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Graphical Abstract: 

Direct large-scale synthesis of 3D hierarchical mesoporous NiO microspheres as 

high-performance anode materials for lithium ion batteries 

Zhongchao bai,
a*
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b
 Chunli Guo,

a
 Yitai Qian

c
 Bin Tang,

a
 Shenglin Xiong,

c,d*
 

 

3D hierarchical mesoporous NiO microspheres were scalable synthesized by thermal 

decomposition method; exhibit superior performance as anode material for LIBs.  
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Hierarchically porous materials have been an ideal material platform for constructing high performance Li-ion batteries (LIBs), offering 
great advantages of large contact area between the electrode and electrolyte, fast and flexible transport pathways for the electrolyte ions 
and the space for buffering the strain caused by repeated Li insertion/extraction. In this work, NiO microspheres with hierarchically 
porous structure have been synthesized via a facile thermal decomposition method only using a simple precursor. The superstructures are 10 

composed of nanocrystals with high specific surface area, pore volume, but broad pore size distribution. The electrochemical properties 
of 3D hierarchical mesoporous NiO microspheres were examined by cyclic voltammetry and galvanostatic charge-discharge studies. The 
results demonstrate that the as-prepared NiO nanospheres are excellent electrode materials in LIBs with high specific capacity, good 
retention and rate performance. The 3D hierarchical mesoporous NiO microspheres can still remain a reversible capacity of 800.2 mAh g-

1 after 100 cycles at a high current density of 500 mA g-1.  15 

 

Introduction  

Hierarchically porous transition metal oxides have attracted 
great attention in the past few years because they are associated 
with improved efficiencies when used as catalysts, adsorbents or 20 

electrode materials in Li-ion batteries.1-4 Especially, as electrode 
materials in LIBs, the porous materials have many unique 
advantages, including large contact area between electrode and 
electrolyte, fast and flexible transport pathways for the electrolyte 
ions and the space for buffering the strain caused by repeated Li 25 

insertion and extraction, because of their large surface area and 
porous profile.5-7 The general strategy to synthesize porous 
materials is hard/soft  template-based or dealloying method.8-11 
All those methods are removing something from the host 
materials, and simultaneously generating the porous structures. 30 

However, those methods usually need strict experimental 
conditions or sophisticated post-treatment (such as removal of the 
template, selective etching in an appropriate solvent and 
cumbersome retreatment process), which not only introduce 
impurities and also increase the cost.12-15

 More importantly, those 35 

methods are not suitable for large-scale production. Therefore, 
further research is still needed to develop novel strategy to 
fabricate porous materials. Recently, Thermal decomposition 
method (thermal decomposition of hydroxide, carbonate and 
oxalate etc.) is found to be an effective one to produce porous 40 

materials.16-19 Through this method, pores are generated 
accompanied by the release of gases (such as H2O, CO2 and CO 
etc.) during the thermal decomposition process. Compared with 
the template methods, this technique is simple, cost effective, and 
favorable for large-scale production. Thereby, such a strategy is 45 

more prospective than the template routes in industrial production. 
Nickel oxide (NiO) is considered to be a promising electrode 

material for lithium ion batteries and supercapacitors due to its 
low cost, low toxicity, and superior safety, in contrast to other 
transition metal oxides.20-25 Besides, the density of NiO is 6.67 g 50 

cm-3, leading to high volumetric energy density (approximately 
5.8 times of graphite). Up to now, considerable efforts have been 

done on the synthesis of nanostructure NiO and its composites for 
high performance LIBs.26–29 Wang et al. prepared NiO thin films 
made up of 30 nm nanoparticles using pulse laser ablation 55 

method and achieved a high discharge capacity of 700 mAh g-1. 26 

Yuan et al. fabricated spherical clusters of NiO nanoshafts 
through chemical precipitation followed by thermal 
decomposition, and discovered that the nanoshaft cluster 
electrodes had a higher reversible capacity than NiO 60 

nanopowders. 27 This result demonstrates that the structure and 
morphology have great effect on the electrochemical properties. 
Thus, more new strategies are needed to develop for devising 
NiO nanostructures to further improve their electrochemical 
performance. Most recently, several porous NiO nanostructures 65 

such as porous NiO nanowall films have been studied for lithium 
ion batteries by Huang et al. 30, 31 It is found that the porous NiO 
nanostructures show much better electrochemical performances 
than those dense counterparts owing to their large surface area 
and open edge geometry. And it is believed that the porous NiO 70 

nanostructures could exhibit superior lithium ion battery 
performance. However, all those methods need complicated 
procedures and substrates which cannot suit for scalable synthesis. 
Therefore, large-scale fabrication of porous NiO nanostructures 
via simple synthesis route is still a great challenge. 75 

In this work, we report a facile and scalable method for the 
synthesis of 3D hierarchical porous NiO microspheres by thermal 

decomposition of Ni(CH3COO)2·4H2O at 500 °C for 10 h. These 
mesoporous NiO spheres were characterized by XRD, TEM, 
SEM, and HRTEM to expound the detailed morphology and 80 

microstructure. Cyclic voltammograms (CVs), galvanostatic 
discharge/charge cycling and rate capability indicate that the 
porous NiO microspheres are excellent anode materials for high 
performance LIBs. The mesoporous NiO microspheres can still 
remain a reversible capacity of 800.2 mAh g-1 after 100 cycles at 85 

a current density of 500 mA g-1. To the best of our knowledge, 
this is the first report for the mass production of large-surface-
area hierarchical architectures for NiO microspheres.     

Experimental Section   
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Synthesis of 3D hierarchical porous NiO microspheres The 
reagent used in the experiments were analytical grade and used 
without further purification. The amount of precursor material 

Ni(CH3COO)2·4H2O was put into the crucible. The precursor was 
heated to 500 °C in air at a heating rate of 10 °C min-1 and then 5 

maintained at 500 °C for 10 h before being air-cooled to room 
temperature. Afterward, the gray green products were collected 
for structural characterization and the LIBs tests.  
 
Electrochemical Investigation 10 

 

The electrodes for electrochemical studies were prepared with 
70 wt% active materials of the fabricated mesoporous NiO 
microspheres, 20 wt% conducting acetylene black, and 10 wt% 
carboxymethyl cellulose (CMC) binder in water. The slurry was 15 

pasted on a clean copper foil followed by drying in vacuum at 
100 °C for 12 h. The coated foil was then roll-pressed and cut 
into a round slice. The cells were assembled using lithium foil as 
the counter electrode and the reference electrode, Celgard 2400 as 
the separator, and a solution of 1M LiPF6 in a mixture of 20 

ethylene carbonate (EC)-ethyl methyl carbonate (EMC)-dimethyl 
carbonate (DMC) (1:1:1 by volume) as the electrolyte. The 
assembly of the cell was conducted in an argon-filled glove-box. 
The cells were charged and discharged from 0.01 to 3.0 V at 
different current densities (Land CT2001A). Cyclic 25 

voltammograms (CVs) were carried out on CHI-760 
electrochemical workstation over the potential range 0.01–3.0 V 
at a scan rate of 0.1 mV s−1. 

Structural Characterization  

The samples were characterized by X-ray powder diffraction 30 

(XRD) with a Bruker D8 advanced X-ray diffractometer 
equipped with graphite-monochromatized Cu Kα radiation (Kα= 
1.5418 Å), recorded with the 2θ ranging from 10° to 80°. The 
scanning electron microscope images were taken with a JEOL 
JSM-7600F field-emission scanning electron microscope 35 

(FESEM). The high-resolution transmission electron microscope 
(HRTEM) images were recorded on a JEOL-2110 high-resolution 
transmission electron microscope at an acceleration voltage of 
200 kV. The materials were further characterized by transmission 
electron microscopy (TEM) using JEOL-1011 microscope. 40 

Thermal gravimetric analysis (TGA) was carried out on a Mettler 
Toledo TGA/SDTA851 thermal analyzer apparatus and the 
heating rate is 10 °C min-1. Nitrogen-sorption measurements were 
performed on a Tristar II 3020m gas sorptometer. Samples were 
degassed to 0.003 mmHg for 12 h at 608C. Specific surface areas 45 

were calculated by using the Brunauer–Emmett–Teller (BET) 
method, and pore sizes and volumes were estimated from pore-
size distribution curves from the adsorption branches of the 
isotherms. 

Results and discussion  50 

XRD measurement was carried out to investigate the phase and 
structure of the prepared 3D hierarchical mesoporous NiO 
microspheres. Fig. 1 shows the XRD pattern of nickel acetate 
tetrahydrate after annealing at 500 °C in air for 10 h. All the 
diffraction peaks are in good agreement with the standard 55 

crystallographic data (JCPDS-No 04-0835, space group Fm3m), 
indicating nanocrystalline cubic structure of NiO. In addition, it 

can be concluded that the nickel acetate tetrahydrate precursor 
has been fully transformed into crystalline NiO because no other 
diffraction peak is observed. This result is also confirmed by 60 

TGA examination. As shown in Figure 2, it can be observed that 
nickel acetate tetrahydrate precursor has decomposed completely 
at about 400 °C.  

 
Fig. 1 the XRD pattern of the synthesized mesoporous NiO microspheres. 65 

 
Fig.  2 TGA curves of the nickel acetate tetrahydrate under air.                                                                                                                              

The morphologies and nanostructures of the 3D hierarchical 
porous NiO microspheres were characterized by FESEM and 
TEM techniques. The low-magnification FESEM image (Fig. 3a) 70 

exhibits that the sample is composed of uniform microspheres 
with a diameter of 1-2 µm but coarse surfaces. The close 
observation (Fig. 3b) displays that the microspheres have a large 
number of holes in their bodies, producing 3D hierarchical porous 
spheres. A representative individual NiO sphere is shown in Fig. 75 

3c, where the pores can be further determined by the distinct 
cavities, and the nanosized building blocks also can be clearly 
observed. Such an interesting porous structure is considered 
favorable in alleviating the large volume change originating from 
the conversion reaction during Li+ insertion/extraction. Therefore, 80 

the electrochemical properties such as cycling performance and 
rate performance can be improved. 32, 33 The porous structure of 
the NiO spheres is also revealed by the obvious contrast in the 
TEM image (Fig. 3d and e). A typical HRTEM image of porous 
NiO spheres is shown in Fig. 3f. The interplanar distance is 0.22 85 

nm, which is in good agreement with (111) plane of cubic NiO. 
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Fig. 3 (a) Low, (b) high-magnification, and (c) individual SEM images of the 3D hierarchical porous NiO microspheres; (d) low, (e) high-magnification 

TEM and (f) HRTEM images of the 3D hierarchical porous NiO microspheres.

 
Fig. 4 N2 adsorption isotherms and pore size distribution (insets) of mesoporous NiO microspheres  5 

 
The mesoporous structure of the synthesized 3D hierarchical porous NiO microspheres was further studied by nitrogen adsorption–
desorption measurements and shown in Fig. 4. NiO microspheres present isotherm of type IV with broad hysteresis loops (Fig. 4) which 
is associated with capillary condensation always happening in mesopore structures. 34, 35 The NiO sample displays a high surface area of 
30.27 m2 g-1 and total pore volume of 0.081 cm3 g-1. The pore size distribution is inserted in Fig. 4 calculated from adsorption isotherms. 10 

Due to the high synthesis temperature of NiO spheres, the as-generated pores are less controlled, leading to a multi-model pore size 
distribution. Because of the large surface area and porous structure, the as-synthesized 3D hierarchical NiO spheres may have many 
potential applications such as electrochemical supercapacitor and high performance LIBs, since they can offer unique advantages for the 
ion transfer at the electrode/electrolyte interface.   

 15 
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Fig. 5 Cyclic voltammograms of the mesoporous NiO spheres in the voltage range of 0.01-3.0V at a scan rate 0.1 mV s−1. 

The electrochemical properties of the obtained 3D hierarchical porous NiO microspheres were studied systematically. To understand 
its reaction mechanism during electrochemical charge/discharge process, CVs studies were conducted in half-cell configuration (Li/NiO) 
over a voltage range from 0.01 to 3.0 V vs. Li at a slow scan rate of 0.1 mV s-1 (Fig. 5). During first cathodic sweep, two peaks are 5 

observed at around 0.46 and 0.35 V, respectively. The strong peak at 0.46 V corresponds to the initial reduction of NiO to Ni 
accompanied with the formation of amorphous Li2O, and electrolyte decomposition to form the solid electrolyte interphase (SEI) layer.28, 

36 The relative weak peak at 0.35 V might be attributed to the structural destruction and disappears in the subsequent scans.37 The 
discharge plateau shifted to 1.15 V during the following cycles which may be related to the drastic lithium-driven structural or textural 
modifications. For the anodic scans, the broad and weak peak located at 1.43 V should be ascribed to the dissolution of the organic SEI 10 

layer, 38 while the peak at 2.24 V is attributed to the oxidation of Ni0 to Ni2+ along with the decomposition of Li2O.21 Nevertheless, the 
oxidation peaks do not change much in the subsequent cycles compared with the first scan, suggesting the similar electrochemical 
reactions in the anodic scans. The CV curves are stable and well overlapped after the second cycle, indicating high electrochemical 
reversibility and good capacity retention for the mesoporous NiO electrodes. 

 15 

 

a 

b 
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Fig. 6 (a) The 1st, 2nd, 5th and 10th voltage profiles of the mesoporous NiO electrode between 0.01 and 3 V at the current density of 500 mA g−1. 
Galvanostatic discharge–charge cycling was carried out in the voltage range from 0.01 to 3.0 V. (b) Cycle performance and coulombic efficiency versus 
cycle number of mesoporous NiO electrode at a current density of 500 mA g-1. (c) Rate capabilities with increasing current density of the porous NiO 
electrode. 5 

Fig. 6a shows the discharge–charge voltage profiles of the 1st, 2nd and 10th cycles for the mesoporous NiO electrode, which cycled 
between 0.01 and 3 V at a current density of 500 mA g−1. In the first discharge, the curve begins from the open circuit voltage and 
quickly decreases to the plateau about 0.5 V with a capacity of 102 mAh g−1. This result may relate to forming the lithiated NiO. The 
main reaction of lithium and NiO occurs in the voltage plateau around 0.5 V corresponds to the reduction of Ni2+ to Ni0. A total capacity 
of 961.2 mAh g-1 is delivered, which is higher than the theoretical capacity of 718 mAh g-1. It is possible that the extra capacity was 10 

contributed by the formation of a polymer-like SEI layer.39 The first charge curve from 0.01 to 3.00 V shows a steady and smooth voltage 
increase (overall capacity of 702 mAh g-1). Therefore, there is a capacity loss of 30.9% in the first cycle, which can be mainly attributed 
to the possible irreversible processes such as electrolyte decomposition and inevitable formation of a SEI layer. In the second discharge 
cycle, the major potential plateau shifts to about 1.2 V (versus Li+/Li) because of the structural or textural rearrangement.40 After the 
second cycle, the voltage profiles are almost the same compared with the second cycle. This result agrees well with the CV 15 

measurements.  
 
Fig. 6b displays the cycling performance of the mesoporous NiO microspheres at the current density of 500 mA g-1. The electrode 

shows a steady capacity about 660 mAh g-1 at the initial 40 cycles. Afterwards, the charge capacity gradually increases until the 80th 
cycle. Hereafter, the electrode shows exceptional cycling performance with high coulombic efficiency (higher than 98%). The increasing 20 

specific capacity may be due to the reversible growth of a polymeric gel-like layer originating from kinetically activated electrolyte 
degradation and the interfacial lithium storage, which is common for most anode materials.41-43 Finally, the electrode maintains a specific 
capacity of 800.2 mAh g-1 after 100 cycles, which is larger than the previously reported values for NiO nanomaterials, such as spray 
pyrolyzed NiO-C nanocomposite furnished with a capacity below 500 mAh g-1 at the current density of 400 mA g-1 after 50 cycles,44 

MgO coated NiO nanocrystalline thin film delivering a capacity of 750 mAh g-1 after 150 cycles at 0.5 C,45 Nanostructured NiO 25 

achieving reversible capacity of 783 mA h g-1 after 50 cycles at the low rate of 0.2 C,46 and the NiO-graphene hybrid electrode with a 
capacity of 646.1 mA h g-1 after 35 cycles at a current density of 100 mA g-1.47 The enhanced performance of the mesoporous NiO 
spheres may come from its porous structure, which provides efficient electrolyte ions transport pathways, large surface-to-volume ratio, 
and effective tolerance to the volume change when lithium ions diffuse into/out the electrode. 48, 49 Most importantly, the structure of 
mesoporous NiO microspheres was roughly maintained after 50 cycles at 500 mA g-1, as shown in Figure 7, illustrating its structural 30 

stability of the mesoporous spheres through long cycling process at high current density. 

     
Fig. 7 SEM image of the electrodes after 50 cycles at a current density of 500 mA g-1. 

High rate performance is another important precondition to apply as anode material in high power Li-ion batteries. Therefore, the 
prepared 3D hierarchical porous NiO spheres were examined with different current densities in ambient temperature conditions，and the 35 

results were given in Fig. 6c. As expected, the synthesized porous NiO spheres show good rate performance. The capacity is stable 
during cycling irrespective of the current densities applied. The discharge capacities of mesoporous NiO microspheres at 100, 200, 500, 

c 
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and 1000 mA g-1 were 725, 694, 662, and 621 mAh g-1, respectively, demonstrating an excellent high rate performance for high power 
lithium ion battery. It should be noticed that as long as the current rate reversed back to low current rate, the cell capacity recovered to 
the original values, indicating that the integrity of mesoporous NiO crystals has been preserved even after high rate cycling. This implies 
that mesoporous NiO crystals are tolerant of various charge and discharge currents, which is preferred for high power applications.  

 5 

Conclusions  

 
In summary, a cheap and scalable method for the fabrication of 3D hierarchical porous NiO spheres has been developed. The obtained 

3D hierarchical porous NiO spheres maintain a high reversible capacity of 800.2 mAh g-1 at the high current density of 500mA g-1 after 
100 cycles, and exhibit excellent cycling stability and good rate capability. The enhanced electrochemical performance can be ascribed to 10 

the unique 3D hierarchical porous structure, which offers the fast and flexible transport pathways for the electrolyte ions, and sufficient 
free space to accommodate the volume change upon lithium-ion insertion/extraction. The excellent cycling stability and good rate 
capability make such 3D hierarchical porous NiO spheres a promising anode material for next-generation lithium-ion batteries. This 
facile strategy may be extended to synthesize other transition metal oxides with porous architectures, which are very prospective in high 
performance rechargeable LIBs or catalyst because of their unique structural features. 15 
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