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The single-crystalline NiO nanosheet arrays on Ni foam with a thickness about 5 µm as a 

binder-free electrode for high-performance supercapacitor were fabricated by a facile and 

cost-effective hydrothermal approach. 

 

The unique designed NiO nanosheet arrays on Ni foam have exhibited a high specific capacitance 

(674.2 F g
-1

 at a current density of 1 A g
-1

), good rate capability, and excellent cycling stability 

(93.5% capacitance retention after 5000 cycles). 
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Facile synthesis of single-crystalline NiO nanosheet arrays on Ni foam for 

high-performance supercapacitors 

Ming Huanga, Fei Lia, Junyi Jib,*, Yu Xin Zhanga, c,*, Xiao Li Zhaoa, Xing Gaoa 

 

Abstract 

Mesoporous NiO single-crystalline nanosheeet arrays grown on Ni foam with a thickness about 5 µm 

have been fabricated by a facile hydrothermal approach and further investigated as the binder-free 

electrode for high-performance supercapacitors. Owing to the high conductivity of the 

single-crystalline NiO nanosheet arrays on conducting substrate in combination with the large surface 

area provided by the mesoporous NiO nanosheets, the unique designed NiO nanosheet arrays on Ni 

foam have exhibited a high specific capacitance (674.2 F g-1 at a current density of 1 A g-1), good rate 

capability, and excellent cycling stability (93.5% capacitance retention after 5000 cycles). These results 

suggest that the single-crystalline NiO nanosheet arrays electrode is a promising candidate for 

high-performance supercapacitor and the rational design of the unique binder-free electrode 

demonstrated in this work provides a new and facile approach to fabricate other transition metal oxides 

arrays for electrochemical energy storage. 

Keywords: Nickel oxide; Single-crystalline; Binder-free; Nanosheet arrays; Supercapacitors 

 

1. Introduction 

With the ever-increasing power and energy demand in modern consumer electronic devices and electric 

vehicles, the development of high-performance, lightweight and environmental friendly energy storage 

devices has attracted tremendous attention.1-4 Among various emerging energy storage technologies, 

supercapacitors with irreplaceable properties of high power density, fast charge-discharge rate, and 

stable cycling performance, have become promising candidates in the energy storage areas.5-7 Based on 
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the charge storage mechanisms, they can be divided into two categories, namely, electric double layer 

capacitors (EDLCs) and pseudocapacitors.8 Pseudocapacitor, in which charge is stored using 

redox-based Faradic reactions, can have higher capacitances than EDLCs. In particular, transition metal 

oxides with variable valence are considered as ideal electrodes materials for pseudocapacitors as they 

can provide a variety of oxidation states for efficient redox charge transfer.9-12 To date, it is well 

established that RuO2 is a prominent electroactive material for supercapacitors due to the high specific 

capacitance and excellent reversibility.13, 14 However, it is not widely used owing to the high cost, rare 

resources, and environmental toxicity. Therefore, great efforts have been devoted to searching for 

inexpensive and environmentally friendly transition metal oxides with good capacitive characteristics, 

such as Co3O4,
15 NiO,16 MnO2,

17 CuO,18 and V2O5.
19 

Among these candidate materials, NiO exhibits many intriguing characteristics, such as low cost, 

environmental friendliness, natural abundance, and high theoretical capacity (2573 F g-1), suggesting it 

as the most promising electrode material for supercapacitors. Until now, different NiO nanostructures, 

including porous spheres,20 nanoflowers,21 nanoflakes,22 nanotubes,23 and nanobelts,24 have been 

investigated as electrodes in supercapacitors. However, the low surface area and poor electrical 

conductivity of NiO limits the ion and electron transfer rate for high-performance supercapacitors. 

Moreover, the conventional strategies for the fabrication of NiO electrodes are related to mixing and 

pressing powder of active material with ancillary materials such as carbon black or binder would lead 

to a compact structure which is unfavorable for fast electron transfer and electrolyte diffusion, 

hindering their high electrochemical performance. An emerging attractive concept is to directly grow 

NiO arrays with mesoporous structures on conducting substrates as free-standing and binder-free 

electrodes for supercapacitors which can not only avoid the tedious electrode preparation process but 
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also enhance the conductivity and effective utilization of the active materials as every electroactive 

nanostructure is directly attached to the conductive substrate, resulting in high capacitance, long cycle 

life, and high rate capability.25-31 Thus, a novel but simple design and fabrication of a stable NiO 

electrode with highly-accessible surface areas and fast ion diffusion for high-performance 

supercapacitor based on this cost-effective strategy still remains a challenge.  

In this work, we demonstrate a facile and cost-effective approach to design and fabricate 

single-crystalline NiO nanosheet arrays on Ni foam as a binder-free electrode for high-performance 

supercapacitors. Benefiting from the favorable mesoporous NiO nanosheets as well as the rational 

design of binder-free electrode, the NiO nanosheet arrays on Ni foam electrode exhibits a much higher 

capacitance (674.2 F g-1 at a current density of 1 A g-1) and excellent cycling ability (93.5% retention 

after 5000 cycles). Undoubtedly, the facile design of binder-free NiO nanosheet arrays electrode 

demonstrated in this work offers a promising strategy for the fabrication of high-performance 

electrodes for supercapacitors. 

2. Experimental  

2.1 Synthesis of NiO nanosheet arrays on Ni foam 

All the chemical reagents were of analytical purity and used without any further purification. NiO 

nanosheet arrays on Ni foam were synthesized by a simple hydrothermal method. In a typical 

procedure, Ni(NO3)2·6H2O (0.582 g, 2 mmol), NH4F (0.148 g, 4 mmol) and CO(NH2)2 (0.601 g, 10 

mmol) were dissolved in 50 mL deionized water and vigorously stirred for 10 min to obtain a 

transparent solution. Nickel foam (1 × 3 cm2) was carefully cleaned with 3 M HCl solution in an 

ultrasound bath for 5 min to remove the surface NiO layer, and then cleaned with deionized water and 

ethanol for 5 min each. The aqueous solution and the Ni foam were transferred to a Teflon-lined 
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stainless-steel autoclave and maintained at 105 oC for 5 h, and then cooled down to room temperature. 

The samples were rinsed several times with deionized water and ethanol with the assistance of 

ultrasonication, and dried at 80 oC for 8 h. Finally, the sample was annealed in air at 350 oC for 2 h to 

obtain mesoporous NiO nanosheet arrays on Ni foam. The loading density of the NiO on Ni foam is 

calculated to be 2.52 mg/cm2. 

2.2 Materials characterization 

The crystallographic information and chemical composition of as-prepared products were 

established by powder X-ray diffraction (XRD, D/max 1200, Cu K). The thermal behavior of Ni foam 

was investigated by the thermogravimetric analyzer-differential scanning calorimeter (TGA-DSC, 

NETZSCH STA 449C). The morphological investigations were carried out with focused ion beam 

(Zeiss Auriga FIB/SEM). The elemental composition was evaluated using the electron 

microscope TESCAN VEGA to fully experience the EDS analysis. Microstructures were characterized 

by high-resolution transmission electron microscopy (HRTEM, Zeiss Libra 200). Nitrogen 

adsorption-desorption isotherms were measured at 77 K with micrometritics ASAP 2020 sorptometer. 

The specific surface area was calculated with the Brunauer-Emmett-Teller (BET) equation, and the 

pore size distribution was calculated from the adsorption curve by the Barrett–Joyner–Halenda (BJH) 

method. 

2.3 Electrochemical measurements 

The electrochemical tests were performed on the CHI 660E electrochemical workstation at room 

temperature in a three-electrode configuration. The mesoporous NiO nanosheet arrays on Ni foam (1 × 

1.5 cm2) was directly used as the working electrode. A platinum plate and a saturated calomel electrode 

(SCE) were served as the counter electrode and reference electrode, respectively. Freshly prepared 
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KOH (1 M) aqueous solution was used as the electrolyte. The cyclic voltammetry (CV) and 

galvanostatic charging/discharging techniques were employed to investigate the electrochemical 

performance of the NiO electrode. The electrochemical impedance spectroscopy (EIS) was conducted 

in the frequency range between 100 kHz and 0.01 Hz with a perturbation amplitude of 5 mV versus the 

open-circuit potential.  

3. Results and discussion 

3.1 Structure and morphology 

The XRD pattern of the as-prepared NiO nanosheets arrays on Ni foam is shown in Fig. 1. Excluding 

the strong peaks originating from the Ni foam, the diffraction peaks of NiO nanosheet arrays are 

observed of 37.3 o, 43.3 o, and 62.9 o, which could be assigned to the (110), (200), and (220) planes of 

the cubic NiO, respectively, which is in accord with the standard XRD pattern of bunsenite NiO 

(JCPDS card no. 47-1049). No signal from other crystalline phases could be detected, indicating the 

high purity of the obtained NiO nanosheets. 

 The morphologies of Ni foam and the mesoporous NiO nanosheet arrays on Ni foam are 

investigated by scanning electron microscopy (SEM). Fig. 2a shows a representative low-magnification 

SEM image of the pristine Ni foam with smooth surface before NiO nanosheets growth. Moreover, the 

typical SEM image and the corresponding EDS mapping of the Ni foam after annealing in air were 

investigated (see Electronic Supplementary Information (ESI), Fig. S1). There was no notable oxide 

layer detected, indicating that is stable to a certain extent in air until 350 oC, which is consistent with 

the thermal gravity analysis curve of the bare Ni foam (see ESI, Fig. S2). After NiO nanosheets growth, 

the surface of the Ni foam becomes rough as revealed in Fig. 2b, indicating the growth of NiO 

nanosheets over a large area. The inset in Fig. 2a and b displays the optical images of the pristine Ni 
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foam and NiO nanosheet arrays on Ni foam. The surface color of the Ni foam changed from 

silver-white to black also demonstrates the NiO growth. Fig. 2c and d show the enlarged SEM images 

of the NiO nanosheet arrays grown on Ni foam. Obviously, the NiO nanosheets are homogeneously 

aligned and separated apart adequately, forming a unique nanoarray with a highly open and porous 

structure on a large scale, which endows the fast transport of electrolyte. These NiO nanosheets have an 

edge length of 1-3 µm and a uniform thickness of less than 50 nm. The cross-section image (see ESI, 

Fig. S3) reveals the thickness of the prepared NiO nanosheet arrays is around 5µm, indicating a large 

loading mass of the active material. The EDS data of the NiO nanosheet arrays on Ni foam was also 

investigated (see ESI, Fig. S4). Furthermore, the adhesion of the NiO nanosheet arrays on the Ni foam 

skeleton is compact and strong, considering the fact that the sample sustains a long ultrasonication for 

about 30 minutes before the SEM measurements.  

The microstructures of the mesoporous NiO nanosheet were further investigated by TEM (Fig. 3). 

Fig. 3a and b show the low-magnification TEM images of a single NiO nanosheet. The nanosheet is 

composed of numerous cross-linked nanoparticles with diameters of 5-20 nm, and shows a mesoporus 

structure with a pore size of 2-5 nm. Accordingly, the electrolyte can be easily soaked into these 

porosity structure while the thin nanosheet morphology (<50 nm thickness) reduces the diffusion length 

of OH－ in the active material (NiO nanosheets), thus maximizes the active surface area for insertion 

and extrusion of OH－, which would enable the achievement of high rate capability.27, 32 The SAED 

pattern in the inset of Fig. 3b has confirmed the nature of a single crystal. It can be indexed as the cubic 

structure without any detectable secondary phase. Furthermore, the SAED pattern presented a 

hexagonal alignment of {220} spots, which corresponded to the diffraction pattern along the [111] zone 

axis of the NiO crystal 25, 33, 34 The HRTEM image (Fig. 3c) shows the lattice fringes with a spacing 
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distance of 0.148 nm, corresponding to the (220) planes of face-centered cubic NiO, which agreed well 

with the XRD result and SAED pattern.35, 36 

3.2 Surface area and porosity analysis 

To more clearly describe the porous features, the N2 adsorption-desorption measurements were 

performed to study the porosity and textural properties of the mesoporous NiO nanosheets. Fig. 4 

depicts the adsorption-desorption isotherm and pore size distribution for the NiO nanosheets scratched 

down from the Ni foam. The isotherm can be classified as type IV according to the profile of a 

hysteresis loop in a relative pressure (P/P0) range of 0.5-1.0. This reveals that the as-prepared NiO 

nanosheet has a typical mesoporous structure, which is further verified from the 

Barrett-Joyner-Halenda (BJH) pore size distribution (PSD) data shown in Fig. 4b. Nitrogen 

adsorption-desorption results indicate that the mesoporous NiO nanosheets has a BET surface area of 

111.6 m2 g-1 with a pore volume of 0.13 cm3 g-1. The pore size distribution obtained from the adsorption 

branch by the Barrett-Joyner-Halenda (BJH) method indicates that the average pore size is ~4.3 nm. 

Such unique mesoporous NiO nanosheet arrays with high specific surface area own numerous open 

channels, as shown in Fig. 2c and d, which facilitates the fast diffusion of electrolyte ions to the NiO 

nanosheets for efficient energy storage, ensuring the high electrochemical capacity for the NiO 

nanosheet arrays.  

3.3 Electrochemical properties 

In order to evaluate the electrochemical characteristics of the free-standing mesoporous NiO nanosheet 

arrays, the NiO nanosheet arrays on Ni foam have been directly used as working electrode to 

characterize its electrochemical properties in a three-electrode configuration. Fig. 5a shows the CV 

curves of the NiO nanosheet arrays in 1 M KOH electrolyte at various scan rates ranged from 2 to 50 
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mV s-1 in the potential window of 0 to 0.45 V (vs. SCE). Although there are no distinct redox peaks at 

high scan rate (50 mV s-1), the shape of the CV curves deviate from the ideal rectangle, indicating the 

Faradic pseudocapacitive nature of the NiO electrode, which can be proved by the CV curves measured 

at lower scan rates (see ESI, Fig. S5). Moreover, as the scan rate increases, the current subsequently 

increases while the CV shape changes little, which demonstrates the fast electrons and ions diffusion 

rate in the NiO electrode.  

 To further examine the electrochemical performances of the NiO nanosheet arrays electrode, we 

perform galvanostatic constant current charge-discharge curves at various current densities with an 

electrochemical window of 0~0.45 V (Fig. 5b). The presence of the triangular symmetry and linear 

slopes with respect to the charging/discharging curves confirm again a good electrochemical 

performance. The specific capacitance of the NiO nanosheet arrays obtained from the discharging 

curves is calculated to be 674.2 F g-1 at the current density of 1 A g-1, which is higher than the previous 

NiO electrodes, 28, 29, 37-40 indicating that the highly porous structure and the high specific surface area 

of the NiO nanosheet arrays facilitate ion transfer to the porous structure. The rate capability is another 

important factor required for practical applications. We further investigate the relationship between the 

specific capacitances and current densities of NiO electrode (Fig. 5c), and find that the specific 

capacitance decreases with the increase of the current density. The decrease in specific capacitance at 

high current densities is due to an incresase of the internal diffusion resistance within the pseudoactive 

material, which decreases the efficiency of utilization of the active material. The mesoporous NiO 

nanosheet arrays electrode retains 64.3% of its initial capacitance when the current density increases 

from 1 to 20 A g-1, revealing its good rate property. The excellent rate capability is mainly attributed to 

the following merits. First, the mesoporous NiO nanosheets provide a large specific surface area for 
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electrolyte access and shorten the diffusion path in solid phase, resulting in fast redox reactions. On the 

other hand, the NiO nanosheets grow directly on Ni foam substrate without any non-electroactive 

binder, which can enhance the conductivity as well as the electrochemical performance of the electrode.  

 Additionally, the impedances of the NiO electrode was measured in the frequency range from 100 

kHZ to 0.01 Hz at the open circuit potential by applying an AC voltage with 5 mV amplitude (Fig. 5d). 

The Nyquist plot shows a semicircle at the high-frequency, followed by a linear part at the 

low-frequency region. The EIS data can be fitted by the internal resistance (Rs), the double layer 

capacitor (Cdl), the charge transfer resistance (Rct), the Warburg impendence (Zw), and the CL for the 

limited pseudo-faradic reaction, as shown in the inset in Fig. 5d. Based on the equivalent electrical 

circuit model, the charge transfer resistances of the NiO nanosheet arrays electrode was estimated as 

0.66 Ω. The small charge transfer resistance of the mesoporous NiO nanosheet arrays was attributed to 

the direct and close contact of the Ni foam substrate, indicating the high electronic conductivity. In 

addition, the nearly straight vertical line indicates a low diffusion resistance and shows good capacitor 

behavior of the mesoporous NiO nanosheet arrays electrode.  

 The long-term cycle stability represents a significant parameter for the practical applications of 

supercapacitors. Fig. 6 depicts the cycling stability of the as-prepared mesoporous NiO nanosheet 

arrays on Ni foam by conducting charging/discharging tests at a current density of 10 A g-1 for 5000 

cycles. It is found that the specific capacitance of the NiO electrode gradually increased during initial 

cycling tests, and then tended towards a slight degradation in the final cycling test. The increase of the 

specific capacitance is ascribed to an activation process occurring at the beginning of the 

charging/discharging cycling test. During this process, with the electrolyte gradually penetrating into 

the electrode, more and more electrode materials become activated, thus contributing to the increase of 
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the specific capacitance.41, 42 Furthermore, the capacitance increase of the NiO nanosheet arrays may be 

attributed to the activation process that allows the trapped ions (ions can be trapped between the NiO 

crystalline layers during the growth of nanosheets) to gradually diffuse out.43-45 After 5000 cycles, the 

specific capacitance of the NiO electrode maintains 93.5% of its initial value, indicating the excellent 

cycling stability of the mesoporous NiO nanosheet arrays. The capacitance loss may be due to the loss 

of the electrical contact between the active materials (NiO nanosheets) and Ni foam because of change 

in volume of the active materials during cycling. The charge-discharge curve of the last 10 cycles of the 

electrode was shown in the inset of Fig. 6. The charge curves are still symmetric as compared to their 

corresponding discharge counterparts, indicating no significant structural change for the NiO electrode 

during the charge-discharge processes, as further confirmed by the SEM image of the mesoporous NiO 

nanosheet arrays after 5000 electrochemical cycles (see ESI, Fig. S6). The charging/discharging curves 

and CV curves after 1st and 5000th cycles (see ESI, Fig. S7) also verify the excellent cycling stability of 

the mesoporous NiO nanosheet arrays electrode, which is consistent with the EIS results of the NiO 

electrode during charging/discharging cycles (see ESI, Fig. S8). These results highlight the capability 

of the mesoporous NiO nanosheet arrays electrode to meet the requirements of both high specific 

capacitance and excellent cycling stability, which are important merits for the high-performance 

supercapacitors.  

4. Conclusions 

In summary, we have developed a facile and cost-effective strategy to fabricate single-crystalline NiO 

nanosheet arrays on Ni foam with high electrochemical performance for supercapacitors. The 

as-prepared mesoporous NiO nanosheet arrays electrode delivers high capacitance (674.2 F g-1 at a 

current density of 1 A g-1), desirable rate capability, and excellent cycling stability (93.5% capacitance 

Page 11 of 21 CrystEngComm

C
ry

st
E

n
g

C
o

m
m

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



 11

retention after 5000 cycles). Such intriguing capacitive behavior is attributed to the unique mesoporous 

microstructure of the single-crystalline NiO nanosheet arrays and the smart design of the binder-free 

electrode. These results suggest that the binder-free mesoporous NiO nanosheet arrays electrode could 

be a promising candidate for high-performance supercapacitors and the cost-effective electrode design 

strategy can be generalized to other transition metal oxides with unique arrays structures on conducting 

substrates for large scale supercapacitor applications. 
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Figures captions 

Fig. 1. XRD pattern of the as-prepared NiO nanosheets arrays on Ni foam. 

Fig. 2. SEM images of the Ni foam (a), NiO nanosheets on Ni foam (b-d) with different magnifications. 

The insets show the corresponding optical images of the Ni foam, and NiO nanosheets on Ni foam. 

Fig. 3. (a, b) Low-magnification TEM images of the mesoporous NiO nanosheet. Bottom-right inset in 

(b) is the corresponding SAED pattern. (c) HRTEM image of the edge part of the NiO nanosheet. 

Fig. 4. Nitrogen adsorption-desorption isotherms (a) and the pore size distribution plot from the 

adsorption branch (b) of the NiO nanosheets. 

Fig. 5. (a) Cyclic voltammograms of NiO nanosheet arrays electrode in 1 M KOH aqueous electrolyte; 

(b) charge-discharge curves at different current densities; (c) specific capacitance measured at different 

current densities; (d) the electrochemical impedance spectra of the porous NiO nanosheets electrode in 

the frequency range from 0.01 Hz to 100 kHz. The inset shows the enlarged EIS spectra and the 

equivalent circuit. 

Fig. 6. Cycling performance of the electrode measured at the current density of 10 A g-1. The inset 

shows the charge-discharge curves of the last 10 cycles of the NiO electrode.  
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Fig. 1. 
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Fig. 2. 
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Fig. 3. 
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Fig. 4. 
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Fig. 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)    

(c)    

(b)    

(d)    

Page 20 of 21CrystEngComm

C
ry

st
E

n
g

C
o

m
m

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



Fig. 6. 
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