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ABSTRACT 
We report a facile way to grow various porous NiO nanostructures including nanoslices, nanoplates, and 
nanocolumns, which show a structure-dependence in their specific charge capacitances. The formation of 
controllable porosity is due to the dehydration and re-crystallization of β-Ni(OH)2 nanoplates synthesized by a 
hydrothermal process. Thermogravimetric analysis shows that the decomposition temperature of the β-Ni(OH)2 
nanostructures is related to their morphology. In electrochemical tests, the porous NiO nanostructures show 
stable cycling performance with retention of specific capacitance over 1000 cycles. Interestingly, the formation 
of nanocolumns by the stacking of β-Ni(OH)2 nanoslices/plates favors the creation of small pores in the NiO 
nanocrystals obtained after annealing, and the surface area is over five times larger than that of NiO nanoslices 
and nanoplates. Consequently, the specific capacitance of the porous NiO nanocolumns (390 F/g) is significantly 
higher than that of the nanoslices (176 F/g) or nanoplates (285 F/g) at a discharge current of 5 A/g. This approach 
provides a clear illustration of the process–structure–property relationship in nanocrystal synthesis and potentially 
offers strategies to enhance the performance of supercapacitor electrodes.  
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1. Introduction 

Porous nanostructures have received great attention 
because of their wide-ranging applications, such as in 
lithium-ion batteries [1–3], ion exchange membranes 
[4], catalysis supports [5–8], solar cells [9], and super- 

capacitor electrodes [10–14] due to their high surface 
area and enhanced interaction with the environment [15]. 
In the case of charge storage applications, transition 
metal oxide nanostructures are attractive candidates 
by virtue of their excellent pseudocapacitive behavior 
and high electrical conductivity [16–21]. Furthermore, 
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transforming bulk transition metal oxides into nano- 
porous structures has been proposed to have the 
advantage of effectively alleviating the strain generated 
during the ion insertion/desertion process and leading 
to improved cycling charge/discharge performance 
[2, 3]. Among such oxides, NiO is of particular interest 
owing to its high theoretical specific capacitance of 
2573 F/g [22, 23], high chemical/thermal stability, 
ready availability, environmentally benign nature 
and lower cost as compared to the state-of-the-art 
supercapacitor material RuO2 [24, 25]. There have been 
a variety of reports of the synthesis of different NiO 
nanostructures including porous nano/microspheres 
[26], nanoflowers [27], nanosheets [28], and nanofibers 

[29]. It has been shown that the electrochemical 
performance of NiO nanocrystals largely depends on 
its microstructure, surface area, and the presence of 
dopants [30–35], suggesting that the development of 
controlled syntheses of NiO nanostructures with the 
desired features, e.g., high electronic conductivity, 
low diffusion resistance to protons/cations, and  
high electroactive area is of paramount importance. 
Although several other techniques—such as surfactant- 
template [36], sol–gel [37–39], anodization [40], and 
hard template [41–43] methods—have been reported 
for synthesizing porous nanocrystals, solvothermal/ 
hydrothermal techniques [3, 30] are of particular 
interest as they are flexible and can be readily adapted 
to large scale production. Herein, we report a facile 
way to synthesize porous NiO nanoslices, nanoplates, 
and nanocolumns with adjustable surface area, and that 
these NiO nanostructures show a structure-dependent 
specific charge capacitance. The dehydration and 
re-crystallization of β-Ni(OH)2 nanoplates are shown 
to be vital steps in controlling the pore formation. 
Formation of nanocolumns by stacking β-Ni(OH)2 
nanoslices/plates favors the formation of small pores in 
the resulting NiO nanocrystals, for which the surface 
area is significantly higher than that of NiO nano- 
slices and nanoplates. The porous NiO nanocolumns 
also show higher specific capacitance (390 F/g) at a 
discharge current of 5 A/g than that of nanoslices and 
nanoplates (285 and 176 F/g, respectively). Although 
there are reports in the literature of the synthesis of 
NiO nanocrystals with higher specific capacitances, 
e.g., porous NiO spheres [26] with specific capacitances 

> 525 F/g at a discharge current of 4 A/g and NiO 
nanoflowers [27] with specific capacitances of ~800 F/g 
at a discharge current of 10 mA, the current work 
demonstrates a clear process-related trend in the 
specific capacitance of the resulting electrode materials, 
which may provide an additional strategy to improve 
the performance of supercapacitors made of various  
materials. 

2. Experimental  

2.1 Chemicals 

NiCl2·6H2O, ethanol, NaOH, NH3·H2O, and KOH were 
purchased from Sigma Chemical Corp. All chemicals 
were used as received without any further purification. 
Millipore water was used in all experiments. 

2.2 Synthesis of various Ni(OH)2 nanoplates and 
nanocolumns 

In a typical synthesis, 0.02 mmol of NiCl2·6H2O was 
dissolved in 10 mL of deionized water under ambient 
conditions. The pH of the solution was then adjusted 
to 12, 13, or 14 by adding NaOH solution. The solutions 
were stirred vigorously for 1 h and transferred into 
an 80-mL steel autoclave. The autoclave was sealed 
and maintained at 160 °C for 8 h, and then allowed to 
cool to room temperature. The products were cleaned 
by repeated washing with ethanol/distilled water and  
centrifuging.  

2.3 Synthesis of porous NiO nanoslices, nanoplates 
and nanocolumns 

Porous nickel oxide samples were obtained by annealing 
the as-prepared Ni(OH)2 nanocrystals at 400 °C for  
about 2 h. 

2.4 Characterization 

X-ray powder diffraction (XRD) patterns were recorded 
on a Shimadzu XRD-6000 X-ray diffractometer at a 
scan rate of 0.05 °/s with the 2θ range from 10 to 80°, 
using Cu Kα radiation. The size and morphology of 
the samples were characterized using a field-emission 
scanning electron microscope (SEM) (JEOL JSM6335) 
operating at 10 kV. High-resolution transmission 
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electron microscopy (HRTEM) and selected-area 
electron diffraction (SAED) measurements were 
carried out using a JEOL 2010 system operating at 
200 kV. Nitrogen adsorption/desorption isotherms were 
measured on a Micromeritics TriStar 3000 porosimeter 
(mesoporous characterization) and Micromeritics 
ASAP 2020 (microporous characterization) at 77 K. 
All samples were outgassed at 100 °C for 6 h under 
vacuum before measurements were recorded. The 
specific surface areas were calculated using the 
Brunauer–Emmett–Teller (BET) method. Pore size 
distribution (PSD) plots were obtained by the Barrett– 
Joyner–Halenda (BJH) method using the desorption 
branch and a cylindrical pore model. Micropore size 
distribution (MPSD) plots were obtained by the 
Horvath and Kawazoe (HK) method using a cylindrical 
pore model. Thermogravimetric analysis–differential 
scanning calorimetry (TG–DSC) measurements were 
conducted on a NETZSCH STA 449 C apparatus in an  
air flow of 20 mL/min with a heating rate of 10 K/min. 

2.5 Electrochemical tests 

The working electrode was prepared by mixing the 
electroactive material (NiO, 85 wt.%), acetylene black 
(10 wt%), and poly(tetrafluoroethylene) (5 wt%). The 
mixture was then pressed onto a nickel grid (1 × 1 cm2) 
and dried at 100 °C. The electrolyte used was aqueous 

KOH solution (1 mol/L). The electrochemical perfor- 
mance of the NiO samples was evaluated on a CHI 
660B workstation for cyclic voltammetry (CV) and 
chronopotentiometry (CP) tests by using a three- 
electrode cell with Pt foil as the counter electrode and 
a saturated calomel electrode (SCE) as the reference  
electrode. 

3 Results and discussion 

The synthesis involves two steps: (1) formation of 
different β -Ni(OH)2 nanocrystals; (2) conversion of 
the β -Ni(OH)2 to porous NiO. The SEM images in 
Fig. 1 reveal the morphologies of the Ni(OH)2 nano- 
structures prepared under different synthesis conditions. 
In the crystal structure of Ni(OH)2, two Ni2+ ions in 
two adjacent (100) planes are linked through one OH– 
ion, and two Ni2+ ions in two adjacent (001) planes 
are separated by two layers of OH– ions. Therefore, 
the Ni(OH)2 nanostructure can be tuned by adjusting 
the pH of the synthesis solution. At pH 14, the products 
are mainly hexagonal nanoslices with a diameter of 
~300 nm and a thickness of 5–10 nm (see Figs. 1(a) 
and 1(d)). Decreasing the pH value to 12 led to the 
formation of Ni(OH)2 nanoplates with a thickness of 
20–50 nm (see Figs. 1(b) and 1(e)). At pH 13, it is 
interesting to observe that the Ni(OH)2 nanoplates are  

 

Figure 1 Representative SEM images of as-prepared β-Ni(OH)2 nanocrystals. (a, d) Nanoslices with diameters of 200–400 nm and
thicknesses of 5–10 nm. (b, e) Nanoplates with diameters of 100–300 nm and thicknesses of 20–50 nm. (c, f) Nanocolumns with
diameters of 200–400 nm and heights of 1–2 μm 
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stacked via their basal surfaces to form columnar 
structures with diameters ranging from 200 to 400 nm 
and heights of 1–2 μm (see Figs. 1(c) and 1(f)). The 
HRTEM images (see Figs. S-1(a)–S-1(c) in the Electronic 
Supplementary Material (ESM)) of as-prepared Ni(OH)2 
reveal that the nanoslices and nanoplates are single 
crystalline. The nanocolumns are formed by stacking 
the nanoplates along the [001] direction according to 
the lattice spacing in the cross-section HRTEM (see  
Fig. S-1(c) in the ESM). 

XRD analysis shows that the as-prepared nano- 
structures are β-Ni(OH)2 (see Fig. 2(a)) and no impurity 
phases are detected. Annealing these β -Ni(OH)2 nano- 
crystals at 673 K converted them into NiO (see Fig. 2(b)). 
The annealing process also induced a re-crystallization 
process during the transition from β-Ni(OH)2 to NiO; 
this altered the crystal size as indicated by the changes 
in the widths of the diffraction peaks in the XRD 
patterns. On converting β-Ni(OH)2 to NiO, the average 
crystal size changed from 69.4 nm, 43.7 nm, and 29.5 nm 
to 31.8 nm, 22.6 nm, and 12.8 nm for the nanoslices, 
nanoplates, and nanocolumns, respectively, as estimated  
from the Scherrer equation [2]. 

The generation of nanopores in NiO nanocrystals 
is directly revealed by SEM and transmission electron 
microscopy (TEM) observations (see Fig. 3). The pore 
sizes are closely related to the nanostructure of 
β -Ni(OH)2. The product obtained by annealing the 
β -Ni(OH)2 nanoslices contained large pores with 
sizes in the range 15–30 nm (see Figs. 3(a) and 3(d)). 

In addition to similar large pores with diameters    
of 15–30 nm, smaller pores can be observed in the 
products obtained by annealing the nanoplates (~10 nm, 
see Figs. 3(b) and 3(e)) and nanocolumns (~2 nm, see 
Figs. 3(c) and 3(f)). The formation of smaller pores in 
the nanocolumns might be related to their unique 
structure formed by stacking the slices/plates with 
their basal surfaces overlapping. The reduced surface 
area hinders the effective run-away of water generated 
by thermal decomposition, resulting in a slower 
water-loss/pore-generation; this favors the formation 
of smaller pores in the nanocolumns as compared to 
those in the nanoslices and nanoplates. The TEM 
images show that individual nanoplates becomes 
polycrystalline (see Fig. 3(e)), which may be a con-  
sequence of the re-crystallization indicated by XRD. 

Nitrogen adsorption/desorption isotherms for these 
porous NiO nanocrystals show type H3 hysteresis 
loops (Fig. 4), which are commonly observed for 
plate-like particles with slit-shaped pores. Although 
the pore size distribution plots can be obtained based 
on the desorption branch data, we cannot draw a firm 
conclusions about the pore size of these NiO samples 
due to the fact that other factors may also be reflected 
in the isotherms, e.g., the inter-particle spacing may 
also contribute to the pore size distribution. The specific 
surface areas were determined to be 102.4, 20.2,   
and 11.4 m2/g for the nanocolumns, nanoplates, and 
nanoslices, respectively. The higher surface area of 
the NiO nanocolumns can be assumed to be related  

 

Figure 2 XRD patterns of (a) β-Ni(OH)2 nanocrystals and (b) porous NiO nanocrystals. NS, NP, and NC denote nanoslices, nanoplates,
and nanocolumns, respectively 
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Figure 3 SEM images of the porous NiO nanocrystals: (a) nanoslices, (b) nanoplates, and (c) nanocolumns. HRTEM images of repre-
sentative porous NiO nanocrystals: (d) nanoslices with pore sizes of 10–30 nm, (e) nanoplates with pore sizes of 10–25 nm, (f) nanocolumns
with pore sizes of 2–5 nm. The dotted yellow circles in (d)–(f) are used to highlight the pores in the NiO nanocrystals 
 

 

Figure 4 Nitrogen adsorption and desorption isotherms measured at 77 K for the (a) porous NiO nanoslices, (b) porous NiO nanoplates,
and (c) porous NiO nanocolumns. The insets show the corresponding BJH pore size distributions 
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to the smaller pore diameters. For comparison, the 
surface areas of the corresponding β -Ni(OH)2 pre- 
cursors are 9.06 m2/g for the nanoslices, 7.52 m2/g for 
the nanoplates, and 5.18 m2/g for the nanocolumns; 
these values are all markedly lower than those of the 
porous NiO nanostructures (see Figs. S-2(a)–S-2(c) in  
the ESM). 

The thermal decomposition process of β -Ni(OH)2 
was investigated by thermogravimetric (TG) analysis 
and differential scanning calorimetry (DSC) (see Fig. 5). 
The onsets of mass loss in the TG traces occur at 263, 
270, and 282 °C for the nanoslices, nanoplates, and 
nanocolumns, respectively, which corresponds to the 
peak positions in the DSC traces (Fig. 5(b)). The total 
mass losses are slightly smaller than the theoretical 
value of 19.4% [44–46], which indicates incomplete 
thermal decomposition of the β -Ni(OH)2. The values 
are 19.2% for the nanoslices (corresponding to 99% 
NiO formation), 18.1% for nanoplates (corresponding 
to 94.7% NiO formation) and 17.6% for nanocolumns 
(corresponding to 93.4% NiO formation). The amount 
of residual β-Ni(OH)2 is below the XRD detection 
limit, however (Fig. 2(b)). Although the total water 
loss for the nanocolumns was lower than that for the 
nanoslices and nanoplates, it should be noted that the 
specific surface area is larger due to the generation of  
smaller pores. 

The electrochemical performances of the porous 
NiO nanocrystals were compared by means of CV 
and chronopotentiometric measurements in 1 mol/L 
KOH aqueous solution in the potential range –0.3   
to 0.7 V vs. SCE at a galvanostatic current density of   

5 A/g. For nickel oxide as an electrode material, it is 
well accepted that the surface Faradaic reaction can  
be expressed as follows: 

NiO + OH− ←→  NiOOH + e− 

A pair of cathodic and anodic peaks is clearly observed 
in the CV curves for all three samples (see Fig. 6). The 
specific capacitances Cs were calculated from the gal- 
vanostatic discharge curves using the equation [47]: 

×V
t

Δ
Δ

i iC
mm

s slope
= =

−−
 

where i is the current applied, ΔV/Δt is the slope of 
the discharge curve after the iR drop, and m is the 
mass of the sample on one electrode. The specific 
capacitance values calculated from the discharge 
curves are 390 F/g for the porous NiO nanocolumns, 
285 F/g for the nanoplates and 176 F/g for the nano- 
slices. The remarkable enhancement in the specific 
capacitance of the porous NiO nanocolumns can 
mainly be attributed to their higher specific surface 
area and smaller pores, which provide effective 
diffusion channels for the electrolyte ions leading   
to an improved pseudocapacitive performance. In 
particular, such porous nanostructures can act as 
“ion-buffering reservoirs” [48], which sustain the 
supply of OH – ions and ensure that sufficient Faradic 
reactions can take place at high current densities for 
energy storage. The cyclability of the porous NiO nano- 
structures was tested by continuous charge–discharge 
measurements over 1000 cycles (see Fig. 7) at a current  

 

Figure 5 (a) TGA and (b) DSC curves associated with the conversion process from β-Ni(OH)2 nanocrystals to porous NiO nano-
structures. The tests were conducted in air with a heating rate of 10 K/min 
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Figure 6 Cyclic voltammograms of porous NiO nanocrystals in 1 mol/L KOH aqueous solution with different scan rates: (a) nanoslices,
(b) nanoplates, and (c) nanocolumns 

 

 
Figure 7 (a) Galvanostatic charge/discharge curves measured with a current density of 5 A/g for porous NiO nanocrystals. (b) Cycling 
performance for porous NiO nanocrystals at a current density of 5 A/g in 1 mol/L aqueous KOH. NS, NP, and NC denote nanoslices, 
nanoplates, and nanocolumns, respectively 
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density of 5 A/g and a voltage range of –0.3 to 0.7 V. 
The specific capacitances increase by about 8%–14% 
for all three types of NiO during the first 50 cycles, 
which is possibly due to the activation process of the 
NiO electrodes [26]. After this increase, the specific 
capacitances of the porous NiO nanocrystals are 
maintained as the charge/discharge process continued, 
which confirms the stable cycling performance as well 
as the high coulombic efficiency. Since the amounts of 
residual Ni(OH)2 in the samples are very low (1%–6%) 
as indicated by the thermogravimetric analysis (TGA) 
data, it should not contribute significantly to the 
measured specific capacitances. The charge–discharge 
curves and cycling performance of the NiO nano- 
columns at different current densities (1–5 A/g) 
between –0.30 and 0.70 V (vs. SCE) are shown in 
Fig. 8. Increasing the current density from 1 A/g to 
5 A/g results in a reduction in the charge capacity from 
686 F/g to 390 F/g while a stable cycling performance  
is maintained. 

4. Conclusions 

Porous NiO nanoslices, nanoplates and nanocolumns 
with different specific surface areas have been prepared 
by thermal decomposition of β -Ni(OH)2 nanostructures. 
In electrochemical tests, these porous NiO nano- 
structures show stable cycling performance with the 
retention of specific capacitance over 1000 cycles. The  

formation of nanocolumns by stacking β -Ni(OH)2 
nanoslices/plates is the crucial factor in the formation 
of small pores in the NiO nanocrystals obtained after 
annealing the sample, and result in their surface area 
being much larger than that of NiO obtained by 
annealing Ni(OH)2 nanoslices or nanoplates. When 
tested as electrodes for supercapacitors, the specific 
capacitance of the porous NiO nanocolumns is much 
higher than that of the nanoslices or nanoplates. This 
approach also offers a potential strategy to enhance 
the performance of supercapacitors made of a variety  
of other materials.  
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