materials with controllable morphology. Recently,
various approaches are developed to obtain them, such as the
commonly template method [19,20], Ostwald ripening [21], self-
sacrificial template approach based on Kirkendall effect [22,23],
or multifluidic compound-jet electro-hydrodynamic techniques
[24], as well as galvanic replacement reaction [25] etc. In-situ
sacrificial template methods have received great attention
because of their simple technological process and without intro-
ducing impurity. Sacrificial MnO2 template was initially reported to
fabricate manganese-based hollow cathode materials, including
LiNi0.5Mn1.5O4 [26], 0.3Li2MnO3$0.7LiNi0.5Mn0.5O2 [27], LiNi1/3Co1/
3Mn1/3O2 [28], 0.5Li2MnO3$0.5LiMn0.4Co0.3Ni0.3O2 [29], and so on.
Subsequently, binary template (CoxMnyCO3) [30] technology was
developed to get ternary (Ni, Co and Mn) cathode compounds. Tu
[31] reported hollow microcube Li1.2Mn0.5Co0.25Ni0.05O2 fabricated
by a Co0.33Mn0.67CO3 template which enabled excellent cycle sta-
bility and rate capability. Also, hollow xLi2MnO3$(1-x) LiNi1/3Co1/
3Mn1/3O2 microspheres based on CoyMn3-yO4 porous microspheres
was reported by Wang latest [32]. Generally, the preparation of
lithium-rich cathode materials with hollow structures can be ach-
ieved by single or binary transition metal precursors. However, to
get ternary hollow lithium-rich compounds with ternary template
(containing Ni, Co and Mn), which may further simplify the syn-
thetic process and facilitate the homogenization of all the element,
is still facing great challenges.

Herein, this present work is focusing on providing a simple in-
situ ternary self-sacrificial template method to fabricate multi-
component macro/nano-porous hollow spheres. It is surprised
that adding more NH4HCO3 precipitant is beneficial the processes
for developing hollow structure materials. Meanwhile, the pre-
cursor can supply more decomposable gases through that process,
such as CO2 and NH3. The NH3, decomposed from the precursor
interior, is treated as a crucial factor to develop hollow structure,
while almost reports only consider the parameter of the releasing
of CO2 and calcination temperature [25e33]. The schematic for
fabricating the hollow multi-component lithium-rich cathode
material is illustrated in Scheme 1. In step 1, a preliminary heat
treatment at 500 �C with a ramping rate of 3 �C min�1 to transform
the (NH4

þ)2d(M)1-dCO3 (M¼Mn0.6Ni0.2Co0.2) carbonate precursor
into highly porousM3O4metal oxide owing to the released NH3 and
CO2 gases. In step 2, the M3O4metal oxide is mixed with Li2CO3 by a
simple physical mixing process in the mortar. In step 3, the solid
state reactions are rather done according to the following multi-
step: the dehydration of Li2CO3; the variation of transition metal
state (such as Co2þ convert to Co3þ) [34]; and finally lithiation to get
hollow Li1.4Mn0.6Co0.2Ni0.2O2þd micro/nano-spheres. To our best
knowledge, these hierarchical hollow microspheres for Li-rich

cathode material using a ternary template is novelty, and the
contributing effect of NH3 for the formation of hollow cavity has
never been discussed. This new strategy may further extend the
approach for designing hollow multi-component inorganic micro/
nanostructures.

2. Experimental section

2.1. Preparation of carbonate precursors and
Li1.4Mn0.6Co0.2Ni0.2O2þd microspheres

The carbonate microsphere precursors were synthesized by a
facile solvothermal method with different molar ratios of NH4HCO3
precipitation agent (denoted by [N]) and total transition metallic
ions (denoted by [M]). Typically, 3.0mmol MnCl2$4H2O, 1.0mmol
CoCl2$6H2O and 1.0mmol Ni(NO3)2$6H2O were dissolved in 60ml
ethylene glycol (EG) in a 100ml Teflon-lined stainless steel auto-
clave to form a homogeneous solution A. Then, NH4HCO3 powders
with different quantities (5mmol,10mmol, 25mmol and 35mmol)
were added directly into the solution A under gently vigorous
stirring for 1.5 h at 25 �C. Subsequently, the autoclave was sealed
and placed in an electric oven at 180 �C for 20 h. A pink-purple
precipitate Mn0.6Ni0.2Co0.2CO3 was collected by centrifugation,
washed, and dried overnight at 60 �C. The obtained carbonate
precursors were named as MCN-1 ([N]: [M]¼ 1:1), MCN-2 ([N]:
[M]¼ 2:1), MCN-3 ([N]: [M]¼ 5:1) and MCN-4 ([N]: [M]¼ 7:1),
respectively. Then, the carbonate precursors were calcined at
500 �C for 6 h to form metal oxides. The final
Li1.4Mn0.6Co0.2Ni0.2O2þd microspheres were obtained by calcining
the mixture of the metal oxides and stoichiometric amounts of
Li2CO3 powder (with a 5% shift of Li2CO3) at 850 �C for 12 h in air at
a heating rate of 3 �C min�1, which were named as LMCN-1, LMCN-
2, LMCN-3 and LMCN-4, correspondingly. In this work, the taping
density was tested by centrifugation of the all samples at 8000 rpm
for two hours, and the value is 1.90 g cm�3~2.1 g cm�3 for different
sample. In addition, all agents used in experiment section above are
from Xilong Scientific Co., Ltd., China.

2.2. Material characterization

The crystallographic structure and crystallinity of all as-
prepared materials were characterized by X-ray diffraction (XRD;
Bruker AXS D8 equipped with Cu Ka radiation (l¼ 1.54178 Å)) at
40 KV and 40mA from 5� to 80�, with a scanning rate of 4� min�1.
General Structure Analysis Software (GSAS program) in the EXPGUI
interface was used for refining the lattice parameters. Scanning
electron microscopy (SEM) (JSM-6100LV, JEOL, Japan) equipped
with an energy dispersive X-ray spectroscope (EDX) detector,
transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) (JEOL JEM-2100F) were used to characterize the

Scheme 1. Schematic illustration of the synthesis of Li1.4Mn0.6Co0.2Ni0.2O2þd hollow spheres.

B. Wu et al. / Journal of Alloys and Compounds 744 (2018) 809e820810



https://isiarticles.com/article/151089

