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anode materials for decades to improve the specific capac-
ity of LIBs, attempting a variety of metal oxides. They have 
made major progress. For example, when  TiO2 [1],  Fe2O3 
[2],  Co3O4 [3],  Mn2O3 [4], CuO [5] and NiO [6] have been 
introduced as anode materials, they show high capacities. At 
the same time, they also suffer from some restrictions, such 
as poor stability, the high mass density and short lifetime. 
Recently, various micro-/nanostructures of metal oxides 
have been introduced for breaking through the barriers. On 
account of the high specific surface area and special struc-
ture, they reveal preferable cycling performance.

La is considered as one of the most important element in 
the rare earths. And due to the high chemical stability and 
low toxicity, it gets preferable applications in the field of 
civil and military, such as rare earth glass, ceramics, catalyst, 
fluorescent powder, laser, cathode materials and so on [7, 8]. 
Compared with other elements in rare earths, the storage of 
 La2O3 is higher while the usage is lower, that is unbalanced 
in the extreme. And we find that there are poor document lit-
eratures about  La2O3 when it is used as the anode materials 
of LIBs, so it is necessary for us to search for a new applica-
tion pattern of  La2O3 urgently. Sacrificial template method 
was used to fabricate the  La2O3 hollow nanospheres [9]. 
However, to the best of our knowledge, controlled synthesis 
of multi-shelled  La2O3 hollow spheres is still a challenging 
task due to their unique properties. What’s more, lanthanum 
ion  (La3+) substituted  CoFe2O4 anode material for lithium 
ion battery applications shows the higher charge/discharge 
performances of half cells [10].

Based on the above statements, we report a novel, one-pot 
approach for the preparation of multi-shelled  La2O3 hollow 
spheres by chemically induced self-assembly in the hydro-
thermal environment. The obtained  La2O3 hollow spheres 
were used as the anode materials of LIBs, and they reveal the 
novel cycling performance, such as quickly charge/discharge 

Abstract Herein, uniform triple-shelled  La2O3 hollow 
spheres were synthesized for the first time by a facile one-
pot hydrothermal method capable of controlling the number 
of internal thin-shells, which can be achieved by control-
ling the calcination temperature. Used as anodes for Li-ion 
batteries, the triple-shelled  La2O3 hollow spheres show 
excellent cycling performance, good rate capacity, and high 
specific capacity. A superior capacity, up to 108 mAh g−1 
with minimal irreversible capacity after 100 cycles is 
achieved at a current rate of 100 mA g−1. After the high-
rate charge–discharge cycling, a specific discharge capacity 
as high as 190.1 mAh g−1 can be restored when the cur-
rent density is reduced to 50 mA g−1 (theoretical specific 
capacity = 246.8 mAh g−1).

1 Introduction

With the more and more growing development of lithium-
ion batteries (LIBs), the great demand for high capacity and 
stability of LIBs has become more and more attractive. A 
large number of researchers have paid attention to these 
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rate and stable cycling performance. Based on these advan-
tages, we are expected to make it more practical application. 
More importantly, this novel facile method may become a 
general synthetic approach for fabricating multi-shelled hol-
low nanostructures of other rare-earth elements materials 
and it can provide a new usage for all the rare-earth elements 
materials.

2  Experimental

2.1  Synthesis

d-glucose monohydrate purchased from the National Rea-
gent Corp. (Shanghai, China) was used as a carbon source. 
Lanthanum nitrate hexahydrate (La(NO3)3  ⋅ 6H2O) was 
obtained from Aladdin Industrial Corporation (Shanghai, 
China).

The multi-shelled  La2O3 hollow spheres were prepared 
by the following one-pot process [11–14]. Firstly, precursor 
solution was obtained by dissolving the required amount 
of the d-glucose and lanthanum nitrate for 0.5 h-vigorous 
stirring (G:M = 1:1.85). Then the solution was transferred 
to a 100 ml capacity Teflon-lined stainless-steel autoclave 
at 180 °C for 20 h. Followed filtered and repeatedly washed 
with distilled water and ethanol, the derived precipitate were 
dried at 80 °C for 12 h. In order to remove the carbona-
ceous template as well as to crystallize the multi-shelled 
 La2O3 hollow spheres, the composite particles were heated 
to 550 °C for 3 h in a muffle furnace in air. Furthermore, for 
researching the influence of the temperature and the forma-
tion process of the multi-shelled  La2O3 hollow spheres, the 
samples calcined at 270, 350, 430, 500 °C and the uncal-
cined sample were prepared, respectively.

2.2  Characterization

The microscopic size and morphology of the obtained prod-
ucts were analyzed by using a FEI Quanta 600 FEG scan-
ning electronic microscope (SEM) and a FEI Tecnai  G2 F30 
transmission electron microscope (TEM). Crystallographic 
phases of the products were investigated by powder X-ray 
diffraction (XRD) (Rigaku D/Max 2500).

2.3  Electrochemical measurements

La2O3, acetylene black and polyvinylidene fluoride binder 
in N-methylpyrrolidone with a weight ratio of 70:20:10 was 
taken as the working electrode slurry for casting. The slurry 
was cast on the Cu foil followed by drying at 80 °C in a 
vacuum oven for 12 h prior to coin cell (CR 2023) assem-
bly in an argon-filled glove box. Lithium foil was used as a 
counter electrode and a polypropylene film as the separator. 

The electrolyte was made from 1 M  LiPF6 in ethylene car-
bonate and diethyl carbonate (1:1 by volume). The charging/
discharging behavior of all the cells was galvanostatically 
cycled between 3.00 and 0.01 V. Capacity retention tests of 
the assembled cells were carried out for the required rates. 
Rate capability tests of the cells were performed by changing 
the rate from 50 to 2000 mA g−1 for each five cycles.

3  Results and discussion

3.1  Phase and morphology of the samples

The formation of  La2O3 nanoparticles were analyzed by 
using wide-angle X-ray diffractometer (see Fig. 1). The 
observed diffraction pattern of  La2O3 was matched well 
with the hexagonal  La2O3 crystalline phase which was con-
firmed by comparing the observed diffraction pattern with 
standard JCPDS data (JCPDS #40-1279). There are three 
strong peaks around 2θ = 29.3°, 38.1°, and 44.3°, assigned to 
(10−1), (10−2), and (110) reflections of  La2O3 (P-3m1(164), 
a = 4.039, c = 6.403). However, other peaks near 2θ = 22°, 
31°, and 41° may be attributed to the cubic  La2O3 phase 
(JCPDS #65-3185), which leads to the mismatch between 
the measured XRD pattern and the standard JCPDS data.

The morphology of the  La2O3 calcined at different tem-
peratures is shown in Fig. 2, displaying a highly uniform 
distribution. As shown in the Fig. 2a, b, the solid spheres 
are obtained when the  La2O3 precursors are calcined at 270 
and 350 °C, respectively. The surface of these solid spheres 
with the diameter of approximate 1–2 μm is fairly smooth, 
indicating these solid spheres possess compact structure. 
What’s more, we find that the diameter of these solid spheres 
will shrink with increasing the calcination temperature, and 
we can catch sight of it obviously at the high calcination 
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Fig. 1  XRD pattern of the  La2O3 calcined at 430 °C
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temperature. This phenomenon is also observed in the previ-
ous paper [15] and it is attributed to its reaction mechanism. 
When the calcination temperature is higher than 300 °C, the 
carbon contained in the solid spheres can be oxidized to car-
bon dioxide  (CO2) and carbon monoxide (CO) accompanied 
with the residual substance shrinking gradually [15].

Figure 2c exhibits multi-shelled  La2O3 hollow spheres 
when the  La2O3 precursors calcined at 430 °C. A thin  La2O3 
shell whose thickness is about several tens of nanometers set 
out to forming and a smaller solid sphere come into being as 
the core. From this, we infer that the core contained carbon 
can be considered as a template with its shrinking.

Interestingly, a special growth type is found in the process 
of forming. Consistent with its morphology, it’s similar to 
the cell mitosis in the field of biology, but not dividing two 
spheres from a bigger sphere. Different from the formation 
of cobalt oxide  (Co3O4) [16], tin oxide  (SnO2) [17], nickel 
oxide (NiO) [18] and other previous oxide [19–23], this phe-
nomenon is the first time to be observed. It is ascribed to the 
special property and loosened structure.

When the temperature reaches up to 550 °C, its micro-
scopic morphology is shown in Fig. 2d. Uniform spheres 
like as the head of garlic can be observed. In addition, these 
spheres are the typical structure of core–shell. The shell 
wrinkles severely, providing a higher specific surface area. 
Increasing the calcination temperature, these micro-spheres 
turn to fragment.

Figure 3 shows the TEM images of the  La2O3 crystal-
line phase calcined at high temperatures. From their TEM 
images, the further structure can be comprehended. Fig-
ure  3a demonstrates that double-shelled  La2O3 hollow 

spheres can be synthesized at 430 °C. From the amplified 
image (inset in Fig. 3a), the outer-shell made up of nanopar-
ticles are shown in detail. These nanoparticles with a diam-
eter of approximate 20 nm arrange loosely. It is attributed 
to reaction mechanism that  La2O3 can release the  CO2 gas 
in the process of the reaction. At the same time, the forma-
tion process that is similar to the cell mitosis is shown in 
Fig. 3b. Figure 3c, d sheds light on the morphology when 

Fig. 2  FESEM images of multi-shelled  La2O3 hollow spheres calcined at different temperatures: a 270 °C, b 350 °C, c 430 °C, and d 550 °C 
(enlarged right)

Fig. 3  TEM images of multi-shelled  La2O3 hollow spheres calcined 
at different temperatures: a 430 °C, b 500 °C, and c, d 550 °C



1235J Mater Sci: Mater Electron (2018) 29:1232–1237 

1 3

the calcination temperature increases to 550 °C. The triple-
shelled  La2O3 hollow spheres start to contract sharply and 
a lot of fragment appears. It is consistent with the SEM 
images. In the crystallography, the strongest  La2O3 (10−1) 
planes are observed, which is very consistent with the XRD 
results (Fig. 1). Compared with the widely used two-pot 
methods for creating metal oxide hollow spheres [3], the 
present one-pot hydrothermal approach provides a more fac-
ile route for large-scale synthesis of uniform multi-shelled 
 La2O3 hollow spheres.

3.2  Electrochemical properties

Standard  La2O3/Li half-cells were used to measure the 
lithium storage properties of the multi-shelled  La2O3 hol-
low spheres as anodes. Figure 4 shows the cycling per-
formance of the multi-shelled  La2O3 hollow spheres at a 
current rate of 100 mA g−1 between 0.01 and 3.00 V for 
100 cycles. After 100 cycles, the  La2O3 hollow spheres 
calcined at 550 °C (triple-shelled  La2O3 hollow sphere) 
show a higher capacity than the  La2O3 hollow spheres cal-
cined at lower temperatures. As shown, the specific dis-
charge capacity of the triple-shelled  La2O3 hollow spheres 
is around 121.6 mAh g−1 in the second cycle, and it is very 
stable with almost 100% capacity retention for at least 100 
cycles. This cycling performance is remarkable compared 
to previously reported results for metal oxide electrodes 
[15, 24, 25]. The specific capacities of  La2O3 materials 
calcined at 270 and 350 °C increased initially with cycling 

probably due to the gradual activation of the inner-side 
surface characteristics of the  La2O3 hollow spheres [26]. 
After a certain number of cycles, the electrolyte slowly 
diffuses through the pores of the hollow spheres and sub-
sequently interacts with the inner active components of 
the hollow spheres. This mechanism could account for the 
increase in the specific capacity of the  La2O3 electrode.

Furthermore, the rate capacity is evaluated with cur-
rent densities ranging from 50 to 2000 mAh g−1 (Fig. 5). 
As can be seen, the average specific capacities are 194.6, 
163.8, 134.0, 99.6, 76.7, 54.5 mAh g−1 at the current den-
sities of 50, 100, 200, 500, 1000, 2000 mA g−1, respec-
tively. After the high-rate charge–discharge cycling, a spe-
cific discharge capacity as high as 190.1 mAh g−1 can be 
restored when the current density is reduced to 50 mA g−1. 
The above results clearly imply the potential lithium stor-
age properties of triple-shelled  La2O3 hollow spheres as 
an anode material for LIBs.

The impressive cycling stability and excellent rate per-
formance of multi-shelled  La2O3 hollow spheres could be 
attributed to the following aspects. First, the presence of 
small primary  La2O3 nanoparticles and micropores can 
improve Li-ion transport, resulting in high capacity (theo-
retical specific capacity = 246.8 mAh g−1) and excellent 
rate capability. Second, the unique triple-shell interior 
structure could buffer the large volume change associated 
with the repeated  Li+ insertion/extraction processes during 
cycling and keep the structural integrity, thus improving 
the cycling stability [27–29].

Fig. 4  Specific capacity versus 
cycle number curves for the 
battery fabricated with  La2O3 
anode materials
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4  Conclusions

In summary, a facile one-pot hydrothermal method has 
been developed for the controllable synthesis of uni-
form multi-shelled  La2O3 hollow spheres. The interior 
structure and size of the uniform multi-shelled  La2O3 
hollow spheres can be controlled by varying the calci-
nation temperature. The resultant triple-shelled  La2O3 
hollow spheres exhibit a high initial reversible capacity 
of 121.6 mAh g−1 at a current density of 100 mA g−1, 
and good cycling performance over 100 cycles. After the 
high-rate charge–discharge cycling, a specific discharge 
capacity as high as 190.1 mAh g−1 can be restored when 
the current density is reduced to 50 mA g−1 (theoretical 
specific capacity = 246.8 mAh g−1).
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