
CrystEngComm

PAPER

Cite this: CrystEngComm, 2017, 19,

1311

Received 14th December 2016,
Accepted 31st January 2017

DOI: 10.1039/c6ce02563c

rsc.li/crystengcomm

General synthesis of metal oxide hollow core–shell
microspheres as anode materials for lithium-ion
batteries and as adsorbents for wastewater
treatment†

Yuanxiang Gu, Haolin Wang, Yuxue Xuan, Lei Wang* and Yi Qian

Hollow core–shell structures have many advantages, but their synthesis remains challenging. In this report,

we demonstrate a general method for the preparation of a series of metal oxide hollow core–shell micro-

spheres, including Co3O4, NiO and Mn2O3. The hollow core–shell microspheres were prepared via a coor-

dination precipitation route followed by a calcination process. The morphology and microstructures of the

metal oxide hollow core–shell microspheres could be controlled by optimizing the experimental condi-

tions. A possible formation mechanism of the hollow core–shell structure was proposed. As anode mate-

rials for lithium ion cells, the Co3O4 hollow core–shell microspheres exhibited superior Li+ storage proper-

ties. When applied as adsorbents in water treatment, the NiO hollow core–shell microspheres showed an

excellent ability to remove organic pollutants.

1. Introduction

In recent years, hollow core–shell structures are of great inter-
est because of their outstanding properties such as low den-
sity, high surface area, and excellent surface permeability.1,2

Potential applications were found including lithium ion batte-
ries, solar cells, drug delivery, water treatment, and
sensors,3–7 which greatly inspired researchers to pay a lot of
attention to designing and constructing hollow or core–shell
micro- or nanostructures.8–11 The most popular approach for
producing hollow core–shell structures is the template
method, which can be simply classified into hard template
and soft template methods.12–14 In particular, the templating
approach utilizing carbonaceous microspheres as templates
displays generality and availability, and has been used to suc-
cessfully synthesize a number of multi-shelled hollow spheres
of metal oxides.15,16 Although template-assisted methods have
been proven to be very effective and versatile for the synthesis
of hollow structures, they have many disadvantages. Specifi-
cally, not only is the fabrication process complicated, but spe-
cial care must also be taken to prevent shell collapse during
the template removal process. Recently, some chemical and
physicochemical methods have also been developed to syn-
thesize hollow core–shell structures, such as spray drying,17

interior corrosion,18 Ostwald ripening19 and the nanoscale
Kirkendall effect.20 However, the above-mentioned methods
are usually only suitable for certain specific metal oxide hol-
low structures, and strict synthetic conditions are required in
most of the cases because the synthesis of hollow metal oxide
core–shell structures is not only determined by their intrinsic
structure but also significantly influenced by a series of exter-
nal parameters, such as reaction time and temperature, the
pH value of the precursor solution, and organic additives.21–23

Therefore, the preparation of scalable metal oxide micro-
spheres with a hollow core–shell structure in a general and
simple way remains a great challenge. Thus, the development
of a novel and facile synthesis approach to prepare metal ox-
ide hollow core–shell microspheres on a large scale would be
of significant importance.

In this report, hollow core–shell metal oxide microspheres
including Co3O4, NiO and Mn2O3 were synthesized by a pre-
cipitation method combined with calcination. To the best of
our knowledge, this is the first report on the synthesis of dif-
ferent metal oxide microspheres with a hollow core–shell
structure by a general precipitation method without a tem-
plate. The current approach to synthesize metal oxide hollow
core–shell microspheres has special advantages including be-
ing ultra-facile without complicated procedures, general ap-
plicability in synthesizing metal oxide hollow core–shell
microspheres, and the use of common chemical reagents
without special reagents. These features are favorable for the
scalable synthesis of metal oxide hollow core–shell micro-
spheres for industrial applications. Herein, the effects of the
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reaction parameters on the morphology and microstructure
of the materials, and their formation mechanism were
discussed. As anode materials for lithium ion batteries, the
electrochemical properties of the Co3O4 hollow core–shell
microspheres were investigated, showing outstanding proper-
ties. Furthermore, the NiO hollow core–shell microspheres
were used as adsorbents for wastewater treatment and
showed an excellent ability to remove organic pollutants.

2. Experimental section
2.1. Synthesis of Co3O4, NiO and Mn2O3 hollow core–shell
microspheres

All reagents were of analytical grade and used without further
purification. In a typical experiment, 1.000 g of CoĲAc)2·4H2O
(or NiĲAc)2·4H2O) and 1.050 g of citric acid were dissolved in
15 mL of deionized water and 15 mL of dimethylformamide
(DMF) under vigorous stirring in a beaker to form a homoge-
neous solution. Then, 10 mL of polyethylene glycol 400 (PEG-
400) was introduced into the above solution under continu-
ous stirring at room temperature. For the synthesis of hollow
core–shell Mn2O3 microspheres, 1.260 g of MnĲAc)2·4H2O and
1.260 g of citric acid were dissolved in 15 mL of deionized
water and 15 mL of ethylene glycol (EG) under vigorous stir-
ring to form a homogeneous solution. Then, 10 mL of PEG-
200 was added to the above solution under continuous stir-
ring. Subsequently, the above-obtained three solutions were
all heated to 30 °C using a water bath. Along with the evapo-
ration of solvents, precipitates were constantly produced. Af-
ter 48 h, the precipitates were collected, centrifuged, washed
with ethanol several times and dried at 80 °C for 10 h. Fi-
nally, the products were heated at a rate of 2 °C min−1 from
room temperature to 500 °C, and kept at 500 °C for 4 h in a
tube furnace in air.

2.2. Characterization

The size and morphology of the samples were characterized
using a field emission scanning electron microscope
equipped with an energy-dispersive spectrometer (EDS) (FE-
SEM, Hitachi S-4800, Japan). Transmission electron micros-
copy (TEM) images were taken using a Hitachi H-800 trans-
mission electron microscope with an operating voltage of 100
kV. X-ray diffractometry (XRD) with a graphite monochroma-
tor and Cu Kα radiation (λ = 0.15148 nm) was applied to
identify the phase of the samples at a step size of 0.02° while
the voltage and electric current were held at 40 kV and 20
mA. The data were measured in the range of 10–70°. N2 ad-
sorption–desorption isotherms were characterized on a
Quadrasorb SI apparatus. The surface area was determined
by the Brunauer–Emmett–Teller (BET) method, while the
pore volume and pore-size distribution were determined via
the nonlocal density functional theory (DFT) method. Ther-
mal analysis (TG/DSC, DT-50 Setaram, France) was performed
in an air atmosphere from 40 °C to 600 °C at a heating rate
of 20 °C min−1. Infrared (IR) spectra were recorded with a
FTIR spectrometer (Shimadzu) in the form of KBr pellets in

the range of 400–4000 cm−1 with a spectral resolution of 2
cm−1.

2.3. Electrochemical test

The electrodes were prepared by coating a slurry of the active
material powders, acetylene black, and polyĲvinylidene
fluoride) binder (70 : 20 : 10 weight ratio) dissolved in
N-methyl-2-pyrrolidinone onto a Cu foil substrate. The
electrodes were dried in a vacuum at 100 °C for 24 h, and
then assembled into a half-battery (CR2032 coin type) using
lithium foil as a counter electrode in an Ar-filled glove box.
The electrolyte used was 1 M LiPF6 in a mixed solvent
containing ethylene carbonate and dimethyl carbonate in a
1 : 1 weight ratio. The charge–discharge characteristics of the
cells were recorded on a LAND cell-testing system.

2.4. Adsorption measurements

The adsorption properties were examined using Congo red.
0.02 mg of NiO microspheres was dispersed into 50 mL of
Congo red aqueous solutions with different concentrations
(10–300 mg L−1) under constant stirring at room temperature.
After centrifugation, the adsorption phenomenon was investi-
gated through the UV-vis spectrum of the supernatant. The
concentration of Congo red was analyzed using a UV-vis
spectrometer (Perkin-Elmer, Lambda-35). The characteristic
absorption of Congo red at 500 nm was chosen as the moni-
tored parameter for the adsorption process.

3. Results and discussion
3.1. Morphology and microstructure of metal oxide hollow
core–shell microspheres

The morphology and microstructure of the metal oxide hol-
low core–shell microspheres were characterized by SEM and
TEM. The panoramic SEM image in Fig. 1a gives a represen-
tative overview of the Co3O4 sample after calcination at 500
°C. It can be seen that the calcined Co3O4 product exhibits a
spherical morphology and has a mean diameter distribution
of ca. 3.0 μm. As shown in Fig. 1b and its inset, it can be
seen that the synthesized Co3O4 microspheres are made up
of small particles with sizes of 20–40 nm and the surface of
the microspheres has a porous structure. To investigate the
interior structures, the microspheres were firmly ground and
thus were further broken and collapsed. The close-up image
of a single broken sphere (inset in Fig. 1a) shows that the
Co3O4 microsphere has a core–shell structure. The TEM im-
age (Fig. 1c) further confirms that the Co3O4 microspheres
are characterized by hollow core–shell structures with a
sphere-in-sphere morphology. Our synthesis method is very
general. Besides Co3O4, this ultra-facile approach has also
been extended to the synthesis of other metal oxide micro-
spheres, including NiO and Mn2O3. Their corresponding SEM
and TEM images are given in Fig. 1d–i. The NiO and Mn2O3

samples also exhibit spherical structures made up of small
particles. Their corresponding TEM images shown in
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Fig. 1f and i confirm that the NiO and Mn2O3 microspheres
also have hollow core–shell structures with a sphere-in-
sphere morphology. The nitrogen adsorption–desorption iso-
therms and the corresponding pore size distribution curves
of the Co3O4, NiO and Mn2O3 hollow core–shell microspheres
are shown in Fig. S1.† The BET surface area value for the
Co3O4, NiO and Mn2O3 hollow core–shell microspheres is cal-
culated to be 21.06 m2 g−1, 20.51 m2 g−1 and 20.91 m2 g−1, re-
spectively. Their average pore size is about 26 nm, 13 nm and
17 nm, respectively. The hollow core–shell structure with an
inner surface can provide more active sites for redox reac-
tions and the porous structure provides a short distance for
ion diffusion, both being beneficial to the lithium storage ca-
pacity and adsorption capacity of the metal oxide
microspheres.

In order to investigate the phase and structure of the
obtained Co3O4 product, its corresponding XRD pattern is
given in Fig. 2. All diffraction peaks of the Co3O4 product can
be easily indexed to the pure cubic structure of Co3O4, which
are in good agreement with the literature values (JCPDS 43-

1003). The narrow sharp peaks in the XRD pattern indicate
that the Co3O4 product is well crystallized. Furthermore,
energy-dispersive spectrometry (EDS) was also utilized to
identify the chemical element composition of the product. As
shown in Fig. 2b, the calcined sample mainly contains Co
and O elements, further confirming the formation of pure
Co3O4. The XRD patterns of the NiO and Mn2O3 micro-
spheres are given in Fig. S2.† Their corresponding XRD pat-
terns also indicate the formation of pure NiO and Mn2O3

with good crystallization.

3.2. Effect of the amount of citric acid, PEG-400 and DMF on
the morphology and microstructure of metal oxide products

In order to investigate the effects of the amount of citric acid,
PEG-400 and DMF on the morphology and microstructure of
the metal oxide products, the Co3O4 system was used as a
representative and some control experiments were carried
out. The morphology and microstructure of the Co3O4 sam-
ples with different molar ratios of citric acid to Co2+ were
compared. The SEM and TEM images of the synthesized
products are shown in Fig. 3. Without the addition of citric
acid, the Co3O4 product displays irregular and block particles.
When the molar ratio of citric acid to Co2+ is 3 : 4, the main
product is a monolith with macropores (Fig. 3b). When the
molar ratio of citric acid to Co2+ is 5 : 4, Co3O4 hollow core–
shell microspheres can be obtained (Fig. 3c). Upon further in-
creasing the molar ratio of citric acid to Co2+, the product is
still hollow core–shell microspheres (not shown), whose mor-
phology and microstructure exhibit no obvious change. How-
ever, too much citric acid will result in no precipitation. It is
obvious that the appropriate amount of citric acid is respon-
sible for the formation of Co3O4 microspheres.

In order to examine the function of PEG-400 in the fabri-
cation of metal oxide architectures, the SEM images of the
Co3O4 samples prepared with different volumes of PEG-400
after calcination at 500 °C are shown in Fig. 4. Upon increas-
ing the volume of PEG-400 from 0 ml to 10 ml while
maintaining the other parameters, the Co3O4 samples all
present well-dispersed microspheres (Fig. 4a and b), but the
diameter of the microspheres obviously increases. On the
other hand, the TEM images show that the Co3O4 micro-
spheres prepared in the absence of PEG-400 possess a solid
structure while the microspheres prepared with 10 ml of
PEG-400 have a hollow core–shell structure (insets in

Fig. 1 SEM and TEM images of metal oxide microspheres after
calcination at 500 °C: Co3O4 (a–c), NiO (d–f) and Mn2O3 (g–i). Insets
are the corresponding high-magnification SEM images of the Co3O4,
NiO and Mn2O3 microspheres.

Fig. 2 XRD pattern (a) and EDS spectrum (b) of Co3O4 microspheres
after calcination at 500 °C.

Fig. 3 SEM images of the as-prepared Co3O4 samples obtained with
different molar ratios of citric acid to Co2+ after calcination at 500 °C:
(a) 0 : 4, (b) 3 : 4 and (c) 5 : 4.
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Fig. 4a and b). Further increasing the volume of PEG-400 will
lead to a large amount of precipitate in a short time, which
results in the formation of irregular Co3O4 particles (Fig. 4c).
Therefore, it is clear that the addition of PEG-400 is responsi-
ble for the formation of the hollow structure of the Co3O4

samples.
To investigate the effect of DMF on the morphology and

microstructure of the product, the SEM and TEM images of
the Co3O4 samples prepared with different volumes of DMF
are shown in Fig. 5. It can be seen that the Co3O4 sample in
the absence of DMF is mainly composed of a large number
of irregular blocks. When 5 ml of DMF is added, Co3O4 hol-
low core–shell microspheres with diameters in the range of
1.0–5.0 μm can be observed (Fig. 5b). Further increasing the
volume of DMF to 15 mL does not cause a significant change
in the morphology of the product, and hollow core–shell
structures are still the main product (Fig. 5c). However, the
hollow core–shell structures become more uniform and their
average diameter shows an increasing trend along with the
increase of the volume of DMF. Therefore, it is clear that the
presence of DMF is a necessary condition for the formation
of monodispersed microspheres.

3.3. Formation mechanism of hollow core–shell structures

In order to investigate the state of coordination in the com-
pound, the IR spectra of different Co3O4 precursor samples
are given in Fig. 6a. The IR spectra of the three Co3O4 precur-
sor samples show bands around 1588 cm−1 and 1412 cm−1,
which are attributed to asymmetric (νasĲCOO)) and symmetric
(νsĲCOO)) vibrations of coordinated carboxyls, respectively.
Obviously, the frequency difference between νasĲCOO) and
νsĲCOO) is 176 cm−1, indicating the bridge-bonding of carbox-
ylate to two cobalt atoms.24,25 This revealed that the CoĲII) cat-

ions can bind to citric acid, assembling into a polynuclear
complex. The two new weak bands at 2960 cm−1 and 2865
cm−1 are found in the IR spectrum of the Co3O4 precursor
sample synthesized without PEG-400, which are attributed to
the asymmetric and symmetric vibrations of CH3.

26 Thus, it
can be considered that DMF exists in the precursor sample
and combines with the formed polynuclear complex in the
process of precipitation. On the other hand, there is an obvi-
ous absorption peak at 1132 cm−1 attributed to the stretching
vibration of C–O–C of PEG-400 in the IR spectrum of the
Co3O4 precursor sample synthesized without DMF, which
proves that the molecular chain of –(OCH2CH2)n– in the PEG-
400 molecules also combines with the formed polynuclear
complex in the process of precipitation.27

In order to investigate the effects of the presence of PEG-
400 and DMF on the thermal properties of the Co3O4 precur-
sors, the TG curves of three different Co3O4 precursors are
given in Fig. 6b. There are obvious differences among the
three TG curves. The sample prepared with only DMF has a
smaller weight loss during the calcination process while that
prepared with only PEG-400 has a larger weight loss compared
to that prepared with DMF and PEG-400. On the other hand,
the weight loss of the sample prepared with DMF and PEG-
400 stopped at the lowest temperature among the three TG
curves. It is clear that the presence of PEG-400 and DMF in
the precursors causes synergistic effects on the thermal prop-
erties of the Co3O4 precursor sample, thus further affecting
the morphology and microstructure of the Co3O4 products.

In order to monitor the formation process of the hollow
core–shell structure, the samples prepared at different calci-
nation temperatures were characterized by SEM, TEM and
XRD. The SEM and TEM images (Fig. S3a and b†) show that
the Co3O4 precursor samples without calcination are solid
microspheres and have imperforated surfaces. There are no
obvious pores between nanoparticles composing the precur-
sor microspheres. It is obvious that the porous structure of
the Co3O4 microspheres is formed during the heat treatment
process as a result of the decomposition of the organics. The
sample prepared at 300 °C still presents solid structures (Fig.
S3c†). However, hollow core–shell microspheres (Fig. S3d†)
are formed when the sample is prepared at 400 °C. The XRD
patterns of the Co3O4 samples prepared at different calcina-
tion temperatures are given to track their phase composition
and structure and shown in Fig. S4.† When the sample is

Fig. 4 SEM and TEM images of the Co3O4 samples obtained with
various volumes of PEG-400 after calcination at 500 °C: (a) 0 ml, (b)
10 mL and (c) 15 mL.

Fig. 5 SEM images of the as-prepared Co3O4 samples obtained with
various volumes of DMF after calcination at 500 °C: (a) 0 mL, (b) 5 mL
and (c) 15 mL.

Fig. 6 IR spectra (a) and TG curves (b) of different Co3O4 precursor
samples.
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prepared at 200 °C, no obvious diffraction peaks are observed
in the XRD pattern, which confirms that the product exhibits
an amorphous phase. When the sample is prepared at 300
°C, it is found that all the diffraction peaks can be readily
indexed to those of the cubic spinel phase of Co3O4 except
for a diffraction peak at 42.4° belonging to the (200) reflec-
tion of cubic CoO. Upon further increasing the calcination
temperature to 400 °C, the diffraction peak of CoO still exists.
When the temperature is increased to 500 °C, no other peaks
from possible impurities are detected and the pure Co3O4

product is observed. In addition, the crystallization of the as-
obtained Co3O4 samples is enhanced gradually along with
the increase of heat treatment temperature.

On the basis of the above results, a plausible formation
mechanism is schematically illustrated in Scheme 1. In solu-
tion, citric acid firstly coordinates to CoĲII), assembling into a
citrate–CoĲII) complex. According to a previous report, the
citrate–CoĲII) complex in aqueous solution will eventually
form a transparent sol rather than undergo precipitation
along with the evaporation of solvent when there are no PEG-
400 and DMF in the system.28 Therefore, the addition of
PEG-400 and DMF into the solution facilitates the precipita-
tion of the citrate–CoĲII) complex at room temperature, which
brings about the original nucleation and primary growth of
amorphous nanoparticles. As a nonionic surfactant, PEG-400
molecules contain hydrophilic –O– moieties and hydrophobic
–CH2–CH2– in the polymeric chain. When PEG-400 is added
into the solution, there are interactions between the PEG-400
molecules, metallic ions and citrate, which make long chains
of PEG-400 inter-twist with each other, with Co2+ ions in the
middle. This coordination attraction among the PEG-400
molecules, metallic ions and citrate has been proved to facili-
tate the assembly of citrate–Co2+–PEG-400 molecules into
complex nanoparticles.29,30 If DMF is not added, the very fast
nucleation rate does not provide the formed nuclei with
enough time for self-assembly, which leads to the formed nu-
clei randomly combining to form an irregular particle (shown
in Fig. 4c). When DMF is added into the solution, its func-
tion is quite different from its conventional function in the
DMF/H2O solvent, and it does not act as a mere solvent. The
presence of DMF reduces the reactivity and mobility of the
Co2+ ions, resulting in a sluggish crystallization process,
which is considered favourable for synthesizing the kineti-
cally stable phase.31,32 DMF can be adsorbed on the surface
of citrate–Co2+–PEG-400 to facilitate the assembly of nano-
particles into complex nanostructures.33,34

In the following sintering process, the high calcination
temperature brings about a temperature gradient along the
radial direction of the Co3O4 precursor microspheres, which
causes the outermost layer to firstly change into a stiff outer
shell. After the formation of the stiff outer shell, the Co3O4

microspheres will have the ability to resist a certain intensity
of contraction. The inner core as the gel phase detaches from
the stiff outer shell, which creates a void space between the
outer shell and the inner core due to the temperature gradi-
ent along the radial direction. Along with the decomposition
of a large amount of organic matter, the different contraction
rates between the outer shell and inner core will further lead
to the separation of the outer shell and the inner core, which
finally results in the formation of hollow structures during
the calcination process. When the temperature gradient is
negligible, the heterogeneous contraction process by non-
equilibrium heat transfer is terminated.35–37 During the calci-
nation process, the release of a large amount of gas from the
shell causes the shell to be porous rather than dense (insert
in Fig. 1a). On the other hand, the combustion of PEG-400
occluded in the precursor also plays a key role in the forma-
tion of the hollow core–shell structure, which provides the
Co3O4 microspheres with enough space to restructure during
the hollow structure formation process. Therefore, it can be
found that the Co3O4 microspheres prepared in the absence
of PEG-400 possess solid structures while those prepared
with PEG-400 display hollow core–shell structures (inserts in
Fig. 4).

3.4. Electrochemical performances of metal oxide hollow
core–shell microspheres

The applications of the as-synthesized metal oxide micro-
spheres in energy conversion and storage were demonstrated.
As anode materials for Li-ion batteries, the as-synthesized
Co3O4 hollow core–shell microspheres were investigated as a
typical example. Their electrochemical performance was eval-
uated by cyclic voltammetry (CV) and galvanostatic charge–
discharge cycling. The cyclic voltammograms collected at a
scan rate of 0.5 mV−1 between 0.01 and 3.0 V are shown in
Fig. 7a. In the first cathodic scan, the sharp current peak at
about 1.05 V is attributed to the reduction process of Co3O4

to metallic cobalt, the formation of amorphous Li2O and the

Scheme 1 Schematic illustration of the evolution process of the
obtained metal oxide microspheres.

Fig. 7 Cyclic voltammetry curves of Co3O4 hollow core–shell
microspheres at a scan rate of 0.5 mV s−1 for the first three cycles (a)
and their discharge–charge voltage profiles after the 1st, 2nd, 5th and
10th cycles at a current density of 0.1 A g−1 (b).
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formation of SEI layers.38,39 This reduction reaction has a sig-
nificant effect on the reversible capacity of Co3O4.

40,41 For the
anodic scan, the broad peak at around 2.08 V is associated
with the oxidation reactions and conversion of metallic co-
balt into cobalt oxide. In the second cycle, the peak intensity
of the main reduction peak apparently decreases and the oxi-
dation peak becomes wider with weaker intensity. The CV
curves are quite similar after the first cycle, indicating the
good reversibility of the electrochemical reactions, and this is
further confirmed by the following cycling performance test.
Fig. 7b gives the corresponding galvanostatic discharge–
charge curves within a voltage window of 0.01–3.0 V after the
1st, 2nd, 5th and 10th cycles. The first discharge voltage pro-
file is for a typical Co3O4 electrode and there are two obvious
voltage plateaus at about 1.25 and 1.10 V. The initial plateau
is due to the formation of rock salt CoO and amorphous Li2O
while the latter is related to the transition of the intermediate
into metallic cobalt.42,43 In the charge process, the charge
plateau located at about 2.0 V can be ascribed to the revers-
ible oxidation of metallic Co into Co3O4, accompanied by the
release of Li+.41 Afterwards, the following charge–discharge
curves are very similar, implying that the electrochemical re-
actions proceed with stable cycling stages. In the first cycle,
an initial discharge capacity of 1470 mA h g−1 and a charge
capacity of 1025 mA h g−1 are observed at the current density
of 100 mA g−1 with a coulombic efficiency of 69.7%. The irre-
versible capacity is attributed to the isolation and cracking of
the Co3O4 hollow core–shell microspheres during the
lithiation and delithiation processes, the irreversible forma-
tion of SEI layers in the discharge process and the incom-
plete decomposition of Li2O during the first charge.41,44 In
the 5th cycle, the electrode shows a discharge capacity of
1200 mA h g−1 and a charge capacity of 1200 mA h g−1 with a
coulombic efficiency of 100%. To further verify the perfor-
mances of the hollow core–shell Co3O4 electrode, Fig. 8a
shows the discharge capacity retention at a higher current
density of 0.2 A g−1 after 80 cycles. After the first cycle, there
is a marked increase in the specific capacities with the maxi-
mum value of 1125 mA h g−1 during the 50th cycle. Then, the
specific capacity is retained at about 1100 mA h g−1 during
the 80th cycle. Actually, the gradual increase of specific ca-
pacity at the beginning of the charge–discharge cycles is a
common phenomenon for Co3O4-based anode materials, and

the increasing capacity of the Co3O4 electrode in the first 50
cycles may be related to interfacial reactions like decomposi-
tion of the electrolyte and the formation of a gel-like layer,
which promotes the activation and stabilization of the
electrode.45,46 In contrast, the discharge capacity retention of
solid Co3O4 microspheres obtained without PEG-400 after cal-
cination at 500 °C was investigated and the corresponding
discharge capacity retention at a current density of 0.2 A g−1

after 80 cycles is shown in Fig. 8a. The solid Co3O4 electrode
suffers from rapid capacity fading and the discharge capacity
decreases from 1126 mA h g−1 to 498 mA h g−1 after 80 cycles.
It was clearly found that the Co3O4 hollow core–shell micro-
spheres showed much better lithium storage capacity and cy-
cling performance than the solid sample.

Good high-C-rate performances are desirable for develop-
ing high power/fast charging lithium ion batteries. The batte-
ries were cycled at various current densities of 0.1 A g−1, 0.2 A
g−1, 0.5 A g−1 and 1.0 A g−1 (Fig. 8b). The Co3O4 hollow core–
shell microspheres show high 2nd-cycle discharge capacities
of 1220 mA h g−1, 1241 mA h g−1, 1103 mA h g−1 and 875 mA
h g−1 at various current densities of 0.1 A g−1, 0.2 A g−1, 0.5 A
g−1 and 1.0 A g−1, respectively. More importantly, a high 2nd-
cycle capacity of 1105 mA h g−1 can be recovered rapidly
when the current rate is reduced again from 1.0 A g−1 to 0.1 A
g−1. In contrast, the specific capacities of the Co3O4 solid
microspheres drop rapidly at increased current densities
(Fig. 8b). For example, the Co3O4 solid microspheres show a
discharge capacity of only about 256 mA h g−1 at 1.0 A g−1.
Therefore, it is clear that the hollow core–shell microspheres
simultaneously exhibit high specific capacity and stability
compared to the solid microspheres, which is ascribed to
their special structure. The hollow structure can increase the
number of active reaction sites and the volumetric capacity of
the metal oxide microspheres. On the other hand, the hollow
core–shell structure provides an elastic buffer space to effec-
tively accommodate the volume expansion that occurs and
prevents aggregation and the electrical isolation of metal ox-
ides during the cycling process. Importantly, the thin shells
and the nano-sized units facilitate the rapid electrochemical
reaction kinetics by enhancing lithium diffusion and electron
conduction to accommodate fast cycling rates.21,47,48

3.5. Adsorption properties using Congo red

Due to the universality and toxic nature of dye pollutants, the
removal and separation of dye pollutants has become very
important for wastewater treatment. In this paper, as an ex-
ample of potential applications, the as-prepared hierarchical
NiO microspheres were used as an adsorbent for wastewater
treatment, and experiments on the adsorption performance
towards Congo red were carried out. A certain amount of the
NiO product is dispersed into Congo red solution with an ini-
tial concentration of 60 mg L−1 without any other additives.
The UV-vis absorption spectra of Congo red in the presence
of the NiO hollow core–shell microspheres after different
time intervals are given in Fig. 9a and show the characteristic

Fig. 8 The discharge cycling performance versus cycle number of
Co3O4 hollow core–shell microspheres and solid microspheres at a
current density of 0.2 A g−1 (a) and the rate capabilities of the above
two anodes at higher current varied from 0.1 A g−1 to 1.0 A g−1.
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intense peak at around 500 nm in aqueous solution. The ab-
sorption peak intensity clearly decreases upon using the NiO
hollow core–shell microspheres as adsorbents and equilib-
rium can be established within 120 min, which indicate that
the adsorption of Congo red on the NiO hollow core–shell
microspheres is efficient. The relative adsorption capacity of
NiO was evaluated by C/C0 (C0 and C represent the concentra-
tions of Congo red before and after treatment, respectively)
and the corresponding curve is given in Fig. 9b. It can be
seen that the NiO hollow core–shell microspheres can remove
ca. 75% of Congo red for an initial concentration of 60 mg
L−1 solution after 180 min contact time.

The equilibrium isotherm of a specific adsorbent repre-
sents its adsorptive characteristics and is very important to
the design of adsorption processes. The common models
used to investigate the adsorption isotherm are the Langmuir
and Freundlich equations, which are expressed as
follows:49,50

Langmuir model:

Freundlich model: qe = KfCe
1/n

where the constant b is the Langmuir affinity constant (L
mg−1), qm is the maximum adsorption capacity (mg g−1), Kf is
roughly an indicator of the adsorption capacity, and 1/n is
the Freundlich exponent (dimensionless). The experimental
results of this study were fitted with these two models. Exper-
iments for the estimation of the adsorption isotherms of
Congo red on the NiO microspheres were performed. The ad-
sorption isotherms of Congo red on the sample were exam-
ined with an adsorption time of 4 h, and the corresponding
Langmuir and Freundlich plots are given in Fig. 10. The
model parameters are listed in Table 1. The high squares of
the correlation coefficients of 0.9964 and 0.9804, respectively,
reveal that the adsorption of the samples toward Congo red
fits the Langmuir model better. For the NiO hollow core–shell
microspheres, the maximum adsorption capacity is as high
as 95.28 mg g−1. Solid NiO microspheres synthesized without
PEG are prepared and their corresponding SEM and TEM im-
ages are given in Fig. S5a.† As a comparison, their adsorption
performance was also evaluated using Congo red as the ad-
sorbate. Fig. S5b† shows the UV-vis absorption spectra of
Congo red in the presence of solid NiO microspheres after

different time intervals. The intensity of the absorption peaks
clearly decreases upon using NiO solid microspheres as the
adsorbent and equilibrium can be established within 120
min. The adsorption rate of Congo red on the solid NiO
microspheres is also shown in Fig. S6a.† It can be seen that
the absorption peak intensities decrease when the NiO solid
microspheres are used as adsorbents, indicating that they
can remove ca. 50% of Congo red at an initial concentration
of 60 mg L−1 solution after 180 min contact time. The corre-
sponding Langmuir and Freundlich plots are given in Fig.
S6b and the model parameters are listed in Table S1.† A max-
imum adsorption capacity of 63.73 mg g−1 can be obtained,
which is lower than that of the hierarchical NiO hollow core–
shell microspheres. It is considered that the intrinsic hollow
core–shell nature as well as the high porosity of the shell con-
tributes greatly to the improvement in their performance as
adsorbents for the removal of Congo red from wastewater.

4. Conclusions

In summary, an ultra-facile coordination precipitation route
followed by a calcination process has been developed to
synthesize Co3O4, NiO and Mn2O3 hollow core–shell micro-
spheres for the first time. The amount of citric acid, PEG and
DMF (or glycerol) has important effects on the formation of
metal oxide hollow core–shell microspheres, and their possi-
ble formation mechanisms are proposed based on experimen-
tal parameters. The formation from the precursor to the hol-
low core–shell microspheres involves the original nucleation
and primary growth of nanoparticles, and their self-assembly,
as well as mass transportation from the interior to the exterior
of the microspheres. Calcination plays an important role in
controlling the hollow structure formation, and the

Fig. 9 UV-vis absorption spectra of Congo red in the presence of NiO
hollow core–shell microspheres after different time intervals (a) and
the adsorption rate of Congo red on the NiO hollow core–shell
microspheres (b); the initial concentration of Congo red is 60 mg L−1.

Fig. 10 Adsorption isotherm curves for the adsorption of Congo red
onto NiO hollow core–shell microspheres.

Table 1 Isotherm parameters for the adsorption of Congo red onto NiO
hollow core–shell microspheres

Isotherm models Constants Value

Langmuir b (Lm g−1) 0.0048
qm (mg g−1) 95.2829
R2 0.9964

Freundlich Kf 1.4664
n 1.5467
R2 0.9804
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combustion of PEG provides the metal oxide nanoparticles
with ample space for restructuring. As anode materials for
lithium ion batteries, the as-synthesized Co3O4 hollow core–
shell microspheres exhibited enhanced electrochemical per-
formances compared to solid microspheres. Furthermore, the
as-obtained NiO product exhibited good adsorption properties
for Congo red during water treatment and the corresponding
maximum adsorption capacity was 95.28 mg g−1 at room tem-
perature. It is expected that this ultra-facile approach can be
extended to the synthesis of other polynary metal oxides for
energy conversion, storage applications and adsorption.
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