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Abstract: Despite the significant advancement in preparing
metal oxide hollow structures, most approaches rely on
template-based multistep procedures for tailoring the interior
structure. In this work, we develop a new generally applicable
strategy toward the synthesis of mixed-metal-oxide complex
hollow spheres. Starting with metal glycerate solid spheres, we
show that subsequent thermal annealing in air leads to the
formation of complex hollow spheres of the resulting metal
oxide. We demonstrate the concept by synthesizing highly
uniform NiCo,0, hollow spheres with a complex interior
structure. With the small primary building nanoparticles, high
structural integrity, complex interior architectures,
enlarged surface area, these unique NiCo,0, hollow spheres
exhibit superior electrochemical performances as advanced
electrode materials for both lithium-ion batteries and super-
capacitors. This approach can be an efficient self-templated
strategy for the preparation of mixed-metal-oxide hollow
spheres with complex interior structures and functionalities.

and

Owing to their unique structural features in terms of low
density, hollow interior, and shell permeability, hollow micro-/
nanostructures have been attracting tremendous interest in
various areas including catalysis, drug delivery, chemical
Sensors, energy conversion, energy storage systems, and many
others.'" In this context, intensive efforts have been devoted
to developing different strategies for synthesizing hollow
structures, which resulted in great progress in preparing many
hollow structures such as hollow spheres,'*!!l boxes, >3 and
micro-/nanotubes.'"* " However, most of the available hollow
structures possess relatively simple configurations, such as
single-shelled hollow spheres of one composition. Research-
ers are currently more focused on the design and fabrication
of hollow structures with higher complexity in terms of
structure and composition, hoping to achieve optimized
physical/chemical properties for specific applications. As
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a result, many types of hollow structures with multishelled
architectures have been fabricated through different synthesis
routes."*"") For example, Wang et al. reported the synthesis of
multishelled Co;0,4 hollow microspheres with carbonaceous
microspheres as hard templates, which exhibit higher lithium
storage capacity and improved cycling performance com-
pared with single-shelled Co;O, microspheres.”” We have
recently developed a new “penetration—solidification—anneal-
ing” strategy to fabricate various mixed-metal-oxide multi-
shelled hollow spheres using carbon spheres as hard tem-
plates.”!! Several different types of Cu,O multilevel hollow
spheres are synthesized using different methods such as soft
templating and Ostwald ripening process and their gas-
sensing properties are investigated.’>*! Despite the progress
achieved to date, the current methods are mostly based on
hard templates and are usually time-consuming and quite
tedious because of the need for template synthesis and the
multistep process. In addition, it is difficult to fabricate
multicomponent metal oxide hollow structures because
different materials with distinct physical/chemical properties
could hardly be incorporated simultaneously during the
synthesis process. Therefore, it is still desirable yet challeng-
ing to develop new efficient strategies to fabricate high-
quality complex hollow structures, especially for multicom-
ponent materials.

Transition metal oxides (TMOs), as an important class of
functional materials, have been extensively studied as elec-
trode materials for energy storage devices including fuel cells,
lithium-ion batteries (LIBs), and electrochemical capacitors
(ECs).?22 Ternary metal oxides with two different metal
cations exhibit high electrochemical activities because of their
complex chemical composition and the synergic effects of
multiple metal species.* ! For example, spinel nickel cobal-
tite (NiCo,0,), in which one Co atom is replaced by Ni,
possesses much better electrical conductivity and higher
electrochemical activity than nickel oxides or cobalt
oxides.”>*!' As a result, NiCo,0, exhibits exceptionally high
specific capacity/capacitance, which is typically 2-3 times
higher than that of corresponding monometal oxides.

Herein, we have developed a new and generally appli-
cable strategy for the efficient synthesis of mixed-metal-oxide
hollow spheres with complex interior structures. The method
involves the solution synthesis of uniform metal glycerate
solid spheres and subsequent thermal annealing in air. We
demonstrate the concept by synthesizing highly uniform
NiCo,0, hollow spheres with a core-in-double-shell interior
structure. When evaluated as electrode materials for LIBs and
ECs, these NiCo,O, complex hollow spheres show high
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Figure 1. Schematic illustration of the formation process of NiCo,O,
core-in-double-shell hollow spheres.

capacity/capacitance, good cycling stability, and excellent rate
performance.

Our strategy for the formation of mixed-metal-oxide
complex hollow structures is shown in Figure 1, using
NiCo,0, as an example (the experimental details are
provided in the Supporting Information, SI). In the first
step, uniform nickel-cobalt glycerate (NiCo-glycerate)
spheres as the precursor (Figure S1 A, SI) are prepared by
a facile solvothermal method. The NiCo-glycerate solid
spheres can be easily converted to NiCo,O, core-in-double-
shell hollow spheres by a simple nonequilibrium heat treat-
ment process. Transmission electron microscopy (TEM) and
powder X-ray diffraction (XRD) are conducted to monitor
the morphological evolution and crystallization process after
different thermal treatment durations. At the initial stage of
calcination (stage I), the large temperature gradient (A7)
existing along the radial direction leads to the quick
formation of a NiCo, O, shell on the surface of NiCo-glycerate
spheres (Figure S1B). Several weak diffraction peaks in the
corresponding XRD pattern (Figure S2 A) can be indexed to
the crystal planes of NiCo,O,. Thereafter, there are two
actions in opposing directions acting on the interface between
the NiCo,O, shell and the NiCo-glycerate core (namely,
heterogeneous contraction). One is the contraction (F.)
induced by the weight loss of around 46.9% during the
oxidative degradation of the organic species (Figure S3),
resulting in inward shrinkage of the NiCo-glycerate core. The
other is the adhesion action (F,) from the relatively rigid shell,
which hinders the inward contraction of the precursor core.
When F, is dominant (stage II), the inner core will further
contract inward and detach from the preformed outer metal
oxide shell, as confirmed by TEM image (Figure S1C). The
increase of diffraction peak intensity implies the growth of
crystalline NiCo,O, (Figure S2B). With prolonged heating,
the heterogeneous contraction process takes place on the
interior core. By the same mechanism, the second shell is
formed, producing a unique core-in-double-shell interior
structure (Figure S1D).

There is a pronounced diffraction peak at around 10° in
the XRD pattern of NiCo-glycerate (Figure S4 A), which is
characteristic of metal alkoxides.*¥ After thermal treatment,
all diffraction peaks of the product can be indexed to the
cubic spinel NiCo,O, phase (JCPDS card No. 20-0781;
Figure S4B). No residues or other phases are detected,
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indicating that the NiCo-glycerate is completely converted
to spinel NiCo,O, after a simple annealing process. The Ni/Co
atomic ratio analyzed by energy-dispersive X-ray spectrosco-
py (EDX) analysis is about 0.5 (Figure S5).

The morphology and microstructure of the products are
examined with field-emission scanning electron microscopy
(FESEM) and TEM. As shown in Figure 2A (also see

.

Figure 2. Typical FESEM (A, C) and TEM (B, D-F) images of the NiCo-
glycolate precursor spheres (A, B) and NiCo,0, core-in-double-shell
hollow spheres (C-F). Inset in (F) shows the corresponding SAED
pattern.

Figure S6 A), the NiCo-glycerate precursor spheres are
highly uniform with relatively smooth surface and the
diameter is around 550 nm. The TEM image (Figure 2B)
shows that these NiCo-glycerate spheres are completely solid
spheres. After the thermal treatment, the NiCo-glycerate
precursor is converted into spinel NiCo,O,, but the morphol-
ogy (Figure S6B) is perfectly preserved as highly uniform
spheres. However the diameter of NiCo,O, spheres is only
about 400 nm (Figure 2C,D), which is significantly smaller
than that of NiCo-glycerate precursor spheres because of the
shrinkage during calcination. Besides, the surface of the
NiCo,0, spheres is very rough, indicating that the spheres
consist of small nanoparticles. The interior structure of the
spheres is investigated by TEM. From the TEM images
(Figure 2D,E), it can be clearly observed that the NiCo,0,
spheres possess a three-layer core-in-double-shell hollow
structure. The average diameters of the outer and inner shells
as well as the solid core are about 400, 200, and 40 nm,
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respectively, as estimated from the TEM images. In addition,
the outer shell is relatively thick, with an average thickness of
around 70 nm, whereas the inner shell is about 40 nm in
thickness. The enlarged TEM image (Figure 2F) clearly
shows that the shell is composed of small nanocrystals with
interparticle mesopores distributed throughout the shell. As
determined by N, sorption measurement (Figure S7), these
NiCo,0, complex hollow spheres possess a relatively high
Brunauer-Emmett-Teller (BET) surface area of 61.2 m?g™"
with pore sizes mostly below 10nm. The selected-area
electron diffraction (SAED) pattern of NiCo,O, hollow
spheres (inset in Figure 2F) clearly shows the polycrystalline
nature of the sample and the diffraction rings can be readily
indexed to the spinel NiCo,O, phase.

The interior structure can be simply modulated by adjust-
ing the heating rate during the calcination process (Fig-
ure S8). Specifically, core-shell spheres are obtained with
a heating rate of 2°C min~' (Figure S8A). With a higher
heating rate of 5°C min~!, the product still shows a core-shell
structure (Figure S8B), but the diameters of the shell and
inner solid core are about 360 and 250 nm, respectively, and
the shell thickness decreases to only around 35 nm. When
further the heating rate is further increased to 10°Cmin~', the
product is composed of porous solid spheres with a diameter
of about 320 nm (Figure S8C). These results show that the
heating rate plays an important role in the formation of
complex interior structures.

Importantly, the present approach is simple and poten-
tially general. We have successfully synthesized other mixed-
metal-oxide hollow spheres with complex interior structures.
For example, uniform ZnCo-glycerate spheres with a diameter
of around 500 nm can be synthesized by a similar solvother-
mal method (Figure S9). After annealing treatment, ZnCo-
glycerate is completely converted to spinel ZnCo,O, with
a large weight loss of around 47.1% (Figure S10). The
spherical morphology is perfectly retained (Figure S11). The
complex interior structure of the obtained ZnCo,0O, spheres
can be clearly shown by TEM images (Figure S11C,D).
Although the outer shell is close to the inner shell, a clear gap
between them is still observed. This method is further
extended to synthesize Mn-based mixed-metal-oxide hollow
spheres. For example, CoMn-glycerate spheres with a diame-
ter of around 1.5 pm were successfully synthesized (Fig-
ure S12 A,B). After annealing treatment, CoMn-glycerate is
completely converted to spinel CoMn,O,. FESEM and TEM
images (Figure S12C,D) show that the morphology is well
retained and the formed CoMn,O, spheres have a yolk-shell
interior structure with a porous/hollow yolk. The interior
structures are slightly different for different metal oxides. This
can be easily understood by considering the different
crystallization and crystal growth behavior of different
materials during the annealing process. As a result, the
contraction and adhesion actions involved are different for
different materials, hence producing different interior struc-
tures.

Mixed metal oxides have been regarded as a promising
class of electrode materials for high-performance energy
storage devices. The lithium storage properties of NiCo,O,
hollow spheres are evaluated by both cyclic voltammetry and
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galvanostatic charge—discharge cycling. Cyclic voltammo-
grams (CVs) are obtained at a scan rate of 0.2 mVs™' in the
voltage window of 0.01-3 V versus Li/Li* (Figure S13). In the
first cathodic sweep, the sharp peak at 0.67 V is attributed to
the reduction of Co®* and Ni** to metallic Co and Ni,
respectively. Meanwhile, two poorly defined anodic peaks
centered at about 1.58 and 2.22 V in the following anodic scan
can be ascribed to the oxidation of metallic Ni and Co to NiO,
and CoO,, respectively.’” In the subsequent scans, the
cathodic peak shifts to 0.91 V with reduced intensity. Fig-
ure 3A shows the charge-discharge voltage profiles of the
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Figure 3. Electrochemical evaluation of NiCo,O, hollow spheres for
lithium-ion batteries: A) discharge—charge voltage profiles at a current
density of 150 mAg™'; B) rate capability at different current densities
between 0.01 and 3.0 V; C) cycling performance at a current density of
200 mAg™".

NiCo,0, hollow spheres at a current density of 150 mA g™
The NiCo,0, electrode delivers high first-cycle discharge and
charge capacities of 1401 and 928 mAhg ' respectively,
corresponding to a moderate irreversible loss of about 34 %.
The discharge—charge curves for the second and fifth cycles
almost coincide with each other, indicating the good cycling
stability. The rate capability is evaluated at different current
densities ranging from 150 to 2000 mA g~' (Figure 3B). As
can be seen, the specific capacities are 834, 745, 662, and
533 mAhg ™' at the current densities of 300, 600, 1000, and
2000 mA ¢!, respectively. When the current density is
changed back to 150 mAg™! after 50 cycles, the reversible
capacity resumes to 885 mAhg™'. Furthermore, the NiCo,O,
hollow spheres electrode possesses excellent cyclic stability
(Figure 3C). After continuous cycling for 100 cycles at
a current density of 200mAg', a reversible discharge
capacity as high as 706 mAhg™' is retained, corresponding
to 78 % of the second-cycle discharge capacity. The lithium
storage properties achieved in the present study are superior
to that of many other different NiCo,0O, materials, including
flower-like NiCo0,0,,**! NiCo,0, microspheres,*” NiCo,0,/C
nanocomposites,® and  NiC0,0,.RGO  compositel*
(Table S1, SI). Clearly, the unique structure of present
NiCo,0, complex hollow structures is beneficial for enhanced
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lithium storage properties. Specifically, the presence of small
primary nanoparticles and pores can boost Li*-ion transport,
resulting in high capacity and excellent rate capability. More
importantly, the unique three-layer core-in-double-shell inte-
rior structure could buffer the large volume change associated
with the repeated Li" insertion/extraction processes during
cycling and endow the structural integrity, thus alleviating the
pulverization problem and enhancing the cycling stability.

In addition, the NiCo,0, hollow spheres are also eval-
uated as an electrode material for ECs. Figure 4 A gives
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Figure 4. Electrochemical evaluation of NiCo,O, hollow spheres for
electrochemical capacitors: A) CV curves at 100, 60, 40, 20, 10, 5, and
2mVs™', and B) galvanostatic charge—discharge voltage profiles at 15,
10, 5, 2, and 1 Ag™". C) Specific capacitance as a function of current
density calculated from discharge curves in (B). D) Cycling perfor-
mance of the NiCo,O, electrode at a current density of 5 Ag™".

typical CV curves of the NiCo,O, hollow spheres electrode
with various sweep rates. A pair of well-defined redox peaks
can be observed within the potential range from 0 to 0.6 V
versus saturated calomel electrode (SCE) at all sweep rates,
which is mainly attributed to the Faradaic redox reactions
related to M—O/M—O—OH (M represents Ni or Co).”®! With
the 50-fold increment in sweep rate from 2 to 100 mVs™', the
position of the cathodic peak shifts slightly from 0.32 to
0.28 V, demonstrating that the NiCo,O, electrode is favorable
for ultrafast redox reactions. Figure 4B presents the galvano-
static charge—discharge voltage curves of the NiCo,O, elec-
trode at different current densities ranging from 1to 15 Ag™".
Evidently, it can be observed that there are voltage plateaus at
around 0.4 V, which is consistent with the above CV results.
The calculated specific capacitance as a function of the
discharge current density is plotted in Figure 4C. The
NiCo,0, electrode delivers high pseudocapacitance of 1141,
1048, 965, 862, and 784 Fg ! at current densities of 1, 2, 5, 10,
and 15 Ag™', respectively. The results suggest that the
NiCo,0, hollow spheres electrode has excellent high-rate
capability, compared with most NiCo,O, electrodes reported
in the literature.’>*?! This superior performance should be
related to the advantageous structural features of these
NiCo,0, hollow spheres. Specifically, the shells consisting of

Angew. Chem. Int. Ed. 2015, 54, 18681872

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion . CEIMIE

small nanocrystals possess high porosity, and thus the electro-
lyte can easily penetrate through the shells for efficient redox
reactions during the Faradaic charge storage process. The
cycling performance of the NiCo,O, electrode is evaluated by
the continuous charge—discharge testing at a current density
of 5 Ag™" and the result is shown in Figure 4 D. Impressively,
the cycling is very stable with a specific capacitance of
914 Fg ' retained over 4000 cycles, corresponding to a loss of
only 5.3%. This enhanced cycling stability is probably
attributed to the unique core-in-double-shell hollow structure
that is expected to improve the structural integrity.

In summary, we have developed a new and efficient
strategy for the synthesis of uniform NiCo,O, hollow spheres
with complex interior structure. This method first involves the
synthesis of NiCo-glycerate solid spheres by a simple solvo-
thermal method. Then, the NiCo-glycerate solid spheres can
be converted to NiCo,O, complex hollow spheres by a simple
thermal annealing in air. The formation of the complex
interior structure during thermal decomposition of metal
glycerate is a result of the combined effect of contraction and
adhesion actions caused by non-equilibrium heat treatment.
It is further demonstrated that this method is potentially
general for the synthesis of metal oxide complex hollow
spheres. The resultant NiCo,O, hollow spheres possess
a unique core-in-double-shell complex interior structure,
and the porous shells are constructed by small nanocrystalline
particles. As a result, these NiCo,0, hollow spheres manifest
superior electrochemical performance when evaluated as
electrode materials for both lithium-ion batteries and super-
capacitors. These uniform metal glycerate spheres can also
serve as precursor for the synthesis of other functional
materials like metal sulfides.[*)
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