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Hierarchical NiO nanosheets were successfully grown on flexible carbon fibers with pre-deposited ZnO 

nanoparticle films as the buffer layers, followed with the removal of the ZnO films. The as-grown NiO 

nanosheets with excellent flexibility exhibited a largest specific capacitance of 842 mF/cm2 at a current 

density of 1 mA/cm2. Configured as flexible symmetric all-solid-state supercapacitors, the device showed 

a specific capacitance of 20 mF/cm2 at 0.1 mA/cm2, excellent cyclability with a real capacitance of about 10 
20 mF/cm2 ever over 10000 cycles, and excellent mechanical flexibility and stability under different 

curvatures. 

Introduction 

Flexible energy storage devices have attracted considerable 

attention in the past few years for their novel functions in 15 
comparison to conventional energy storage devices. As one of 

the most important energy storage devices, supercapacitors 

(SCs) have been widely used in portable electronics, power 

back-up, electrical vehicles and various microdevices, owing to 

their properties of high power density, long cycle lifetime, 20 
excellent charge-discharge and environment friendly 

characteristics.1,2 Also, they can provide an instantaneously 

higher power density than lithium ion batteries and higher 

energy density than conventional dielectric capacitors.3,4 To 

better meet the rapid growing modern market demands, 25 
abundant efforts have been dedicated to achieve thin, 

lightweight, flexible and even rollup SCs with a variety of 

structures for next generation all-in-one portable and wearable 

electronics.5-13 

Carbon cloth with high electrical conductivity and excellent 30 
flexibility has been widely adopted as substrates for flexible 

energy storage devices. Several kinds of nanostructured 

electrodes, such as Fe3O4, ZnCo2O4, NiCo2O4, etc have been 

successfully grown on carbon cloth. With high electrical 

conductivity and an outstanding theoretical specific 35 
capacitance of 2573 F/g, nickel oxide (NiO) nanostructures are 

considered as promising candidates for flexible SCs.14-16 If NiO 

nanostructures are directly grown on carbon cloth, flexible SCs 

with improved performance should be fulfilled. Unfortunately, 

due to the smooth surface of carbon cloth, the weak 40 
adsorbability and the superhydrophilic surface state of the 

Ni(OH)2 precursor during solution process, it is usually hard to 

directly grow NiO nanostructures on the C cloth with 

acceptable uniformity.  

In this paper, we develop a simple strategy to grown NiO 45 
nanosheets on carbon cloth, which are used as a binder-free 

electrode for high-performance flexible supercapacitors. 

During this process, ZnO nanoparticle films were first 

deposited on carbon cloth and act as a buffer layer for the 

following NiO growth. Configured as all-solid-state SCs, the 50 
as-fabricated NiO-based flexible device showed specific 

capacitance, specific energy and low leakage of 21 mF/cm2, 

0.322 mWh/cm3 and 4.66 µA, respectively. Moreover, the cell 

electrochemical performances were well retained at different 

curvatures, indicating excellent mechanical flexibility and 55 
stability.  

Experimental section 

Scheme 1 shows the typical experimental process for the 

growth of NiO nanoshetts on carbon cloth (NiO@C cloth). 

During this process, a layer of ZnO nanoparticles films were 60 
first grown on carbon cloth via a hydrothermal method 

according to our previous report.17 To grow NiO 

nanostructures on carbon cloth, the pre-prepared ZnO@C cloth 

was first immersed into 0.1 M Ni (NO3)2 aqueous solution at 

80 o C for 6 h. After cooling down to room temperature, the 65 
samples were annealed at 400 o C for 2 h, which were then 

soaked in 2 M KOH aqueous solution for 3 h to remove ZnO 

buffer layer.   

Field emission scanning electron microscopy (FESEM, 

Sirion 200, FEI, The Netherlands) was used to characterize the 70 
morphologies of products. The chemical composition was 

investigated by the X-ray powder diffraction patterns (XRD, 

X’Pert PRO, PANalytical B.V., The Netherlands). 

The electrochemical properties of the NiO@C cloth 

electrode was first studied in a typical three-electrode system, 75 
with the NiO@C cloth as the working electrode, a platinum foil 

as the counter electrode and an SCE as the reference electrode 

in the electrolyte of 3 M KOH aqueous solution. The flexible 

all-solid-state SCs were fabricated following a typical 

procedure: 6 g of PVA was added into 50 mL of deionized 80 
water with continuously stirring at 90 o C. Until the PVA was 
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dissolved completely, 4 g of KOH in 10 ml of water was added. 

Two strips of obtained NiO@C cloth were immersed into the 

gel electrolyte with the same size, keeping the electrodes part 

above the solution. After the gel electrolyte solidified at room 

temperature, the two strips were assembled in the final device 5 
with sandwiched structures. All electrochemical measurements 

were performed with an electrochemical workstation 

(CH1706D, Shanghai, China). 

 
Scheme 1. Schematic illustration for the synthesis procedure of NiO nanosheets on carbon cloth. 10 

Results and discussion 

Figure 1a shows the SEM image of the ZnO-coated carbon 

fibers from the hydrothermal process. After immersed in Ni 

(NO3)2 solution and high temperature treatment, a layer of 

nanosheets were found deposited uniformly on the ZnO-coated 15 
carbon fibers, as shown in Figure 1b. From the inset image in 

Figure 1b, we can see that these NiO nanosheets form into 

uniform hierarchical structure. After immersed the cloth into 

KOH aqueous solution for 3 h, ZnO particles were successfully 

removed, resulted in the formation of pure NiO nanosheets, 20 
according to the SEM image in Figure 1c and the XRD pattern 

in Figure 1d. It should be mentioned although the NiO structure 

was a little destroyed after removal of ZnO nanoparticles, the 

hierarchical structure was still kept as can be seen from inset in 

Figure 1c. Compared with the product synthesized from pure 25 
carbon cloth without ZnO buffer layer (Supporting information, 

Figure S1), the product with the ZnO buffer layer is quite 

uniform, indicating the important role of ZnO buffer layer for 

the growth of NiO nanostructures on carbon cloth. From the 

black curve to the red and then to the blue one in the XRD 30 
patterns, the evolution of materials on carbon cloth were 

revealed incisively and vividly from pure ZnO to ZnO/NiO, and 

finally NiO phases.  

 
Figure 1. SEM images of the products obtained at various processes: (a) 35 
ZnO @ C cloth, (b) NiO @ ZnO on carbon cloth and (c) NiO @ C 

cloth. (d) The corresponding XRD patterns. 

The electrochemical properties of the as-grown electrodes 

were first measured in a three-electrode cell. Figure 2a shows 

the cyclic voltammetry (CV) curves of the NiO@C cloth, 40 
NiO@ZnO on carbon cloth, ZnO@C cloth and C cloth 

electrodes in a potential range of 0 to 0.5 V at a constant scan 

rate of 10 mV/s, respectively. It can be distinctly seen that all 

CV curves exhibit a pair of redox peaks except the pure C 

cloths, implying that carbon cloth contributes little to the 45 
capacitance. Besides, the CV integrated area of the NiO@C 

cloth electrode is larger than that of the NiO@ZnO on carbon 

cloth and the ZnO@C cloth, suggesting that the NiO@C cloth 

electrode has the best pseudocapacitive characteristic.9, 16,18 

 50 
Figure 2. (a) Cyclic voltammograms of NiO@C cloth, NiO@ZnO on 

carbon cloth, ZnO@ C cloth and C cloth electrodes in a potential range 

of 0 to 0.5 V at a constant scan rate of 10 mV/s. (b) Cyclic 

voltammograms of  NiO@C cloth at different scan rates with potential 

windows ranging from 0 to 0.5 V. (c) Constant current charge/discharge 55 
curves for NiO@C cloth composite electrode at various current 

densities in the potential range 0-0.45 V. (d) Specific capacitances of 

the NiO@C cloth electrode at different current densities. 

Figure 2b presents the CV curves of the NiO@C cloth at 

different scan rates. Clearly, all the CV curves of the NiO@C 60 
cloth electrode show a pair of Faradaic redox peaks (~ 0.22 V 

and 0.3 V) at the scan rate of 1 mV/s. With increased scan rates, 

the current response increases accordingly and the shapes of the 

CV curves are well kept, indicating the good capacitive 

behavior and high-rate capability of the electrode.7,8,19 65 
According to previous reports, the redox peaks are mainly 
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related to the following reversible redox reaction: 

NiO + OH−↔NiOOH+ e−       (1) 

   Constant current charge/discharge curves for the NiO@C 

cloth electrode at various current densities in the potential range 

of 0-0.45 V were shown in Figure 2c. The typical capacitance 5 
of the electrode can be calculated according to the following 

equation:   

                              Carea=I*∆t/(∆V*S)                              (2) 

 
Figure 3. Electrochemical performance of NiO@C cloth device: (a) 10 
Galvanostatic charge/discharge Cycling stability of a NiO@C cloth 

supercapacitor device over 1000 cycles at 10mA/cm2. The inset was the 

first 10 charge/discharge cycles, the middle 10 cycles and the last 10 

cycles curve after 1000 cycles. (b) Cycling performance for NiO@C 

cloth at different current densities. (c) Nyquist impedance plots of the 15 
NiO@C cloth device. (d) Bode plot showing phase angle vs. frequency 

for a typical electrochemical capacitor. 

Where I is the constant discharge current, S is the geometrical 

area of the electrode, ∆t is the discharged time after IR drop, 

and ∆V is the voltage drop upon discharge, respectively. A 20 
specific capacitance of 842 mF/cm2 was obtained for the 

electrode at the charge/discharge current density of 1 mA/cm2. 

Compared with previous reported oxide nanostructures 

electrodes, our samples here exhibited considerably higher 

specific capacitance.7,20,21 Even at a relatively high current 25 
density of 20 mA/cm2, the specific capacitance of as high as 

350 mF/cm2 can still be achieved. At the current density of 1 

mA/cm2, no obvious IR drop was observed at the beginning of 

the discharge curve, suggesting a low internal resistance of the 

electrode.3,22,23 30 
For a comparison, the charge/discharge curves of the 

NiO@ZnO based electrode were also measured and the result is 

shown in Figure S2b, revealing that no obvious component 

synergistic effects between NiO and ZnO. According to the 

equation 2, the specific capacitance of the NiO@C cloth 35 
electrode can be calculated to be 842, 814, 694.7, 582, 523.8, 

and 350 mF/cm2 at current densities of 1, 2, 5, 10, 15 and 20 

mA/cm2, respectively. The corresponding result is shown in 

Figure 2d. It can be concluded that the surface area 

modification of carbon cloths by NiO sheets has a strong 40 
influence on the enhancement of capacitance, as lager specific 

surface area will promote ion diffusion in the NiO@C cloth 

device. 

The long-term cycling performance of the NiO@C cloth 

electrode in a potential window of 0-0.45 V was measured by 45 
the consecutive galvanostatic charge/discharge at current 

density of 10 mA /cm2, and the result is given in Figure 3a. The 

first 10 cycles, the middle 10 cycles and the last 10 cycles of 

the charge-discharge electrochemical stability are also given in 

the inset picture of Figure 3(a). From the curves of the last 10 50 
cycles, the capacitance was still remained as high as 97% of the 

initial 10 cycles, which shows a stable electrochemical 

performance than previously reported results.20,24,25 The result 

of the continuous charge/discharge measurements exhibits a 

good reversible characteristic of the electrode without any 55 
apparent deviation. Figures S2c-2d shows the SEM image and 

XRD pattern of the NiO@C cloth electrode after cycled for 

1000 times, which still maintained the initial structure, 

indicating the good stability of the electrode. 

 60 
Figure 4. (a) The CV curves of flexible SC device at different scan rates. (b) The galvanostatic charge/discharge curves at different current densities. (c) 

The specific electrode capacitance of the flexible cloth devices as a function of the current density. (d) Evolution of the charge and discharge current 

density versus scan rate. (e) Ragone plot (power density vs. energy density).  (f)The impedance spectra for the flexible device.

The charge/discharge curves and cycling performance of the NiO@C cloth electrode at different current densities (1, 2, 5, 65 
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10, 15, 20 mA/cm2) between 0 and 0.45 V (vs. SCE) are shown 

in Figure 3b. From which we can see that increasing the current 

density from 1 mA/cm2 to 20 mA/cm2 resulted in a reduction 

of the capacity from 830 mF/cm2 to 347 mF/cm2, while the 

stable cycling performance at each current density is still 5 
maintained, further confirming the stability of the electrode. 

The electrochemical impedance spectroscopy (EIS) is a non-

destructive and useful technique for evaluating the kinetic and 

mechanistic information of electrode materials. The Nyquist 

plot with an enlarged view in the inset of the impedance data is 10 
shown in Figure 3c. The plots consist of two distinct parts, 

including a semicircle at high-frequency followed by a linear 

component at the low-frequency. The high-frequency is related 

to Faradic reactions, and a linear line at low-frequency shows a 

Warburg impedance related to the diffusion of electrolyte 15 
within the pores of the electrode.13,26,27 As shown in Figure 3c, 

the intercept of the Nyquist curve on the real axis is about 1.1 

Ω, manifesting the good conductivity of the electrolyte and 

very low internal resistance of the electrode.1 

The impedance phase angle plot is shown in Figure 3d. The 20 
frequency f0 at the phase angle of -45° is about 17.18 Hz, 

which marks the point where the resistive and capacitive 

impedances are equal. The f0 provides a relaxation time 

constant τ=0.058s (τ=1/f0), that tells how fast the device can be 

reversibly charged and discharged.2,28,29 In the phase angle plot, 25 
the approaching to a more capacitive behavior at low frequency 

is usually identified with the phase angle approaching to the 

negative 90o. Therefore, the value of the phase angle is used to 

evaluate the effectiveness of ion diffusion in mesopores. That 

is, the smaller the phase angle, the better the capacitive 30 
performance and the faster the ions diffusion. 

NiO materials applied in all-solid-state supercapacitors have 

rarely been reported until now. Herein, a flexible all-solid-state 

SC was then fabricated by using the as-grown NiO@C cloth as 

the electrodes. Figure 4a presents the CV curves of the flexible 35 
SC at the scan rates range from 10 mV/s to 90 mV/s with a 

potential window between 0 and 1 V. The quasi-rectangular 

shape of CV curves indicates the device behavior with very 

rapid current response on voltage reversal.9,30 The 

charge/discharge behavior of the flexible device at different 40 
current densities is shown in Figure 4b. From the curves, we 

can clearly see that the voltage drop of the discharge part 

become larger with the increased current density. The near 

triangle-like curves demonstrate the good capacitive behavior 

and electrochemical reversibility of the device.31-33 The 45 
corresponding specific capacitances of the device are 

calculated according to the same formula with the three-

electrodes and the results were shown in Figure 4c. At slower 

scan rates, the diffusion of ions from the electrolyte can gain 

access to almost all available pores of the film electrodes and 50 
the penetration of electrolytic ions into the pores will be a lot 

deeper, leading to a higher specific capacitance. 

Furthermore, a linear dependence of the charge and 

discharge current at the scan rate almost up to 70 mV/s can be 

observed in Figure 4d.The deviation of the linear dependence 55 
after 70 mV/s is mainly due to the diffusion limit of the gel 

electrolyte ions to the electrode materials. The linear of charge 

current is symmetric with the linear of discharge current, which 

indicated the NiO@C based all-solid-state device owns 

excellent reversibility.34-36 60 

 
Figure 5. (a) Leakage current curves of the flexible all-solid state 

device over 0.5h. (b) Self-discharge curves of the device after charging 

at 1 V. 

Figure 4(e)  shows  the  Ragone  plot  (power  density vs 65 
energy  density)  of  the  NiO@C cloth based device.  The  

power  density  and  energy  density  are  calculated  from  the  

following equations:  

E=CV2/(2U)                                   (3) 

P=E/t                                              (4) 70 

Where C is total capacitance of the device, V is the cell 

voltage, U is the device volume, and t is the discharge time. 

According to the specific capacitance in Figure 3c, under the 

calculation of formula 3 and 4, a high energy density of 0.322 

mWh/ cm3 was achieved.6,10 75 
Electrochemical impedance spectroscopy (EIS) is also a key 

parameter to determine the performance of all-solid-state 

supercapacitors. Figure 4f show the Nyquist plots in the 

frequency range from 100 KHz to 0.1 Hz. Typically, the 

Nyquist plot can be divided into a high frequency semicircle 80 
and a low frequency vertical line, the semicircle intersection 

with the abscissa depends on the internal resistance, and the 

vertical line implies good capacitive behaviors of 

supercapacitors.34,37 As can be seen from Figure 4f, the 

approximate nonexistence of the semicircle in the high-85 
frequency region illustrates good charge transfer conductivity 

of the device at the electrolyte-electrode interface.1 

For the practical applications, self-discharge and leakage 

current are important references of the flexible device. As 

shown in Figure 5a, the leakage current dropped quickly in the 90 
beginning and then tended to become stable finally (4.66 µA). 

Such small value of leakage current, which is ascribed to the 

self-discharge course in the device, means less shuttle reactions 

caused by the impurities in the electrode materials.3,7,8 Figure 

5b shows the time courses of the open-circuit voltage. It 95 
undergoes rapid self-discharge course in several minutes. 

However the discharge process is limited after several hours. 

The flexible device shows a stable output voltage of about 

0.288 V after 4 h and almost 40 % of the initial charged 

potential is retained even after 10 h.3 100 
The symmetrical flexible all-solid-state SC was fabricated 

by sandwiching poly KOH/PVA gel between two NiO@C 

cloth electrodes, and the model of the device has been given in 

the left bottom of Figure 6a. To demonstrate the potential uses 

of the flexible device, two of the same units with activated area 105 
3.5 cm2 were connected in series. After charging for the 

tandem devices at 1mA/cm2, it can power a red LED for 

several seconds. 
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Long-term cycling stability of the flexible device at a current 

density of 1 mA/cm2 for up to 10000 cycles was also tested. 

The specific capacitance as function of the cycle number is 

depicted in Figure 6b. From the image, we can clearly know 

that the charge/ discharge process mainly includes two stages: 5 
the activation period and the stable stage. As the electrolyte 

gradually penetrates into the whole surface of the electrodes, 

the sufficiently activated materials cause the capacitance 

increasing from 11.36 mF/cm2 to 20 mF/cm2, and then 

maintain at 20 mF/cm2 without obvious capacitance fading in 10 
the following cycles.38 

 
Figure 6. (a) Optical photographs of the fabricated flexible all-solid-

state supercapacitor device. The left bottom image shows the model of 

the device. The square of the left down picture indicates the 15 
capacitance region. The right image shows a light-emitting diode (LED) 

turned on by the NiO@C cloth based flexible supercapacitors. (b) 

Capacitance retention over 10000 cycles of charge-discharge at a 

current density of 1 mA/cm2. The insert picture shows the first 10 

cycles. (c) Cyclic voltammetry curves for the flexible supercapacitors 20 
at different curvature of 0 o, 60 o, 90 o, 120 o, 180 o and twist with a 

scan rate of 100 mV/s. (d) Specific capacitance over 500 cycles under 

the curvature of 0 o, 60 o, and twist at current density of 1 mA/cm2. (e) 

The first 10 cycles of the curvature of 0 o, 60 o, and twist. 

 To evaluate the feasibility of the flexible all-solid-state 25 
NiO@C cloth SCs for flexible energy storage device, we also 

test the CV property under different curvature conditions. 

Figure 6c depicted that the different bending angles (60o, 90o, 

120o, 180o and twist) lead little change to the CV curves, 

conforming that the device has outstanding mechanical 30 
flexibility. The electrochemical stability of the flexible all-solid 

stade of NiO@C cloth SCs was examined at a scan rate of 100 

mV/s.39 The cycle stability under severe condition is also an 

important parameter to study the flexible device. Under the 

curvature of 0 o, 60 o and twisted condition, over 500 cycles at 35 
the current density of 1 mA/cm2 were test respectively, and the 

results is shown in Figure 6d. By comparing the specific 

capacitance at 60 o bend and twist condition with normal state, 

we can draw a conclusion that the curvature of 60o and twist 

condition do little harmful to the flexible SC device,which 40 
further demonstrate the device with excellent mechanical 

stability.36,40 What’s more, the first 10 cycles of the 

charge/discharge voltage curve under the curvatures of 0o, 60o 

and twist condition are given in Figure 6e. Remarkably, the 

specific capacitance of device at normal state matches well 45 
with that under 60 o and twist conditions. 

Conclusions 

In summary, we have created a simple method to grow NiO 

on carbon cloth by utilizing pre-grown ZnO nanoparticles as 

the buffer layer. The as-synthesized NiO@C cloth electrode 50 
shows a high specific capacitance and excellent cycling 

stability when applied in the three-electrode system. In view of 

practical application, we fabricated flexible all-solid-state 

supercapacitors with two strips of symmetric NiO@C cloth 

electrodes, and KOH/PVA gel was brought in as electrolyte 55 
and separater. The entire device exhibites remarkable 

electrochemical performances, such as high capacitance, high 

flexibility, long lifetime and good stability. Furthermore, it can 

power a red commercial light-emitting-diode (LED). Working 

at awful conditions, the flexible device still presents good 60 
capacitance stability. Our work not only opens up a possibility 

to engineer NiO into a promising pseudocapacitive material but 

also highlights the path for next generation flexible energy 

storage devices.  
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A simple strategy was developed to grow NiO nanosheets on carbon cloth as a 

binder-free electrode for high-performance flexible all-solid-state supercapacitor 

device. 
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