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a b s t r a c t   

Two kinds of nanostructured ZnO, namely nanorods (ZnO NR) and nanoflakes (ZnO NF) were first prepared on 
conductive flexible carbon cloth (CC) by a hydrothermal route. Then nickel cobalt layered double hydroxide 
(NiCo-LDH) nanoflakes were directly hydrothermally deposited on them to construct three-dimensional (3D) self- 
supporting heterostructure NiCo-LDH/ZnO NR/CC and NiCo-LDH/ZnO NF/CC flexible electrodes. The effects of 
different nanostructured ZnO on morphology, structure and electrochemical performance of NiCo-LDH/ZnO/CC 
composite materials were investigated. It is found that NiCo-LDH nanoflakes grown on ZnO NF/CC substrate are 
more compact and uniform than those on ZnO NR/CC substrate. Moreover, NiCo-LDH/ZnO NF/CC electrode 
presents better electrochemical properties than NiCo-LDH/ZnO NR/CC electrode with 2.6 times higher specific 
capacitance (1577.6 F g−1 at 1 A g−1), 2.2 times better rate capability, and 1.5 time greater cycle stability, which may 
be attributed to the larger contact area and more redox-active sites provided by the NiCo-LDH NFs grown on ZnO 
NFs. Furthermore, the as-assembled solid-state flexible NiCo-LDH/ZnO NF//AC (active carbon) asymmetric su
percapacitor (ASC) delivers a maximal energy density of 51.39 Wh kg−1 (800 W kg−1) with a high operating 
window of 1.6 V, and exhibits great cyclic stability with 87.3% capacitance retaining after 1000 cycles, which is 
higher than many reported ASCs. Finally, two packaged ASCs in series successfully lighted a red light-emitting 
diode (LED, 2.2 V/20 mA), evincing the potentiality of practical application. 

© 2020 Elsevier B.V. All rights reserved.    

1. Introduction 

The rapid development of portable and wearable electronic devices 
has issued increased demand for flexible, lightweight, eco-friendly and 

high-performance energy storage/conversion equipment [1–3], among 
which the flexible supercapacitor (SC) has drawn considerable atten
tion ascribed to its outstanding mechanical properties, rapid charge- 
discharge process, high power density and low cost [4–6]. 

Layered double hydroxide (LDH), due to its novel layered struc
ture, superior capacitance, high redox activity and environmental 
friendliness, has become a competitive material for SC application  
[7–9]. Owing to the synergetic actions of both Co and Ni elements 
which provide various electrochemical active positions by their 
several oxidized states, NiCo-LDH possesses outstanding capacitive 
characteristics [10,11]. For instance, the specific capacitance of 
Ni0.32Co0.68-LDH nanonetwork [12] prepared by a cathodic deposi
tion method was reported to be 1000 F g−1 (5 mV s−1), and that of the 
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hydrothermally fabricated Co0.116Ni0.884(OH)2 [13] reached 
1464.7 F g−1 (1 A g−1). Nevertheless, the inherent defect of low 
conductivity in NiCo-LDH hinders its practical application [14]. 

One strategy to ameliorate the SC properties of NiCo-LDH is to 
employ highly conductive materials as backbone to support the ac
tive materials, so as to shorten the electronic transmission distance  
[15]. The conductive material, such as graphite, carbon nanotubes, 
graphene, and Ag nanowires were tried and the SC of the composites 
were found to be improved [15–18], but the complex and costly 
preparation processes of them render it worthwhile to search for 
new facilely-acquired backbone materials. 

Due to its high electric conductivity, notable mechanical char
acteristics, and excellent chemical stability, ZnO has become a po
tential candidate for the conductive carrier of NiCo-LDH [19]. ZnO 
was adopted to compound with other oxide materials to improve the 
SC capability, such as ZnO@MnO2 [20], ZnO@NiO [21], ZnO@Co3O4  

[22], etc., and the core-shell heterostructure composites of ZnO and 
NiCo-LDH have been also reported. For instance, I. Shakir et al. [23] 
fabricated the hybrid arrays of NiCo-LDH nanoflakes (NFs) and ZnO 
nanowires (NWs) on CC substrate by a two-step hydrothermal 
method, and found that the composite displayed an augmented 
specific capacitance of 1927 F g−1, nearly 1.8 time as large as that of 
the bare NiCo-LDH NFs and improved cycling stability and rate 
performance. The 3D core-shell heterostructure ZnO@Ni(OH)2 pre
pared by H. Niu et al. [19] via a combined process of hydrothermal 
and electrospinning acquired a far higher specific capacitance 
(2218 F g−1 at 2 mV s−1) than that of the pristine Ni(OH)2 electrode 
(1604 F g−1). Two binder-free electrodes (ZnO NFs/NiCo-LDH and 
ZnO NWs/NiCo-LDH) hydrothermally fabricated by N. T. Trang et al.  
[24] on Au-coated textile fiber substrates manifested outstanding 
specific capacitance, energy and power densities, and cycling stabi
lity. These remarkable electrochemical properties indicate that in
troducing ZnO to NiCo-LDH can undoubtedly advance the SC 
performance. Nevertheless, as far as we know, the effects of different 
nanostructured ZnO on electrochemical properties of NiCo-LDH/ZnO 
composites and which kind of nanostructure ZnO is the best are still 
not clear. 

Hence, so as to evaluate the influence of ZnO nanostructure on 
the morphology, structure and electrochemical properties of the 
NiCo-LDH/ZnO composite, in this paper, two different nanos
tructured ZnO, namely ZnO nanorods (NRs) and ZnO nanoflakes 
(NFs), were first prepared on flexible conductive carbon cloth (CC) 
through hydrothermal route. Then NiCo-LDH NFs were hydro
thermally synthesized on ZnO NR/CC and ZnO NF/CC substrates. 
Besides, a solid-state flexible ASC was fabricated with NiCo-LDH/ZnO 
NF/CC, activated carbon, and KOH-PVA (polyvinyl alcohol) gel solu
tion as positive electrode, negative electrode, and electrolyte, re
spectively. The packaged ASC can light a red LED, which signifies that 
NiCo-LDH/ZnO NF/CC electrode is capable of practical flexible su
percapacitor application. 

2. Experimental 

As illustrated in Fig. 1, 3D self-supporting core-shell hetero
structure ZnO/NiCo-LDH/CC flexible composites were synthesized 
through a two-step process: First, ZnO NFs and ZnO NRs were in
dividually deposited on CCs via hydrothermal method. Then, NiCo- 
LDH NFs were hydrothermally prepared on ZnO/CC substrates to 
form flexible composite electrodes. Parameters and procedures were 
detailed as follows. 

2.1. Preparation of ZnO NF/CC and ZnO NR/CC 

CCs (1 × 2 cm2, CeTech Co., Ltd) were first rinsed by acetone so
lution, anhydrous alcohol and ultrapure water for 15 min, respec
tively, placed in vacuum drying oven at 50 °C for 1 h and weighted. 

After 15 min of impregnation in crystal seed solution (1.0976 g zinc 
acetate + 200 mL ethylene glycol monomethyl ether), 10 min of 
drying in vacuum oven at 50 °C for three times, and 1 h of annealing 
at 400 ℃ in air, the CCs were sealed in autoclaves separately with 
ZnO NF growth solution (0.2726 g zinc chloride + 0.1201 g urea 
+ 100 mL ultrapure water) or ZnO NR growth solution (0.4390 g zinc 
acetate + 0.2804 g urotropine + 100 mL ultrapure water + 0.0861 g 
polyethyleneimine) and heated in a constant temperature of 95 ℃ 
for 8 h to deposit ZnO NF and ZnO NR. Lastly, after naturally cooled to 
room temperature and ultrasonicated for 10 min in absolute alcohol 
and ultrapure water, respectively, the electrodes were dried for 2 h 
and weighted. 

2.2. Preparation of NiCo-LDH/ZnO/CC 

The as-prepared ZnO NF/CC and ZnO NR/CC were soaked in a 
solution comprised of 0.4362 g Ni(NO3)2, 0.4366 g Co(NO3)2, 60 mL 
methanol, 15 mL deionized water and 1 g cetyltrimethylammonium 
bromide, sealed in hydrothermal vessel and heated at 180 ℃ for 24 h 
to prepare NiCo-LDH nanoflakes. Then, after cleaned by anhydrous 
alcohol and deionized water for 10 min, the electrodes were dried at 
50 °C for 6 h. The active material loadings of NiCo-LDH/ZnO NF/CC 
and NiCo-LDH/ZnO NR/CC were approximately 2  ±  0.05 and 
1.6  ±  0.05 mg/cm2. 

2.3. Fabrication of solid-sate flexible ASC 

2.3.1. Preparation of electrodes 
The synthesized NiCo-LDH/ZnO NF/CC was employed as positive 

electrode, while 8:1:1 mass ratio of activated carbon, acetylene, and 
polyvinylidene fluoride (PVDF) in ethanol was ultrasonicated for 
30 min, uniformly coated on CC, and dried at 100 °C for 3 h as ne
gative electrode. 

2.3.2. Preparation of gel electrolyte 
PVA-KOH solution was used to prepare the solid-state gel elec

trolyte. First, 80 mL of ultrapure water was constantly heated and 
stirred by magnetic stirrer, and 8 g of PVA was added when the 
temperature reached 95 °C. After the homogenous dissolution of 
PVA, 20 mL of 1 M KOH solution was blended with the viscous so
lution and stirred until the gel-like electrolyte was obtained. 

2.3.3. Packaging of ASC 
The active material loaded areas of the two electrodes were 

immerged in the KOH/PVA gel-like solution for 1 h to ensure suffi
cient permeation. After natural drying in air, about 1 cm2 of the 
electrolyte-abundant parts of the two electrodes were overlapped, 
separated by filter paper in between. The flexible solid-state ASC was 
fabricated. 

2.4. Characterization 

X-ray diffraction system (XRD, Bruker D8 Advance Cu-Kα) was 
operated to analyze the crystalline information and chemical com
ponents of the composite materials, whereas scanning electron 
microscope (SEM, JEOL JSM-7800 F) was applied to observe the 
morphologies of the composites. 

2.5. Electrochemical measurements 

A three-electrode configuration was employed to carry out the 
electrochemical properties of single electrode in 1.0 M KOH solution, 
where the fabricated electrodes (1 × 1 cm2), saturated calomel elec
trode (SCE) and Pt foil were applied as working, reference and 
counter electrodes, respectively, while a two-electrode system was 
used to assess the electrochemical performance of the as-assembled 
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ASC. Galvanostatic charge-discharge (GCD), cycle voltammetry (CV), 
and electrochemistry impedance spectroscopy (EIS) were tested by 
electrochemical workstation (CHI760E, Shanghai Chenhua 
Instrument Company). 

The specific capacitance of single electrode can be obtained by 
the equation as follows: 

= ×
×

C
I t

m V
s (1) 

where I and Δt represent the current and time of discharge process, 
ΔV the operating voltage window, and m the active material mass. 

As for fabricated ASC, the specific capacitance, energy density, 
and power density can be obtained via formulae (2)–(4): 

= ×
×

C
I t

m V
s (2)  

= × × × ×E C V
1
2

1
3600

1000s
2

(3)  

= ×P
E
t

3600 (4) 

where V and m correspond to the operating voltage window and 
the total weight of the two electrodes. 

In order to obtain the error of the experiment, three samples of 
each electrode and ASC were prepared and measured under same 
condition. The respective standard deviations of the specific capa
citance and energy density were given in the corresponding sections 
of this paper, and the error bars were demonstrated in the corre
sponding figures. 

3. Results and discussion 

3.1. Morphology and structure 

The XRD patterns of the ZnO, NiCo-LDH/ZnO NF and NiCo-LDH/ 
ZnO NR powders are illustrated in Fig. 2. It displays that the XRD 
diffraction peaks of both NiCo-LDH/ZnO NF and NiCo-LDH/ZnO NR 
samples occurred at 2θ = 12.9°, 24.0°, 34.0° and 59.5°, which corre
late with the (003), (006), (012) and (110) LDH crystal surfaces re
spectively, signifying the formation of hydrotalcite-like LDHs (JCPDS 
No.33–0429), while those at 30.5°, 36.0°, 47.0°, and 57.1° correspond 
to the (100), (101), (102), and (110) crystal surfaces of ZnO (JCPDS 
No.89–1397), implying the successful synthesis of NiCo-LDH/ZnO 
composites [25]. 

The SEM images of ZnO NR/CC, NiCo-LDH/ZnO NR/CC, ZnO NF/CC 
and NiCo-LDH/ZnO NF/CC are demonstrated in Fig. 3a~f. Fig. 3a ex
hibits the rod-like structure of ZnO NR, whereas Fig. 3c shows the 
petal-like flake structure of ZnO NF. With the deposition of NiCo- 
LDH NFs, due to the oversized NiCo-LDH NFs, ZnO NR and ZnO NF are 
completely covered and can scarcely be observed in the SEM images. 
Meanwhile, as illustrated in Fig. 3c and f, NiCo-LDHs synthesized on 
ZnO NR/CC substrate (Fig. 3c) are more dispersed and unorganized 
than those on ZnO NF/CC substrate (Fig. 3f), which possibly results 
from the reduced crystalline locations caused by the smaller specific 
surface area of ZnO NR/CC [26]. 

3.2. Electrochemical properties of NiCo-LDH/ZnO/CC electrodes 

Electrochemical behaviors of NiCo-LDH/ZnO NR/CC and NiCo- 
LDH/ZnO NF/CC were investigated to understand the participation of 
NiCo-LDH and ZnO in composite electrodes. As shown in Fig. 4a, CV 
profiles of NiCo-LDH/ZnO NR/CC and NiCo-LDH/ZnO NF/CC manifest 
two apparent pairs of redox peaks at 5 mV s− 1 in the voltage range of 
0–0.65 V, and the oxidation and reduction peaks can be identified at 
around 0.35 V and 0.15 V, respectively. 

Additionally, according to the literature [27], the redox peak 
potentials vs. SCE of Ni(OH)2 are 0.49 V and 0.36 V while those of Co 
(OH)2 are respectively 0.57 V and 0.47 V, so the capacitive properties 

Fig. 1. The synthesis procedure of NiCo-LDH NF on ZnO NF/CC and ZnO NR/CC substrates.  

Fig. 2. XRD spectra of ZnO, NiCo-LDH/ZnO NF and NiCo-LDH/ZnO NR samples.  
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Fig. 3. SEM images of (a) ZnO NR/CC, (b-c) NiCo-LDH/ZnO NR/CC, (d) ZnO NF/CC, and (e-f) NiCo-LDH/ZnO NF/CC.  

Fig. 4. CV profiles of (a) NiCo-LDH/ZnO NR/CC and NiCo-LDH/ZnO NF/CC electrodes at the scanning speed of 5 mV s−1, and (b) NiCo-LDH/ZnO NF/CC electrode at various scanning 
speeds. (Inset: the square root of scan rate as a function of the peak discharge current) GCD profiles at various current densities of (c) NiCo-LDH/ZnO NR/CC, and (d) NiCo-LDH/ZnO 
NF/CC electrodes. 
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are jointly contributed and primarily dominated by the faradic re
actions of Ni2+ and Co2+. Chemical reaction equations corresponding 
to the redox peaks are listed below [28]: 

+ + +Ni OH OH NiOOH H O e( )2 2 (5)  

+ + +Co OH OH CoOOH H O e( )2 2 (6)  

+ + +CoOOH OH CoO H O e2 2 (7)  

Noteworthily, as manifested in Fig. 4a, the redox peak currents 
and the integral area of the CV curve of NiCo-LDH/ZnO NF/CC are 
both larger than those of NiCo-LDH/ZnO NR/CC, which reflects the 
better capacitance capability of NiCo-LDH/ZnO NF/CC electrode. To 
further investigate the electrochemical performance of NiCo-LDH/ 
ZnO NF/CC electrode, the CV behaviors at different scan speeds 
(5, 10, 30, 50 mV s−1) were researched. In Fig. 4b, the redox peaks can 
be evidently spotted in every CV curve, meaning that the charge 
storage and release principally result from the reversible faradic 
reaction. As the scanning rate increases (5–50 mV s−1), the curve 
configurations almost stay unaltered, suggesting the fast transmis
sion of ions and electrons over the electrode/electrolyte interface; 
moreover, current increases in pace with the sweep rate, which re
veals that the composite electrode is capable of undergoing heavy- 
current charge and discharge. As shown in the inset of Fig. 4b, the 
discharge peak currents (ip, A) are well proportional to the square 
root of scan rates (v, mV s−1) (ip=0.277v1/2), implying that the elec
trode reaction of our samples is a diffusion-controlled process. 

Fig. 4c demonstrates the different GCD curves of NiCo-LDH/ZnO 
NR/CC electrode, based on which the specific capacitances calculated 
via Eq. (1) are 604.2, 540, 428, 347.2, 288, 261.6, 222, and 148 F g−1 at 
1, 2, 5, 8, 10, 12, 15, and 20 A g−1, respectively, with an average 
standard deviation of 28.5 F g−1. Likewise, on the basis of Fig. 4d, the 
specific capacitances of NiCo-LDH/ZnO NF/CC are 1577.6, 1428, 1242, 
1116.8, 1060, 991.2, 912, and 856 F g−1 (1, 2, 5, 8, 10, 12, 15, and 
20 A g−1), with an average standard deviation of 47.6 F g−1. 

The relationship of the specific capacitance with current density 
of NiCo-LDH/ZnO NR/CC and NiCo-LDH/ZnO NF/CC was compared, 
and the results were plotted in Fig. 5a. As exhibited in Fig. 5a, the 
specific capacitance of NiCo-LDH/ZnO NF/CC at 20 A g−1 is 5.8-fold as 
large as that of NiCo-LDH/ZnO NR/CC (2.6-fold at 1 A g−1), indicating 
the marvelous capacitive properties of NiCo-LDH/ZnO NF/CC. In 
addition, as illustrated in Fig. 5b, the capacitance retention of NiCo- 
LDH/ZnO NF/CC reaches 89.7% after 5000 continuous cycles at 
20 A g−1, which is much better than the 59.4% of NiCo-LDH/ZnO NR/ 
CC. The NiCo-LDH/ZnO NF/CC electrode manifests greater capacitive 
and cyclic properties probably because the ZnO nanoflakes can be 
regarded to be composed of many ZnO nanorods, but possess less 
contact resistance and more stability. 

EIS analyses were conducted with the range of frequency varied 
from 0.01 Hz to 100 kHz. As demonstrated in Fig. 5c, in the high 
frequency area, the Nyquist semicircle diameter of NiCo-LDH/ZnO 
NF/CC is shorter than that of NiCo-LDH/ZnO NR/CC, which signifies 
the lower charge transfer resistance (4.3 Ohm) and better capaci
tance performance of NiCo-LDH/ZnO NF/CC [29]. 

The properties of NiCo-LDH/ZnO NF/CC electrode in this work 
were compared with some previously reported ZnO-based or NiCo- 
LDH-based electrodes and the results were tabulated in Table 1. As 
illustrated in Table 1, the specific capacitance of our synthesized 
electrode (1577.6 F g−1 at 1 A g−1) is higher than that of other ZnO- 
based electrodes, like porous ZnO–NiO (1066.4 F g−1 at 5 mV s−1) [21] 
and ZnO@Co3O4 (857.7 F g−1 at 1 A g−1) [22], and is comparable to 
that of ZnO NFs/NiCo-LDH (1624 F g−1 at 10 A g−1) [24] and NiCo- 
LDH/ZnO NWs (1927 F g−1 at 2 A g−1) [23], attributed to the nu
merous electroactive locations afforded by multiple oxidization 
states in the introduced NiCo-LDH. As for NiCo-LDH-based electrode 
materials, our fabricated electrode performs better than the majority 
of them, such as Ni0.32Co0.68-LDH nanonetwork (1000 F g−1 at 
5 mV s−1) [12], Co0.116Ni0.884(OH)2 (1464.7 F g−1 at 1 A g−1) [13], NiCo- 
LDH/CNTs (1151 F g−1 at 1 A g−1) [32], NiCo-LDH@Au–CuO (1273 F g−1 

at 7.96 mA cm−2) [33], NiCo-LDH/MXene (983.6 F g−1 at 2 A g−1) [34], 
and NiCo-LDH/NiCo2O4 microspheres (1132 F g−1 at 2 mA cm−2) [35], 
ascribed to the increased electron transmission channels provided 
by the introduced ZnO. Besides, in terms of cycle stability, our pre
pared NiCo-LDH/ZnO NF/CC electrode are more or comparably stable 
than most of the reported ZnO-based and NiCo-LDH-based elec
trodes, namely NiCo–LDH nanosheets (89.5% after 2000 cycles) [11], 
NiCo-LDH/rGO (74% after 1000 cycles) [16], Co0.5Ni0.5(OH)2/gra
phene/CNTs (75% after 5000 cycles) [18], NiCo-LDH/Ag nanowires 
(89.8% after 2000 cycles) [30], NiCo-LDH/MXene (76% after 5000 
cycles) [34], and NiCo-LDH/NiCo2O4 microspheres (90% after 2000 
cycles) [35], due to ZnO nanoflakes being firm backbones of NiCo- 
LDH nanoflakes that stabilize the composite. Despite that the spe
cific capacitance of our prepared electrode is slightly smaller than 
several electrodes on NF (nickel foam) substrate, like NiCo-LDH/rGO 
(1911.14 F g−1 at 2 A g−1) [16] and ZnO@Ni(OH)2 (2218 F g−1 at 
2 mV s−1) [19], the employment of CC substrate provides the ability 
to apply in flexible supercapacitors, broadening the application do
mains of the electrode and offering more prospects for portable and 
wearable devices appliance. 

3.3. Electrochemical properties of the NiCo-LDH/ZnO NF//AC ASC 

So as to evaluate the application potentiality of NiCo-LDH/ZnO 
NF/CC electrode, solid-state flexible ASCs were constructed with 
PVA/KOH, NiCo-LDH/ZnO NF/CC, active carbon, and filter paper as 

Fig. 5. (a) The trend of specific capacitance values with the increase of discharge current, (b) cycle performance at 20 A g−1, and (c) Nyquist diagram of NiCo-LDH/ZnO NR/CC and 
NiCo-LDH/ZnO NF/CC electrodes. 
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gel electrolyte, positive electrode, negative electrode, and separator, 
respectively. The CV properties of the two electrodes at a scanning 
speed of 50 mV s− 1 were compared in Fig. 6a. The CV curve of the 
negative electrode is rectangle-shaped, suggesting its electric 
double-layer capacitive character, while the apparent redox peaks in 
the CV configuration of the positive electrode indicate its pseudo
capacitive quality. Fig. 6b shows the CV profiles of NiCo-LDH/ZnO 
NF//AC at various sweep speeds (5–50 mV s−1). All of the curves in  
Fig. 6b show quasi-rectangular configuration, which denotes the 
synergic contribution of EDLC and pseudocapacitance at an oper
ating window of 0–1.6 V. In addition, the curves present no distinct 
deformation as the scanning rate changes, which implies the bril
liant charge/discharge ability and rate capacity. Moreover, the GCD 

behaviors of the ASC at various current densities (1–8 A g−1) were 
displayed in Fig. 6c. The charge/discharge processes of the device 
demonstrate good symmetrical characteristic, reflecting the ex
cellent electrochemical reversibility. By means of bending test, 
flexibility of the packaged ASC was studied. As exhibited in Fig. 6d, 
the GCD and CV curves of the device after bending scarcely distorted 
in comparison to those of the flat state, which suggests the out
standing flexibility of the as-fabricated ASC by virtue of CC substrate, 
broadening the applicative outlook for wearable and portable 
devices. 

As shown in Fig. 7a, the specific capacitance values of NiCo-LDH/ 
ZnO NF//AC calculated based on formula (2) are 144.5, 115.8, 95.5, 
81.1, 71.7, 58.9, 50.5, and 40.8 F g−1 at 1–8 A g−1, respectively, with an 

Table 1 
Electrochemical property comparison of our as-synthesized NiCo-LDH/ZnO NF/CC with ZnO-based or NiCo-LDH-based electrodes in some published papers.         

Sample Substratea Synthesis methoda Electrolyte Cs (F g−1) Cycling stability Ref.  

NiCo–LDH nanosheets conductive textile ED 1 M KOH 2105 at 2 A g−1 89.5% (2000 cycles) [11] 
Ni0.32Co0.68-LDH nanonetwork NF cathodic deposition 1 M NaOH 1000 at 5 mV s−1 100% (1000 cycles) [12] 
NiCo-LDH/rGO NF ST 3 M KOH 1911.14 at 2 A g−1 74% (1000 cycles) [16] 
ZnO@Ni(OH)2 NF electrospinning & HT 6 M KOH 2218 at 2 mV s−1 100% (1000 cycles) [19] 
porous ZnO–NiO nickel grid chemical precipitation 3 M KOH 1066.4 at 5 mV s−1 99.5% (400) [21] 
ZnO@Co3O4 heterostructures NF HT 2 M KOH 857.7 at 1 A g−1 128.7% (6000) [22] 
NiCo-LDH/ ZnO nanowires CFC HT 6 M KOH 1927 at2 A g−1 96% (3000) [23] 
ZnO nanoflakes/ NiCo-LDH Au-coated textile fiber HT 1 M LiOH 1624 at 10 A g−1 94% (2000) [24] 
NiCo-LDH/CNTs NF chemical bath deposition 2 M KOH 1151 at 1 A g−1 77% (10000) [32] 
NiCo-LDH@ Au–CuO Cu fiber in-situ corrosion growth 3 M KOH 1273 at 7.96 mA cm−2 90.8% (30000) [33] 
NiCo-LDH/MXene NF ED 6 M KOH 983.6 at 2 A g−1 76% (5000) [34] 
NiCo-LDH/NiCo2O4 microspheres NF HT & ED 2 M KOH 1132 at 2 mA cm−2 90% (2000) [35] 
NiCo-LDH/ZnO nanoflakes CC HT 1 M KOH 1577.6 at 1 A g−1 89.7% (3000) this work  

a ED: electrochemical deposition; NF: nickel foam; HT: hydrothermal; CFC: carbon fiber cloth; ST: solvothermal; CVD: chemical vapor deposition; CC: carbon cloth.  

Fig. 6. (a) CV behaviors of negative and positive electrodes at 50 mV s− 1. (b) CV and (c) GCD profiles at different conditions of the assembled ASC. (d) GCD curves at 7 A g−1 of the 
assembled ASC in the flat and bent conditions with insets of CV curves before and after bending at 50 mV s− 1 and the photograph of the bent ASC. 

H. Xiong, L. Liu, L. Fang et al. Journal of Alloys and Compounds 857 (2021) 158275 

6 



average standard deviation of 13 F g−1. Additionally, 1000 continuous 
cycles of GCD measurement were conducted at 5 A g−1 to assess the 
cyclic performance of the packaged ASC. As demonstrated in Fig. 7b 
and the two insets, 87.3% of the capacitance retains after the test, the 
GCD curves of the 1st and 1000th loops are almost in the same 
shape, and the curves of last 8 cycles keep consistent, manifesting 
the impressive cycle stability of the device. Besides, Ragone plot that 
mirrors the comprehensive performance concerning the energy and 
power densities was diagrammed in Fig. 7c to contrast our fabricated 
NiCo-LDH/ZnO NF//AC with some previously reported NiCo-LDH or 
ZnO based ASCs, and the results were listed in Table 2. As exhibited 
in Fig. 7c, the energy densities can be calculated to be 51.39, 41.18, 
33.97, 28.84, 24.72, 20.93, 17.89, 14.49 Wh kg−1 on the basis of 
Eqs. (3) and (4) at the power densities of 800, 1600, 2400, 3200, 
4000, 4800, 5600, and 6400 W kg−1, respectively, with an average 

standard deviation of 4.7 Wh kg−1. The narrow error ranges of our 
synthesized electrode and assembled ASC device indicate the ex
cellent experiment repeatability and quality uniformity of our 
samples. The maximal energy density of our fabricated ASC reaches 
51.39 Wh kg−1 (800 W kg−1), which is higher than that of many other 
ASCs demonstrated in Table 2, like NiCo-LDH/graphene/CNTs//AC/ 
CNTs [18] (41 Wh kg−1 at 210 W kg−1), ZnO@Ni(OH)2//PCNF [19] 
(57.6 Wh kg−1 at 129.7 W kg−1), NiCo-LDH/Ag/NF//AC [30] (42.9 Wh 
kg−1 at 800 W kg−1), NiCo-LDH/GF/NF//AC [31] (50.2 Wh kg−1 at 
800 W kg−1), CCCH@NiCo-LDH@Au–CuO/Cu//carbon fibers [33] 
(34.97 Wh kg−1 at 1410 W kg−1), and NiCo-LDH/MXene//CNT [34] 
(36.70 Wh kg−1 at 1440 W kg−1). Furthermore, as shown in Fig. 6d, 
two as-fabricated ASCs in series can drive a red LED (2.2 V, 20 mA) 
after being charged for one minute, revealing their prospects for 
practical application. 

Fig. 7. (a) The trend of specific capacitance values of NiCo-LDH/ZnO NF//AC with the increase of discharge current. (b) cycle performance of NiCo-LDH/ZnO NF//AC at 5 A g−1 with 
insets of GCD profiles of the 1st and 1000th, and the last eight cycles. (c) Ragone plot. (d) photographs of a red LED powered by two ASCs in series. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Energy density comparison of our as-fabricated NiCo-LDH/ZnO NF//AC with ZnO-based or NiCo-LDH-based ASCs in some published papers.      

Positive electrode Negative electrode Energy density (Wh kg−1) Ref.  

Co0.5Ni0.5(OH)2/graphene/CNTs AC/CNT 41 Wh kg−1 at 210 W kg−1 [18] 
ZnO@Ni(OH)2 carbon fibers 57.6 Wh kg−1 at 129.7 W kg−1 [19] 
ZnO nanoflakes/NiCo-LDH AC 68.23 Wh kg−1 at 2750 W kg−1 [24] 
NiCo-LDH/Ag nanowires AC 42.9 Wh kg−1 at 800 W kg−1 [30] 
NiCo-LDH/graphene films AC 50.2 Wh kg−1 at 800 W kg−1 [31] 
NiCo-LDH@Au–CuO carbon fibers 34.97 Wh kg−1 at 1410 W kg−1 [33] 
NiCo-LDH/MXene CNT 36.70 Wh kg−1 at 1440 W kg−1 [34] 
NiCo-LDH/ZnO nanoflakes AC 51.39 Wh kg−1 at 800 W kg−1 this work 
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4. Conclusion 

In summary, two 3D self-supported flexible electrodes NiCo- 
LDH/ZnO NR/CC and NiCo-LDH/ZnO NF/CC were successfully syn
thesized by a two-step hydrothermal route. Our research shows that 
NiCo-LDH nanoflakes grown on ZnO NF/CC substrate are more 
compact and uniform than those on ZnO NR/CC substrate, indicating 
that the ZnO NF/CC substrate will offer a larger specific surface area 
and more crystalline positions for NiCo-LDH nanoflakes to grow on, 
which will cause the better electrochemical performance of NiCo- 
LDH/ZnO NF/CC electrode. Typically, the NiCo-LDH/ZnO NF/CC 
electrode has an excellent capacitive property (1577.6 F g−1 at 
1 A g−1), great rate capacity (54.3% capacitance retention at 20 A g−1), 
and remarkable cycling performance (89.7% capacitance retention 
after 5000 cycles at 20 A g−1), compared to 604.2 F g−1, 24.5%, and 
59.4% of NiCo-LDH/ZnO NR/CC electrode. Furthermore, the as-fab
ricated NiCo-LDH/ZnO NF//AC ASC attains a considerable energy 
density of 51.39 Wh kg−1 (800 W kg−1), which is higher than many 
previous reported ASCs, and two ASCs in series can successfully 
light a red LED (2.2 V, 20 mA) after charged for one minute, in
dicating that NiCo-LDH/ZnO/CC electrode can be practically applied 
in flexible supercapacitor. The superb properties of NiCo-LDH/ZnO 
NF/CC electrode and NiCo-LDH/ZnO NF//AC ASC are attributable to 
the introduction of ZnO that facilitates the transmission of 
electrons, and NiCo-LDH nanoflakes grown on ZnO nanoflakes 
that expand the contacting area between the electrode and elec
trolyte to expose more redox-active locations, boosting the electro
chemical performance of the composite electrode and assembled 
supercapacitor. 
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