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Hierarchical NiO ultrafine nanowires grown on mesoporous NiO nanosheets with Ni foam 

as substrate synthesized by a facile and effective hydrothermal method showed 

exceptionally high specific capacitance (1349 F g-1 at a current density of 5 A g-1), good rate 

performance (~ 58% retention of the initial capacitance from 3 A g-1 to 50 A g-1) and 

superior electrochemical cycling stability (~ 87% retention after 2000 cycles). The 

remarkable electrochemical performance can make the unique hierarchical NiO 

nanosheets/nanowires to be a perspective electrode material for electrochemical energy 

storage applications. 

 

 

 

Introduction  

With the fast-increasing demand for high-power applications 

such as portable systems and hybrid electric vehicles, the 

research on electrochemical capacitors (ECs), also known as 

supercapacitors, has drawn tremendous attention owing to 

numerous irreplaceable properties like high specific capacitance, 

fast charge and discharge rate, good rate capability and long 

cycle lifetime.1-4 It is well known that electrode materials play a 

vital role in the development of high performance 

supercapacitors. Up to now, typical transition metal 

oxides/hydroxides, such as RuO2,
5 Ni(OH)2,

6 NiO,7,8, Co3O4,
9,10 

and Co(OH)2,
11,12 which could provide a variety of oxidation 

states for efficient redox charge transfer, have been widely 

investigated as advanced electrode materials. Among these 

candidates, NiO is believed to be a fascinating 

pseudocapacitive electrode material due to its high theoretical 

capacitance (2584 F g-1), environmental friendliness, low cost, 

excellent pseudocapacitive properties and good corrosion 

stability in alkaline solutions.13-16 Many reports are available on 

the synthesis and pseudocapacitive properties of NiO electrode 

material with various nano/microstructures, such as NiO hollow 

nanospheres (612.5 F g-1 at 0.5 A g-1),17 flower-shaped NiO 

(381 F g-1 at 1 A g-1),14 NiO nanotubes (405 F g-1 at 0.5 A g-1), 
18 mesoporous NiO network-like hierarchical microspheres 

(555 F g-1 at 2 A g-1)19 and so forth. Unfortunately, in these 

cases above the observed specific capacitances are still far 

below the theoretical values, especially at high rates, as these 

active materials possess poor electric conductivity and fail to 

support a fast electron transport required at high rates. The 

charge transfer kinetics to fully utilize the redox reactions for 

supercapacitors can be significantly enhanced by rational 

designing additive/binder-free electrode nanostructures which 

can avoid the conventional tedious preparation process and 

allow for more efficient mass and charge exchange, resulting in 

exceptional pseudocapacitive performance.20-22  

It is well accepted that both morphologies and 

microstructures play essential roles in optimizing the 

performance of supercapacitors. Among various 

nano/microstructures, one-dimensional nanostructured 

materials have been intensely investigated due to their short 

diffusion pathways for electrons and ions, resulting in high 

charge/discharge rates during electrochemical energy 

storage.23,24 Until now, one-dimensional nanostructures with a 

larger diameter of tens of nanometers, normally including 

nanowires,25,26 nanofibers,27 nanorods,28 and nanobelts,29 have 

been fabricated through diverse approaches. However, 

marginally larger dimension may greatly reduce the 

electroactive sites for the electrode materials, resulting in lower 

pseudocapacitive properties. Hence, ultrafine nanostructures 

with a diameter below 10 nm have gained great interest for 

high-performance supercapacitors. Moreover, complex 

hierarchical nanostructures with large surface areas and more 

electroactive sites of the outer branches have been 

demonstrated to improve the utilization of active material for 

high electrochemical performance.10,21,30-32 Although 

hierarchical structures have been synthesized from many metal 

oxides, the controllable synthesis of NiO material with 

desirable hierarchical architecture possessing an ultrafine 

nanostructure and predominant electrochemical performance 

still remains a great challenge. 

In this work, we utilized a facile, effective, and low-cost 

hydrothermal method to prepare hierarchical structures of NiO 

ultrafine nanowires grown on mesoporous NiO nanosheets with 

Ni foam as substrate. Within as-formed hierarchical structures, 

NiO nanosheets firstly uniformly grew on the Ni foam as a 

secondary microstructure, forming a 3D porous framework, and 

then NiO ultrafine nanowires interconnected with each other 

are rooted on the nanosheets, exhibiting a unique porous 
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hierarchical feature with suitable intervals among adjoining 

nanostructures. The hierarchical NiO nanosheets/nanowires 

delivered an ultrahigh specific capacitance of 1349 F g-1 at 5 A 

g-1, which is superior to 1130 F g-1 of the NiO nanosheet arrays 

at the same current density. Furthermore, this electrode material 

exhibited a high specific capacitance (867 F g-1) at the current 

density as high as 50 A g-1, a good rate performance (~58% 

retention of the initial capacitance from 3 A g-1 to 50 A g-1) and 

a high electrochemical stability (~ 87% retention after 2000 

cycles). Such an excellent electrochemical performance can 

make the synthesized hierarchical NiO nanowires/nanosheets to 

be one of the perspective electrode materials for 

electrochemical energy storage applications. 

 

Experimental Characterization 

Synthesis 

All the chemicals were of analytical grade and used without 

further purification. Firstly, a piece of Ni foam (~ 4 cm × 1 cm) 

was carefully cleaned with 6 M HCl solution in an ultrasound 

bath for 10 min to remove NiO layer on the surface, and then 

rinsed with deionized water and absolute ethanol for several 

times till neutral. Secondly, 0.3 g Ni(NO3)2•6H2O and 1.0 g 

urea were dissolved in 48 mL deionized water to form a 

homogeneous absinthe-green solution. The solution and the 

pre-treated Ni foam were transferred into a 60 mL Teflon-lined 

stainless-steel autoclave, which was sealed and maintained at 

120 ℃ for 2 h (for the growth of mesoporous NiO nanosheet 

arrays), 120 ℃  for 6 h (for the growth of NiO 

nanosheets/nanowires). After being cooled down to room 

temperature, the products were collected and washed with 

deionized water and absolute ethanol, then vacuum dried at 50 

℃ for 4 h. Lastly, the products were calcined at 350 ℃ in a 

normal nitrogen atmosphere with a ramping rate of 2 ℃ min-1 

for 2 h.  

Characterization 

X-ray diffraction was carried out with D/max-2550 PC X-ray 

diffractometer (XRD; Rigaku, Cu-Kα radiation), the 

morphology of as-prepared products was examined by a 

scanning electron microscope (SEM; S-4800) and a 

transmission electron microscope (TEM; JEM-2010F) equipped 

with an energy dispersive X-ray spectrometer (EDX). The 

surface area, pore size, and pore-size distribution of the 

products were determined by Brunauer-Emmett-Teller (BET) 

nitrogen adsorption-desorption and Barrett-Joyner-Halenda 

(BJH) methods (Micromeritics, ASAP2020). The mass of 

electrode materials was weighed on an XS analytical balance 

(Mettler Toledo; δ = 0.01 mg). 

Electrochemical measurement 

Electrochemical measurements were performed on an Autolab 

Electrochemical Workstation (PGSTAT302N) using a three 

electrode electrochemical cell and 6 M KOH as the electrolyte. 

The Ni-foam-supported electroactive materials (~ 1 cm × 1 cm, 

~ 1.01 mg cm-2) were used directly as the working electrode. A 

saturated calomel electrode (SCE) was used as the reference 

electrode and a platinum (Pt) sheet electrode was used as the 

counter electrode. All potentials were referred to the reference 

electrode. The specific capacitance and current density were 

calculated based on the mass of these electroactive materials. 

Results and discussion 

 

Fig. 1 (a) XRD pattern of the hierarchical NiO nanosheets/nanowires 

scraped off from the Ni foam. (b-d) different magnification SEM 

images of the hierarchical NiO nanosheets/nanowires on Ni foam. 

To minimize the impact of the Ni foam substrate, X-ray 

diffraction (XRD) measurements were conducted from powder 

samples scraped off from the Ni substrates. As shown in Fig. 1a, all 

diffraction peaks can be unambiguously assigned to cubic phase NiO 

(JCPDS card No.: 65-5745). It implies that a calcined temperature at 

350 °C is sufficient to convert the precursor to pure NiO completely, 

and no other impurities are observed. Scanning electron microscope 

(SEM) was employed to investigate the morphology and 

microstructure of the NiO nanosheets/nanowires. Fig. 1b 

demonstrates a low-magnification SEM image of the NiO 

nanosheets/nanowires supported on the Ni foam, showing a 3D 

macro-porous structure without any macroscopical defects. Fig. 1c 

and d show different magnification SEM images of as-synthesized 

NiO nanosheets/nanowires. Obviously, the products exhibited NiO 

nanosheet arrays uniformly grew on the skeletons of the Ni foam as 

a secondary microstructure to form a 3D porous framework, which 

could make NiO ultrafine nanowires intercrossed grow with multiple 

directions on the nanosheets, exhibiting a unique hierarchical feature 

with reasonable intervals among adjoining nanostructures. Thus, the 

as-formed NiO nanosheets/nanowires are highly accessible to the 

electrolyte and engage in the reversible faradic reaction adequately 

due to the presence of convenient diffusion paths when used as an 

electrode for supercapacitors.  
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Fig. 2 (a) TEM image of the hierarchical NiO nanosheets/nanowires 

scraped off from the Ni foam. (b, c) TEM and HRTEM images of 

one segment of mesoporous NiO nanosheet. The inset in Fig.2b is 

the corresponding SAED image. (d) High-magnification TEM image 

of the ultrafine nanowires. The inset is the corresponding HRTEM 

image. 

Further structural information about the hierarchical NiO 

nanosheets/nanowires was obtained from transmission electron 

microscope (TEM) image, as shown in Fig. 2a-d. Fig. 2a shows the 

TEM image of the NiO nanosheets/nanowires scraped off from the 

Ni foam. Noticeably, the NiO nanosheets were used as the backbone 

material, while the NiO ultrafine namowires were rooted on the 

nanosheets. Shown in Fig. 2b is one segment of the NiO nanosheet 

with a thickness of ~ 26 nm detached from the NiO 

nanosheets/nanowires. The corresponding selected area electron 

diffraction (SAED) pattern, shown in the inset of Fig. 2b, reveals 

these selected area electron diffraction rings can be well indexed by 

using the face-centered cubic with a lattice constant of a = 0.4177 

nm, in agreement with the data in literature (JCPDS card No.: 65-

5745). The first three diffraction rings (from the inside to the outside) 

are interpreted as (111), (200), and (220), reflections, respectively, 

for the NiO crystals within the hierarchical NiO 

nanosheets/nanowires. A high-resolution TEM image (HRTEM) of 

the nanosheet also demonstrated in Fig. 2c, revealing some visible 

lattice fringes with an equal interplanar distance of 0.21 nm, 

corresponding to the (200) planes of the NiO crystal. In addition, the 

nanosheets are porous, in which as-formed pores were related to the 

gas release during the calcination treatment, as shown in red ellipses 

of Fig. 2c. The high-magnification TEM image of the ultrafine 

nanowires, as shown in Fig. 2d, exhibits a diameter of ~ 2-4 nm. The 

corresponding HRTEM image (inset) reveals lattice fringes with 

interplane spacings of 0.21 and 0.13 nm, corresponding to the 

distance of the (200) and (311) planes, respectively, of the NiO 

crystal.  

 

 
Fig. 3 (a) Schematic mechanism for the growth process of the 

hierarchical NiO nanosheets/nanowires with Ni foam as substrate. 

SEM images of the unique hierarchical microstructure with different 

reaction times: (b) 1 h, (c) 2 h, (d) 6 h, and (e) 12 h. 

 

The porous feature of NiO nanosheets/nanowires is further 

confirmed by means of Brunauer-Emmett-Teller (BET, surface areas 

of 110.716 m2 g-1) and Barrett-Joyner-Halenda (BJH, average pore 

sizes of 6.8 nm) (Fig. S1). Such unique NiO nanosheets/nanowires 

with a higher specific surface area than that of the mesoporous NiO 

nanosheets (surface areas of 106.865 m2 g-1 and average pore sizes 

of 8.1 nm) have numerous transportation channels, which can 

facilitate the fast diffusion of electrolyte ions to the unique 

microstructure for efficient energy storage, ensuring exceptional 

pseudocapacitive properties for the NiO nanosheets/nanowires. The 

energy dispersive X-ray (EDX) spectrometer microanalysis of the 

hierarchical NiO nanosheets/nanowires was also investigated (Fig. 

S2). It was found that the unique hierarchical microstructure consist 

of only Ni and O elements except for the Cu peaks derived from Cu 

grid, further indicating the formation of pure NiO crystal.     

To explore the formation mechanism of the as-synthesized NiO 

nanosheets/nanowires with Ni foam as substrate, we have carried out 

the reaction time dependent experiments at different reaction stages. 

Fig. 3a demonstrates the schematic mechanism for the growth 

process of the NiO nanosheets/nanowires on Ni foam, indicating the 

structural and morphological evolution from the nanoparticles to 

nanosheets with ultrafine nanowires. When putting the Ni foam into 

the autoclave, many NiO precursor nucleis appear on the surface of 

the Ni foam. After the initial 1 h reaction, nanosheet arrays based on 

the nucleis appeared and aligned, grown with a high density on the 

substrate (Fig. 3b). With the hydrothermal reaction time increasing 

to 2 h, the nanosheets turned into thicker ones along with many 

ultrafine and short nanowires appeared and rooted on the surface of 

the nanosheet arrays (Fig. 3c). Interestingly, with continuous 

extending reaction time, these nanowires became long and dense, 

exhibiting a perfect hierarchical microstructure with suitable room 

among adjoining nanounits to provide excellent capability in fast ion 

and electron transfer when as an electrode for pseudocapacitors (Fig. 

3d). Further increasing the reaction time to 12 h, the nanowires got 

extremely dense and longer and cover the nanosheet arrays 

completely (Fig. 3e). This formation process seems to be an 
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analogous phenomenon in crystal growth processes observed in 

other material systems. 33-35 

 
Fig. 4 (a) CV curves of the NiO nanosheets/nanowires and 

mesoporous NiO nanosheets at a scan rate of 50 mV s-1. (b) CV 

curves of the NiO nanosheets/nanowires at different scan rates. (c) 

Galvanostatic charge-discharge curves of the NiO 

nanosheets/nanowires and mesoporous NiO nanosheets with a 

current density of 5 A g-1. (d) Galvanostatic charge–discharge curves 

of the NiO nanosheets/nanowires at different current densities. 

 

In order to investigate the pseudocapacitive properties of the 

unique hierarchical microstructure, the NiO nanosheets/nanowires 

on Ni foam were directly applied as an integrated electrode in a 

three-electrode configuration with 6 M KOH as the electrolyte. Fig. 

4a shows the cyclic voltammetry (CV) curves of the NiO 

nanosheets/nanowires and mesoporous NiO nanosheets at a scan rate 

of 50 mV s-1, both of the two curves reveal that the capacitive 

characteristics are different from those of electrochemical double-

layer capacitors, which have an approximately rectangular and 

symmetric shape. A distinct pair of redox peaks during the cathodic 

and anodic sweeps were observed within the potential range from 0-

0.5 V, demonstrating standard pseudocapacitive nature with fast 

charge-discharge processes, which could be attributed to the 

following reversible redox reaction: 36, 37 

NiO + OH− ↔ NiOOH + e− 

It is obvious that the enclosed area of the NiO 

nanosheets/nanowires is larger than that of the NiO mesoporous 

nanosheets, indicating that the NiO nanosheets/nanowires delivered 

a higher specific capacitance. This could be attributed to great access 

of the electrolyte to the active surface of the NiO 

nanosheets/nanowires electrode materials. Further CV investigations 

of the NiO nanosheets/nanowires under different scan rates were 

then administered. Interestingly, with the scan rate increasing from 2 

to 100 mV s-1, the redox current increased (as shown in Fig. 4b). 

Also, the shape of the CV curves basically remains unchanged 

except for the oxidation and reduction peaks shifted toward higher 

and lower potentials, respectively, with a large potential separation, 

indicating outstanding electrochemical reversibility. Similar 

phenomenon was also observed in the mesoporous NiO nanosheets 

(Fig. S3).  

Galvanostatic charge-discharge measurements were also carried 

out on the hierarchical microstructure at different current densities. 

Fig. 4c shows the charge-discharge curves of the NiO 

nanosheets/nanowires and mesoporous NiO nanosheets at a current 

density of 5 A g-1. It can be seen that the charge curves are not 

strictly but approximately symmetric to their corresponding 

discharge counterparts, also indicating their good reversibility, 

which is consistent with the CV investigations. It is worthy noted 

that the specific capacitance of the NiO nanosheets/nanowires can 

reach 1349 F g-1, which is significantly higher than that of the 

mesoporous NiO nanosheets (1130 F g-1). Further galvanostatic CD 

investigations of the NiO nanosheets/nanowires and mesoporous 

NiO nanosheets between 0 and 0.45 V at different current densities 

are shown in Fig. 5d and S2. The superior pseudocapacitance of the 

NiO nanosheets/nanowires electrode were 1493, 1349, 1169, 1073, 

1013 and 867 F g-1 at current densities of 3, 5, 10, 15, 20 and 50 A g-

1, respectively, which is higher than that of mesoporous NiO 

nanosheets (1250 F g-1 and 633 F g-1 at current densities of 3 A g-1 

and 50 A g-1, respectively). Importantly, these performance of the 

hierarchical microstructure is remarkable compared with the 

reported NiO based hierarchical microstructure, such as TiO2/NiO 

core/shell nanorod arrays (~ 611 F g-1 at 2 A g-1),38 NiO/MnO2 

core/shell nanocomposites (~ 413.3 F g-1 at 1 A g-1),39 mesoporous 

NiO/C nanocomposites (~ 931 F g-1 at 2 A g-1),40 flowerlike 

NiO/reduced graphene oxide composites (~ 428 F g-1 at 0.38 A g-

1),41 porous ZnO/NiO composite micropolyhedrons (~ 649 F g-1 at 

5.8 A g-1).42 In addition, the Ni foam substrate may influence the 

pseudocapacitive properties, so we compared blank Ni foam with the 

NiO nanosheets/nanowires (Fig.S4) and found that the nickel foam’s 

mass capacitance contribution on the results can be negligible. 

 

 
Fig. 5 (a) Specific capacitance at different current densities, (b) 

Ragone plot (power density vs. energy density), (c) EIS spectra 

comparison and (d) variation of specific capacitance with cycle 

number at a scan rate of 50 mV s-1 of the hierarchical NiO 

nanosheets/nanowires and mesoporous NiO nanosheets, respectively. 

The inset in Fig. 5c shows the equivalent fitting circuit of as-formed 

NiO electrodes. 

 

 

Rate capability is a critical factor for evaluating the performance 

of the supercapacitors. A good supercapacitor is expected to provide 

high power at high rates. Shown in Fig. 5a is the variation of the 

specific capacitance of the NiO nanosheets/nanowires and 

mesoporous NiO nanosheets electrodes with the increase in the 

current density. As can be seen, the NiO nanosheets/nanowires 

electrode preserved 58% of its specific capacitance (from 1493 to 

867 F g-1) with the current increasing from 3 to 50 A g-1, which is 

splendid than that (50.8%) of the mesoporous NiO nanosheets, 

indicating that the NiO nanosheets/nanowires electrode is more 

suitable when used in high power application. Power density and 

energy density are two key factors for assessing the performance of 
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the supercapacitors. Fig. 5b shows the Ragone plot for the two 

electrodes at the potential window of 0-0.45 V. At a power density 

of 675 W kg-1, the NiO nanosheets/nanowires electrode materials 

deliver an energy density as high as 41.98 Wh kg-1, which is larger 

than that of the mesoporous NiO nanosheets electrode materials 

(35.16 Wh kg-1). Significantly, the energy density of the prepared 

electrode from the NiO nanosheets/nanowires is higher than those of 

the reported binder-free nanostructured NiO electrodes, such as NiO 

nanoflake (35.59 Wh kg-1),43 NiO nanoplatelet arrays (39.03 Wh kg-

1),44 NiO nanosheet arrays (18.96 Wh kg-1),45 NiO nanotube arrays 

(15 Wh kg-1) 46 and NiO nanostructures (18.02 Wh kg-1).47 In 

addition, electrochemical impedance spectroscopy (EIS) was also 

employed to characterize the hierarchical microstructure electrodes, 

as shown in Fig. 5c. The impedance curves are similar in form, with 

an unclear arc in the high-frequency region and a spike at lower 

frequencies, seeming to be an analogous form to other reported 

curves from NiO material.48 The inset of Figure 2c shows the 

equivalent fitting circuit of as-formed NiO electrodes. The 

equivalent series resistance (Rs) value of the NiO 

nanosheets/nanowires was only 0.25 Ω, which was lower than that 

(0.40 Ω) of the mesoporous NiO nanosheets. Moreover, the 

calculated charge-transfer resistances (Rct) for the NiO 

nanosheets/nanowires extracted at a high frequency range was 

estimated to be ~ 0.0146 Ω, in contrast to ~ 0.0833 Ω for the 

mesoporous NiO nanosheet electrode, indicating a superior 

conductivity of the NiO nanosheets/nanowires hierarchical 

microstructures due to that the ultrafine NiO nanowires have more 

electroactive sites and provide short paths for ion and electron 

transport. Cycling performance is another key factor in determining 

the supercapacitors for many practical applications. In this study, a 

long-term cycle stability of the as-synthesized products as an 

electrode material was evaluated by repeating the CV test at a scan 

rate of 50 mV s-1 for 2000 cycles, as shown in Fig. 5d. It can be 

clearly seen that the specific capacitance retention of such two 

electrode materials gradually increases firstly and then slightly 

decreases. This indicates that there is an activation process of the 

electrode at the beginning period of the CV cycling test. During this 

process, the electrode will be activated adequately through the 

intercalation and de-intercalation of ions through some circulations, 

resulting in the increase of active points inside the electrode 

materials. The overall capacitance loss of the NiO 

nanosheets/nanowires is as low as 13% after 2000 cycles, while the 

overall capacitance loss of the mesoporous NiO nanosheets is 11% 

after 2000 cycles. The above results demonstrate that both the NiO 

nanosheets/nanowires and mesoporous NiO nanosheets electrode are 

highly stable during a cycling test.  

The pretty good pseudocapacitance performances can be 

attributed to the unique morphology and structure of the NiO 

nanosheets/nanowires on Ni foam. Firstly, the hierarchical 

microstructure directly grown on the conductive Ni foam can insure 

a good mechanical adhesion and electrical connection to the current 

collector; designing additive/binder-free electrode microstructures 

also could avoid ‘dead’ volume, which would have an opposite 

effect in the improvement of pseudocapacitive performance. 

Secondly, the mesoporous nanosheets and ultrafine nanowires can 

greatly increase electroactive sites and make them fully get access to 

the electrolyte. Thirdly, the reasonable room among adjoining 

mesoporous nanosheets or ultrafine nanowires allows for easy 

diffusion of the electrolyte into the inner region of the electrode. 

Thus, the as-formed microstructure can participate in the reversible 

faradic reaction adequately and deliver exceptional pseudocapacitive 

properties.  

 

Conclusions 

 
In summary, hierarchical NiO ultrafine nanowires grown on 

mesoporous NiO nanosheets with Ni foam as substrate was 

farbricated by a facile, effective, and low-cost hydrothermal method 

for high-performance pseudocapacitors. The hierarchical NiO 

nanosheets/nanowires as electrode material delivered ultrahigh 

specific capacitance of 1349 F g-1 at the current density of 5 A g-1, 

which is superior to 1130 F g-1 of the mesoporous NiO nanosheet 

arrays at the same current density. In addition, the unique 

hierarchical electrode microstructure also exhibited a good rate 

performance (~58% retention of the initial capacitance from 3 A g-1 

to 50 A g-1) and a high electrochemical stability (~87% retention 

after 2000 cycles). The outstanding electrochemical performance can 

make the hierarchical NiO nanosheets/nanowires to be one of the 

perspective electrode materials for electrochemical energy storage 

applications. 
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