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The interesting electrochemical performances and magnetic
properties of hierarchical NiO hollow microspheres were
investigated. A rational formation mechanism of NiO hollow
spheres from Ni(OH), was proposed on the basis of agglomer-
ated-mediated growth.

Over the past few years, nanoscale materials with special morphol-
ogies have attracted intensive interest, because the intrinsic properties
of nanoscale materials are mainly determined by their composition,
crystallinity, size, and morphology. Nanoparticles often demonstrate
novel properties different from those of bulk materials, and they can
be used as fundamental building blocks for nanoscale science and
technology.'

Recently, several reports have shown that metal nanoparticles can
be assembled to form hierarchical porous spheres over multiple
length scales with enhanced properties compared with both discrete
nanoparticles and bulk powders. Moreover, the hollow spheres
consisting of nanostructured materials also exhibit distinctive
properties different from those of the nanoparticles.?

Rock salt structured (M = Fe, Co, Ni, Cu, ...) transition metal
oxides react reversibly with lithium in a lithium cell below 1.5 V.> It
has been reported that the M-O type oxides demonstrate large
capacity (700 mAh g™, long cycle life, and high recharging rates.
These brilliant properties make them promising candidates for use as
anode materials for Li-ion batteries.* Among them, nickel oxide is an
interesting material due to its applications in diverse fields, including
catalysis,” electrochromic films,® fuel cell electrodes,’ gas sensors,’
smart window,” and lithium-ion batteries.'®

Also, NiO is an important transition metal oxide which has been
preferred due to its interesting magnetic properties. Bulk crystals of
NiO possess a rhombohedral structure and exhibit antiferromagnetic
behavior below 523 K (Ty), whereas it has a cubic (NaCl-type)
structure and it is paramagnetic above that temperature. It has been
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previously suggested that fine particles of NiO should exhibit weak
ferromagnetism or superparamagnetism.'’

Morphology-controlled synthesis and large-scale self-assembly of
nanoscale building blocks into complex structures are of significant
interest in materials and device fabrications.'” For the construction
of hollow spheres with hierarchical wall structures, surfactants or
tri-block copolymers are usually required as structure-directing
reagents.”> Walsh and Mann reported the fabrication of hollow
shells of skeletal-structured calcium carbonate from oil-water—
surfactant microemulsions using polystyrene beads as the substrate.'*
Therefore, the creation of the hierarchical porous hollow structure
with several kinds of combined structures is of great significance.
Herein, we demonstrated that hierarchical nickel oxide hollow
microstructures with porous nanosheets as the in situ formed
building units were successfully fabricated by hydrothermal process
and calcination in air.

As illustrated in Fig. 1, we designed a two-step procedure to
produce the hierarchical NiO hollow spheres with meso- and macro-
porosity. On the basis of the all results in this study, we propose a
possible agglomerated-mediated growth mechanism of hollow
spheres with two-dimensional nanosheets. It is similar to the
mesocrystal formation mechanism. '

Ni** + 6NH; — [Ni(NH3)¢*" (1)
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Fig. 1 Schematic illustration of the formation of hierarchical Ni(OH),
hollow spheres.
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NH; + H,O0 — NH*" + OH™~ )
Ni?* + 20H™ — Ni(OH), (3)

In the beginning, the Ni>* under an ammonia aqueous solution
forms a relatively stable complex, [Ni(NH;)¢]**. Afterwards, the
complex is decomposed and releases NH; to provide OH™ ions
for the formation of Ni(OH), by hydrothermal treatment.

The formation of [Ni(NHs)** complex would decrease the
concentration of free NiZ* ions in the solution, which resulted in a
relatively low reaction rate of Ni** ions. A slow reaction rate caused
the separation of the nucleation and growth steps, which is crucial
for high-quality crystal synthesis. As a result, sheet-like high
crystalline Ni(OH), was formed, which may be related to the nature
of the initial crystal growth. Then hierarchical Ni(OH), hollow
spheres were made by self-assembly and agglomerated-mediated
growth. The crystal structure and chemical composition of the
materials are analysed by XRD pattern and EDX spectrum, with the
result shown in Fig. 2A and D. All the identified diffraction peak can
be unambiguously assigned to the hexagonal Ni(OH), (JCPDS card
no. 14-0117).'® No diffraction peak from impurities was found in the
samples. In EDX spectrum, the element ratio of Ni and O is about
1:2.6.

The morphology of the sample is further examined by SEM in
Fig. 2B. It shows that the product is composed of spherical particles
with a diameter of ~6.3 um. It can also be clearly identified that the
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Fig. 2 (A) XRD, (B) SEM, (C) TEM, (D) EDX spectrum, and (E) N,
adsorption-desorption isotherm of prepared hierarchical Ni(OH), hollow
spheres. Inset is pore-size distribution curve obtained from the desorption
data. Inset are SAED patterns and pore-size distribution curve obtained
from the desorption data.

spheres are composed of densely packed sheet-like subunits with
relatively the same size and thickness. The hollow interior of these
spheres is confirmed by TEM analysis in Fig. 2C, where they are
shown to have a large void space and a well-defined shell. With a
closer examination, the nanosheets subunits can be easily observed.
Such an interesting structure causes the sample to have a high surface
area of 13.9 m? g~ !, with a relatively wide pore size distribution
obtained by the nitrogen adsorption-desorption isotherm and
Barret-Joyner—Halenda (BJH) methods. The SAED pattern further
verifies that the hollow sphere is consistent with the agglomerated
nanosheet due to a polytype ring pattern. It matches with the
reflections corresponding to XRD results.

The magnetic properties of Ni(OH), hollow spheres were
investigated in Fig. 3. It has been reported that the bulk Ni(OH),
shows an antiferromagnetic (AFM) transition at the Neel tempera-
ture (T = 30 K). Takada et al. reported that bulk Ni(OH), was an
antiferromagnet exhibiting a metamagnetic property and a field-
induced transition to place when the applied field was larger than the
critical field.!” The peak at around 19 K would be the freezing
temperature of the AFM phase. The decrease in the ordered
temperature of Ni(OH), compared with 30 K is due to the decrease
in grain size of Ni(OH),. The grain size of the nanosheet is about
several nanometers, which is agglomerated on the surface of
microsphere. The decrease of FC magnetization with decreasing
temperature below 19 K indicated that this is a transition from
paramagnetic (PM) to AFM. Moreover, the deviation between zero
field cooling (ZFC) and field cooling (FC) is associated with the
superparamagnetic behavior with spontaneous magnetization. It was
confirmed as a cusp in the region at 25 K. As shown in Fig. 3B and
C, we observed the hysteresis with the coercive field (H;) at 5 K and
no hysteresis at 300 K above Ty, The hysteresis loop at 300 K shows
a linear curve above the Neel temperature due to the antiferromag-
netic material. We also observed a clear metamagnetic transition at
5 K that occurs up to an applied field of 50 kOe. This originated
from size and the interfacial effects, which would greatly affect the
interaction between spin moments. Metamagnetic transition may
occur when H exceeds the value H, = (2H.H,)"?, at T'= 0, where H,
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Fig. 3 Magnetic properties of hierarchical Ni(OH), hollow spheres: (A)
temperature dependence of ZFC and FC magnetization for an applied at
1 kOe and magnetic-field dependence of magnetization measured at (B) 5 K
and (C) 300 K. Insets are small field range of (B) and (C), respectively.
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and H, are effective exchange field and anisotropy field, respec-
tively.'® Similarly, in our material, the H, should be greatly enhanced
due to the strong interaction between the Ni(OH), plates in hollow
structure, and the H, should be also enhanced in exchange biased
systems.

The thermal behavior of hierarchical Ni(OH), hollow spheres was
investigated with TG-DSC measurements in Fig. 4.

A TG curve showed that Ni(OH), started to decompose at about
300 °C. The total weight loss was measured to be ~20% which is
larger than the theoretical value (19.4%) calculated from reaction (4):

Ni(OH), — NiO + H,O (4)

The powders exhibit thermogravimetric transitions that are likely
due to the loss of physically absorbed water. The weight loss in the
range of 300-365 °C continued but gradually slowed at 365 °C and
almost ceased at 450 °C. As a consequence, the stable residue can
reasonably be ascribed to NiO. The DSC curve showed an
endothermic peak with a maximum located at 345 °C. The
temperature range of the endothermic peak in the DSC curve fits
well with that of weight loss in the TG curve, corresponding to
endothermic behavior during the decomposition of Ni(OH), to NiO.
The calcination results in the decomposition of Ni(OH), nanosheets
to NiO porous nanosheets and thus the morphology and structure of
the hollow spheres were sustained very well. It was further confirmed
by SEM image in Fig. 5B.

Fig. 5 shows the hierarchical NiO hollow spheres obtained from
thermal decomposition of hollow spheres of Ni(OH),. The resultant
hollow spheres of NiO are well crystallized, which is reflected in
sharp diffraction rings of the SAED pattern and well-defined phase-
pure XRD patterns of Fig. SA and C (JCPDS card no. 04-0835). The
phase transformation of Ni(OH), to NiO causes a crystallographic
structural change from the hexagonal system to the cubic system.
Hollow spheres of NiO in Fig. 5B can retain the similar product
morphology and size to those in Fig. 2B. EDX analysis and
elemental analysis results indicated that the ratio of Ni and O is
almost 1 : 1 in Fig. SD. The TEM image of the obtained NiO hollow
spheres with obvious contrast between dark edge and pale center was
revealed in Fig. 5C. Fig. 5E indicated that the hollow sphere
constituted of self-assembled single crystalline mesoporous
nanosheets with various pore sizes. The nitrogen adsorption-
desorption isotherm shows that hollow NiO have two types of
hysteresis loop. It indicates the presence of meso- and macro-pores.
The BET surface area of the NiO hollow spheres is 84.444 m? g~ .
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Fig. 4 Differential scanning calorimetric analysis (DSC) and thermogravi-
metric analysis (TG) curves of hierarchical Ni(OH), hollow spheres.
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Fig. 5 (A) XRD, (B) SEM, (C) TEM, (D) EDX spectrum, (E) HRTEM
image, and (F) N, adsorption-desorption isotherm of prepared hierarchical
NiO hollow spheres. Inset are SAED patterns and pore-size distribution
curve obtained from the desorption data.

The inset of Fig. SF shows the BJH pore size distribution, showing a
sharp peak at 4-6 nm, a prominent peak at 30 nm and at larger than
30 nm (broad peak).

Fig. 6A shows voltammetric behavior of the sample between 0 and
3V at a scan rate of 0.1 mV s ! in 1 M LiPF with 50 : 50 wiw
mixtures of ethylene carbonate and ethyl methyl carbonate. It is
similar to the published one," in which one pair of distinct redox
peaks is identified. A pair of distinct redox peaks was observed,
which is similar to the published one.' In the first cycle, the
reduction occurs around 0.3 V and it corresponds to the initial
reduction of NiO to metallic Ni and the formation of a partially
reversible solid electrolyte interface (SEI) layer.” In the second cycle,
the reduction potential occurring at around 1.0 V is more positive
and the peak becomes broader. It is composed of a main peak at
~1.0 V and a shoulder peak around 1.3 V. The easier reduction in
the second cycle implies the structural change of the material after
the first scan. The presence of two reduction peaks in the second
cycle indicates that there are two sets of faradaic reactions involved;
(1) the reversible reaction of NiO <> Ni/Li,O. (2) the partial
composition/decomposition of the polymeric coating on the surface
of hierarchical NiO hollow spheres. The voltammetric behavior of
the third cycle is similar to second one.

Fig. 6 B and C depict the charge-discharge profiles for lithium
battery performance. It is clear that as high as about 700 mAh g~ ! of
reversible capacity can be obtained at the discharge rate of 0.1 C. The
rate capacity decreases, but it still remains at ~600mAhg 'atalC
rate. The performance of discharge capacity recovers once the
charge-discharge rate changes back to 0.1 C. According to the results
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Fig. 6 (A) Cyclic voltammograms at a sweep rate of 0.1 mV s~ (first scan
cycle; black, second scan cycle; red) in 1 M LiPFg in 50 : 50 w/w mixtures of
ethylene carbonate and ethyl methyl carbonate, (B) charge/discharge profiles,
and (C) discharge capacity upon cycling at different discharge rate for the
electrode made with hierarchical NiO hollow spheres.

above, the electrochemical performance of the electrode made with
hierarchical hollow spheres is better than that of nanoparticles, which
was reported in the other group study.?' This is due to the high
surface area of hollow spheres with mesoporous nanosheets, making
a more effective electrochemical reaction with lithium. Moreover,
mesoporous nanosheets are favorable for the diffusion of lithium
ions, providing more active sites. In addition, the spherical structure
may prohibit the agglomeration of Ni crystals to some extent,
relieving the stress caused by volume changes during the charge/
discharge cycles, and thereby suppressing the degradation of the
hierarchical NiO hollow sphere electrode.

‘We have studied the magnetization behavior of NiO as function of
magnetic field and temperature in Fig. 7. It is well known that bulk
NiO is an antiferromagnetic material with a Neel temperature (7y)
of 525 K,* which is significantly higher than room temperature. The
ZFC and FC curves were measured in an applied field of 1 kOe. A
small discrepancy between the bifurcation temperature, 7y = 50 K
and the blocking temperature 7, = 175 K is found, where T, is
defined as the peak temperature of the ZFC curve.

Zysler et al. proved that interparticle interactions lead to an
increase in the effective anisotropy energy of the magnetic core
moments, shifting the distribution of their 73 to higher temperature.?®
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Fig. 7 Magnetic properties of hierarchical NiO hollow spheres: (A)
temperature dependence of ZFC and FC magnetization for an applied field
at 1 kOe and (B) magnetic hysteresis loop at 5 K and 300 K. (C) A small field
range of (B).

The interparticle interactions are stronger and will be able to shift
Ty and Ty compared with the NiO nanoparticles. Fig. 7 B and C
show the magnetization curves at 5 and 300 K. At 5 K, an
asymmetric hysteresis loop was observed in Fig. 7 C. This loop shift
to the left is most likely linked to the exchange bias between the
surface layer and the inner core in coupled system; ie. the
uncompensated spin of the surface Ni sites and Ni atoms
surrounding the holes in the present study largely contribute to
the net magnetic moment of the sample due to the breaking of the
crystal symmetry. At 300 K in Fig. 7 B, all spins turn to
antiferromagnetic coupling when the temperature is over Ty (TN
= 95 K). An increase of the thermal energy would trade off to
diminish the spin ordering and exchange bias, resulting in the
disappearance of the hysteresis. Hierarchical NiO hollow spheres
with single crystalline nanosheets from hierarchical Ni(OH),
hollow spheres were prepared by hydrothermal treatment and
calcination in air. Even though the shapes of the hollow Ni(OH),
spheres were completely retained during the calcination, the surface
area of these was increased due to the creation of mesopores in the
nanosheets by dehydration of Ni(OH), during calcination in air.

The magnetic hysteresis measurements show interesting behaviors
such as Neel temperature and blocking temperature. Also the test of
the electrochemical performance for lithium ion shows better results
compared with other reports because hierarchical NiO hollow
spheres have single crystalline mesoporous nanosheets. Owing to the
facile method in preparing hierarchical NiO hollow sphere and its
superior capacity, they can be applied in other fields such as sensors,
magnetic sensors, catalytic fields, hydrogen storage, etc.
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