
Realization of high performance flexible wire
supercapacitors based on 3-dimensional NiCo2O4/
Ni fibers†

Ananthakumar Ramadoss,a Kyeong-Nam Kang,b Hyo-Jin Ahn,b Sun-I Kim,b

Seung-Tak Ryu*a and Ji-Hyun Jang*b

The rapidly developing electronics industry is producing miniaturized

electronic devices with flexible, portable and wearable characteristics,

requiring high-performance miniature energy storage devices with

flexible and light weight properties. Herein, we have successfully

fabricated highly porous, binder free three-dimensional flower-like

NiCo2O4/Ni nanostructures on Ni-wire as a fiber electrode for high-

performance flexible fiber supercapacitors. Such a unique structure

exhibited remarkable electrochemical performance with high capaci-

tance (29.7 F cm�3 at 2.5 mA), excellent rate capability (97.5% retention

at 20 mA), and super cycling stability (80% retention, even after 5000

cycles). The remarkable electrochemical performance is attributed to

the large active area in the 3D porous architecture and direct contact

between the active materials and 3D-Ni current collectors, which

facilitate easy ionic/electronic transport. The symmetric fiber super-

capacitor showed a gravimetric energy density of 2.18 W h kg�1

(0.21 mW h cm�3) and a power density of 21.6 W kg�1 (2.1 mW cm�3)

with good flexibility and cycling performance, signifying potential

applications in high-performance flexible energy storage devices.

Further, performance in a self-powered system was demonstrated by

charging these wire type NiCo2O4/Ni supercapacitors by serially

woundDSSCs to drive commercial LEDs. These results suggest that the

fabricated device has excellent potential as a power source for flexible,

portable and wearable applications as well as self-powered systems.

1. Introduction

Modern society is continually searching for the next advanced

versions of multifunctional electronic devices, and particularly,

for improvements that produce smaller size, lighter weight,

exible, wearable, and self-powered devices. At the same time,

these recent technological trends have stimulated demand for

the development of a suitable independent power supply that can

be used for portable electronic devices, wireless networks and

other self-powered micro/nano-device systems.1–3 Lately, exible

supercapacitors, a new kind of exible energy storage device,

have received much attention for next-generation energy storage

due to their remarkable features, including their light weight,

stability, portability, exibility, safety, and eco-friendliness.4–10

Flexible supercapacitors on metal sheets, carbon cloth,

papers, textiles and plastic substrates are widely employed as

wearable and portable energy storage devices.11–13 In order to

further reduce their size and increase compatibility, ber and

cable-type exible supercapacitors have been developed.

Recently, Wang et al.14 fabricated a coaxial-type ber super-

capacitor based on NiCo2O4 nanosheets, which reached a volu-

metric capacitance of 10.3 F cm�3 at 0.08 mA. Similarly, Gu

et al.15 and Wu et al.16 prepared CuCo2O4 and ZnCo2O4 based

ber supercapacitors with capacitances of 11.09 F g�1 at 2 mA

and 10.9 F g�1 at 30 mV s�1, respectively. Liu et al.17 reported

a planar integrated ZnCo2O4 nano-arrays/carbon ber super-

capacitor with the capacitance of 0.6 F g�1 at 1 A g�1. Carbon/

MnO2 (C/M) core–shell ber18 and graphene/carbon nanotube

(CNT) composite ber supercapacitors19 showed a specic

capacitance of 2.5 F cm�3 and 4.97 mF cm�2, respectively.

However, while recent research efforts have been made to

fabricate exible ber supercapacitors via various methods,

further investigation still needs to be conducted to improve

their performance for practical applications. For example, most

reported ber supercapacitors have been based on metal wire

current collectors with smooth surfaces, low surface area, and

low porosity, which produces large contact resistance between

the active materials and the current collector substrate, which
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leads to low performance. Hence, the main focus should be on

reducing the internal resistance for faster charge transport,

increasing the active surface area to permit easy access for

electrolyte ions, and enhancing cyclic stability by controlling

the morphology of microstructures.

Herein, we introduce a three-dimensional (3D) current

collector, a 3D porous nickel (3D-Ni) architecture on a Ni-wire

substrate, for constructing next generation exible ber super-

capacitors. The 3D-Ni was prepared by electrodeposition in the

presence of hydrogen bubble templates, and possesses highly

porous dendritic walls with many electroactive sites connected

by highly conductive networks and short diffusion path lengths.

This allows for easy transport of ions/electrons, leading to more

efficient contact between the electrolyte ions and electroactive

sites for faradaic energy storage, and thus results in high

charge/discharge rates even at high-current densities. In addi-

tion to good exibility, this binder and conductive additive-free

3D-Ni/Ni-wire allows for high mechanical strength, low cost,

and ease of fabrication.

NiCo2O4 electroactive materials were grown onto a 3D-Ni/Ni-

wire current collector using the electrodeposition method, and

the combination provided better electronic conductivity and

higher electrochemical activity than those of nickel oxide and

cobalt oxide. The as-prepared three-dimensional porous ower-

like NiCo2O4 on 3D-Ni/Ni-wire (3D-NiCO2O4/Ni) exhibited an

outstanding volumetric capacitance of 29.7 F cm�3 with good

rate capability (97.5% at 20 mA). Further, the planar-integrated

ber supercapacitor exhibited excellent cycling stability (100%

retention even aer 5000 cycles) and exibility with an energy

density of 2.18 W h kg�1 and a power density of 21.6 W kg�1.

Finally, the performance of the fabricated device was demon-

strated in a self-powered system by integrating the ber super-

capacitor with dye sensitized solar cells (DSSCs) to drive a light

emitting diode (LED). These promising results demonstrate

that exible ber supercapacitors have great potential for

embedding in exible electronics, such as portable and wear-

able devices, and self-powered devices.

2. Results and discussion

The fabrication process of the 3D-NiCo2O4/Ni nanostructure

involved three steps, as schematically illustrated in Fig. 1. First,

3D-Ni was constructed on a Ni-wire current collector via facile

electrochemical deposition accompanied by a hydrogen evolu-

tion reaction.20,21 Here, hydrogen bubbles play a crucial role in

forming a 3D porous structure. At a high applied current (2.5 A),

plentiful hydrogen bubbles were formed over the Ni-wire

(cathode) surface via a water electrolysis reaction. At the same

time, Ni2+ ions were electrochemically reduced and deposited

over the Ni-wire by using the hydrogen bubbles as a template for

the construction of a 3D-porous-Ni structure with dendritic

walls on the Ni-wire substrate. Since the hydrogen bubbles not

only arise from the substrate but also from freshly deposited

nickel, they serve as a dynamic template for the formation of

dendritic 3D-Ni.20 The as-prepared 3D-Ni is muchmore effective

than the traditional Ni foam current collectors due to its highly

porous dendritic morphology, with high surface area, open

porous structure and a facile preparation technique that allows

for any arbitrary shape structure.

In the second step, a green colour bimetallic (Ni, Co)

hydroxide was co-electrodeposited onto the 3D-Ni. Briey, the

electrodeposition process of the mixed hydroxide formation

involved an electrochemical and a precipitation reaction. When

electric current passes through the electrolyte containing nickel

and cobalt nitrate precursors, OH� ions are produced by the

reduction of NO3
� ions at the cathodic surface. Then the

generated OH� ions in the solution will react with Ni2+ and Co2+

to form a uniform precipitate of mixed hydroxide on the 3D-Ni

electrode surface; the overall reaction process can be expressed

as follows:22,23

NO3
� + 7H2O + 8e�/ NH4

+ + 10OH� (1)

xNi2+ + 2xCo2+ + 6xOH�

/ Ni
x
CO2x(OH)6x (2)

Finally, the as-prepared bimetallic hydroxide was calcined at

300 �C for 2 h (thermal transformation) to yield spinel NiCO2O4,

as shown in the following equation:

2Ni
x
Co2x(OH)6x + xO2/ 2xNiCo2O4 + 6xH2O (3)

We have deposited the NiCo2O4 nanostructure on the 3D-Ni

wire at various deposition times of 3, 5, and 10 min. In the case

of the 3 and 5 minute-deposited samples, no peel off problem

occurred while drying the samples (please refer to Fig. S1†).

Fig. 1 (a) Schematic illustration of the preparation of 3D-NiCo2O4/Ni. (b) Digital camera image of the Ni-wire, 3D-Ni and 3D-NiCo2O4/Ni.

Electrodeposition is indicated as “ED”.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 4718–4727 | 4719
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However, when the electro-deposition time was increased

beyond 5 min, the as-deposited bimetallic hydroxide started to

peel off (detached) from 3D-Ni during the drying process. This

might be due to the higher mass loading of electro-active

materials in a small area, which leads to less adhesion between

the porous electrode and the bimetallic hydroxide electro-active

materials.

The as-prepared 3D porous ower-like NiCo2O4/Ni nano-

structure (3D-NiCo2O4/Ni) was directly used to provide binder-

and conductive agent-free electrodes for supercapacitors.

Fig. 1b shows a digital photograph of the bare Ni-wire and the

synthesized 3D-Ni and 3D-NiCo2O4/Ni. Compared to the silvery

Ni-wire in the le side, the 3D-Ni and 3D-NiCo2O4/Ni appear

brown and black due to the presence of the porous 3D-nano-

structures with submicron scale dimensions, which effectively

interact with light.24,25 Three as-prepared 3D porous NiCo2O4

nanostructures on the 3D-Ni samples fabricated at electrode-

position times of 3-, 5-, and 10 min were named 3D-NCO/Ni-1,

3D-NCO/Ni-2, and 3D-NCO/Ni-3, respectively.

Morphological analysis

The morphologies of the pure Ni-wire, the 3D-Ni on Ni-wire and

3D-NiCo2O4/3D-Ni on Ni wire were examined by FE-SEM. The

detailed structural and compositional analyses including X-ray

diffraction, Raman, X-ray photoelectron and energy dispersive

X-ray spectroscopy are found in Fig. S2–S4.† Fig. 2a shows the

FE-SEM images of the pristine Ni-wire which has a smooth

surface. Fig. 2b–c depict the typical 3D porous interconnected Ni

dendritic walls over the Ni-wire (3D-Ni/Ni) created by the dynamic

hydrogen template method. It can be observed that the 3D

porous Ni structure consists of large pores of�4–8 mm decorated

by numerous interconnected nanoparticles (�150–350 nm), dis-

playing continuous interspaces (lots of interconnected nano-

pores of �25–150 nm) in the form of dendritic walls. Plain view

SEM images of 3D-NiCo2O4/3D-Ni (3D-NCO/Ni-2) are shown in

Fig. 2e, f, h and i. FE-SEM images of 3D-NCO/Ni-1 and 3D-NCO/

Ni-3 samples are shown in Fig. S5a–d.† Numerous NiCo2O4

nanoakes with thicknesses in the range of �20–30 nm can be

seen to decorate the 3D-Ni, creating a rough surface, as shown in

Fig. 2e, f, h and i. The NiCo2O4 nanoakes are interconnected

with each other over the Ni surface, which produces a highly

porous dendritic ower-like NiCo2O4/3D-Ni structure with

microspheres (�1 mm). The 3D porous interconnected dendritic

structure was produced by the deposition of NiCo2O4 and the

thermal treatment. However, a long electrodeposition time, over

10 min, caused the cracking or detachment of NiCo2O4 from the

3D-Ni during the drying process. Since our results concluded that

5 min was the optimum time to deposit NiCO2O4 over 3D-Ni,

further studies were conducted on the 3D-NCO/Ni-2. The cross-

section view of the 3D-NCO/Ni-2 is presented in Fig. 2d and g. The

thickness of the 3D-NCO/Ni is approximately �35 mm as shown

in Fig. 2g. Further, it is clear that the numerous small-ramied

Fig. 2 FE-SEM images of (a) Ni-wire, (b–c) 3D-Ni, and (d–i) 3D-NiCo2O4/3D-Ni: (d, g) cross-section image. (e) Plain view images. (f–i) High

magnification images.

4720 | J. Mater. Chem. A, 2016, 4, 4718–4727 This journal is © The Royal Society of Chemistry 2016

Journal of Materials Chemistry A Communication

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

3
 M

ar
ch

 2
0
1
6
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
4
/2

0
2
2
 5

:1
7
:5

5
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5ta10781d


deposits (Ni nanoparticles) are arranged normal to the substrate

and form a porous dendritic wall structure, leaving lots of open

spaces and electroactive surface sites. In addition, the FE-SEM

images (Fig. S6a–f†) of 3D- NiCo2O4/Ni-wire clearly show uniform

morphology without any damage, which conrms excellent

mechanical stability (remains stable under a bending condition

of 90�) as well as the exibility of our fabricated 3D- NiCo2O4/Ni-

wire electrode.

From the above results, we expected that the construction of

3D-NiCo2O4/3D-Ni would promote excellent supercapacitor

electrochemical performance, including high capacitance,

better rate capability, and longer cycling life. The advantages of

3D-NiCo2O4/3D-Ni are that (i) they use no conductive additive,

(ii) the enlarged active surface area allows for efficient contact

with the electrolytes, (iii) the large size open pores facilitate the

diffusion of electrolytes, and (iv) low resistance due to the short

path distance for electron transport is achieved by direct contact

between the active materials and the interconnected 3D-Ni

networks.

Electrochemical evaluation of 3D-NiCo2O4/Ni

The pseudocapacitive properties of the Ni-wire, 3D-Ni/Ni-wire

and 3D-NiCo2O4/3D-Ni/Ni-wire (3D-NCO/Ni-1, 3D-NCO/Ni-2

and 3D-NCO/Ni-3) were evaluated by using a three electrode

system in a 2 M KOH electrolyte solution and the results are

shown in Fig. 3. The cyclic voltammetry (CV) curves of the bare

Ni-wire, 3D-Ni/Ni-wire, 3D-NCO/Ni-1, 3D-NCO/Ni-2 and 3D-

NCO/Ni-3 electrodes at a scan rate of 10 mV s�1 in a potential

window of �0.2 to 0.55 V are presented in Fig. 3a. The bare Ni-

wire and 3D-Ni/Ni-wire exhibit one pair of redox peaks,

implying the highly reversible reactions of Ni2+/Ni3+. The CV

curves of the 3D-NCO/Ni samples display two pairs of redox

peaks of NiCo2O4 during the electrochemical process. The two

sets of redox peaks are attributed to the reversible faradaic

redox processes of Ni2+/Ni3+ and Co2+/Co3+ transitions.26–28 In

comparison to the Ni-wire and 3D-Ni, the 3D-NiCo2O4/Ni

electrodes exhibited a larger CV integrated area (increased

redox current intensity), suggesting that a much higher elec-

trochemical performance was achieved by the 3D-NiCo2O4

Fig. 3 (a) CV curves of Ni, 3D-Ni, 3D-NCO/Ni-1, 3D-NCO/Ni-2 and 3D-NCO/Ni-3 electrodes in 2 M KOH electrolyte solutions. (b) Volumetric

capacitance of Ni, 3D-Ni, 3D-NCO/Ni-1, 3D-NCO/Ni-2 and 3D-NCO/Ni-3 electrodes at different scan rates. (c) Galvanostatic charge/discharge

curves of Ni, 3D-Ni, 3D-NCO/Ni-1, 3D-NCO/Ni-2 and 3D-NCO/Ni-3 electrodes at 2.5 mA. (d) Volumetric capacitances of 3D-NCO/Ni-1,

3D-NCO/Ni-2 and 3D-NCO/Ni-3 electrodes as a function of current. (e) Cycling performance of the 3D-NCO/Ni-2 electrode at a current of

10 mA; the inset shows the charge/discharge curves. (f) Nyquist plots of the 3D-NCO/Ni-2 electrode before and after the 5000 cycle test.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 4718–4727 | 4721
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active materials. In particular, the 3D-NCO/Ni-3 showed the

highest redox current intensity among the NiCo2O4 electrodes,

which was attributed to its having the largest loading mass of

electroactive materials. The representative CV proles of the

3D-NCO/Ni at various scan rates ranging from 5 to 80 mV s�1

are displayed in Fig. S7a–c.† Further, the EIS measurements

were also carried out for Ni-wire, 3D-Ni, 3D-NCO/Ni-1, 3D-NCO/

Ni-2 and 3D-NCO/Ni-3 electrodes to investigate the funda-

mental behavior of the fabricated electrodes, and the corre-

sponding Nyquist plots are shown in Fig. S8a and b.†

Fig. 3b shows the volumetric capacitance of the 3D-NCO/Ni

electrodes at different scan rates, calculated from the CV curves

by using the total volume of the electrode including the Ni-wire,

3D-Ni and the electroactive material (NiCo2O4), and by using

eqn (1), (3), and (4) (Section G in the ESI†). The volumetric

capacitance of the Ni-wire, the 3D-Ni, 3D-NCO/Ni-1, 3D-NCO/Ni-

2 and 3D-NCO/Ni-3 electrodes is found to be 1.18, 15.14, 23.79,

38.16, and 53.66 F cm�3, respectively, at 5 mV s�1. With

increasing scan rate, the capacitance of the 3D-NCO/Ni-1,

3D-NCO/Ni-2 and 3D-NCO/Ni-3 electrodes still retained 91%,

93% and 89% of the initial capacitance even at a high scan rate

of 80 mV s�1, respectively, which indicates the high-rate capa-

bility of the fabricated electrodes. The gravimetric capacitance

of the 3D-NCO/Ni electrodes was calculated using only the mass

of the electroactive material (NiCo2O4), excluding the mass of

3D-Ni and Ni-wire. The calculated gravimetric capacitance

(Fig. S9a†) of the 3D-Ni, 3D-NCO/Ni-1, 3D-NCO/Ni-2 and

3D-NCO/Ni-3 electrodes is 11, 300, 385, and 443 F g�1, respec-

tively. The calculated areal capacitance of the electrodes is

shown in Fig. S9b.†

Fig. 3c displays the comparative galvanostatic charge/

discharge (GCD) curves of the bare Ni-wire, the 3D-Ni, 3D-NCO/

Ni-1, 3D-NCO/Ni-2 and 3D-NCO/Ni-3 electrodes, performed in

a stable potential window between �0.2 and 0.55 at a current of

2.5 mA. Fig. 3d shows the volumetric capacitance of the

3D-NiCo2O4/Ni electrodes as a function of current (Fig. S7d–f†

display the GCD curves of the 3D-NCO/Ni-1, 3D-NCO/Ni-2 and

3D-NCO/Ni-3 electrodes at different current densities ranging

from 2.5 to 20 mA, which is consistent with the CV results). As

expected, 3D-NCO/Ni-3 delivered a higher capacitive perfor-

mance than the other electrodes (3D-NCO/Ni-1 and 3D-NCO/Ni-

2) because a higher proportion of the 3D-NiCo2O4 was supported

by the advantageous 3D nature of the 3D-Ni. The volumetric

capacitance of the Ni-wire, 3D-Ni, 3D-NCO/Ni-1, 3D-NCO/Ni-2

and 3D-NCO/Ni-3 electrodes at a current of 2.5 mA was 0.38, 3.4,

18.5, 29.7, and 38.84 F cm�3, respectively. Similarly, the

maximum gravimetric capacitances (Fig. S9c†) of 3D-NCO/Ni-3,

3D-NCO/Ni-2 and 3D-NCO/Ni-1 were 336, 300, and 233 F g�1,

respectively, with a capacitance retention of 95.5, 97.5 and 93.1%

as the current was increased from 2.5 to 20 mA. The achieved

specic capacitance (Cv, Ca, andCg) was signicantly higher than

that of previously reported ber electrodes, such as a MnO2/

graphene/carbon bre and graphene hydrogel wrapped copper

wire (13.7 F cm�3, and 73 F cm�3 at 0.5 mA cm�2),29 a MWCNTs/

CMF (14.1 F cm�3 at 5 mV s�1),30 Ni(OH)2 nanowire bre and

orderedmesoporous carbon bre electrode (270 F g�1 and 76.7 F

g�1 at 0.5 mA),31 MnO2/carbon nanoparticles/carbon ber and

functionalize carbon nanoparticles/carbon ber (27.5 F cm�3

and 22.5 F cm�3 at 5 mV s�1),32 hydrogenated single crystal

ZnO@amorphous ZnO-doped MnO2 core–shell nanocable

(138.7 mF cm�2 at 1 mA cm�2),33 TiO2@C (31.3 mF cm�2 at

10 mV s�1)34 and graphene/polypyrrole (G/PPy) composite bers

(115 mF cm�2 at 0.2 mA cm�2).35

The excellent electrochemical performance of the conduc-

tive additive and binder-free 3D-NiCo2O4/3D-Ni electrode can

be attributed to the following reasons.36–39 First, because the

NiCo2O4 nanoakes are directly grown on the 3D-Ni nano-

frame, they can form a better electrical connection with, and

better mechanical adhesion to, the 3D-Ni current collector,

leading to a reduction in contact resistance as well as efficient

current collection and fast electron transport between indi-

vidual NiCo2O4 nanoakes and the 3D-Ni. Second, the 3D

porous structure offers adequate open spaces, and thus the

electrolyte can easily penetrate through this structure for effi-

cient redox reactions during the faradaic charge storage

process, inducing high utilization of the electroactive material.

Third, the high surface area of the 3D-NiCo2O4/Ni architecture

provides a large density of active sites involved in electro-

chemical reactions.

However, compared with 3D-NCO/Ni-2, the 3D-NCO/Ni-3

exhibits inferior rate capability when characterized under

similar conditions. This may be due to the existence of the peel-

off issue, as described in the previous section (Fig. 1 and S1†).

The non-uniform, constrained pores and deprived adhesion of

electroactive materials from the current collector (some active

materials are peeled off from the current collector) limited the

diffusion rate of the electrolyte ions to the interior part of the

electrode surface at higher charge/discharge rates, and there-

fore only the outer surface of the electroactive materials was

utilized for energy storage, which leads to lower performance.

From our results, we concluded that 3D-NCO/Ni-2 exhibited

better electrochemical performance than the other electrodes

studied here. Hence, further electrochemical studies were

conducted only on 3D-NCO/Ni-2 electrodes.

The electrochemical stability of the 3D-NiCo2O4/Ni electrode

was examined by a repeated charging/discharging process for

more than 5000 cycles at a constant current of 10 mA, as shown

in Fig. 3e. The cycling performance of the as-prepared

3D-NiCo2O4/Ni electrode consists of three processes: (i) electro-

activation, (ii) steady state, and (iii) a degradation stage. At the

rst stage of the electro-activation process, the specic capaci-

tance gradually increases from the 1st cycle (88.8%) to 300 cycles

and reaches the maximum value of 100% and then the specic

capacitance remained constant from 300 to 2400 cycles (100%).

At the last stage, the specic capacitance started to decrease

gradually for the subsequent 2600 cycles. At the nal stage, the

cycling stability of 3D-NCO/Ni is fairly stable and 80% of the

specic capacitance is still retained even aer 5000 cycles. The

charge/discharge curves of the 3D-NCO/Ni-2 electrode in the

inset retain a symmetrical shape even aer the long-term cycle

test. These results conrm that the 3D-NCO/Ni electrode not

only has high capacitance but also has excellent cycling stability

at high current, which is one of the important criteria for

practical applications.
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The initial increase of specic capacitance is mainly due to

the electro-activation process of the electroactive materials.40,41

During the rst few cycles only some of the materials are active,

whereas upon increasing the number of cycles as well as time,

more efficient soaking of the electroactive materials with the

liquid 2 M KOH electrolyte further activated the bulk part of the

electroactive materials, because the 3D-porous-Ni dendritic wall

structure is formed by numerous interconnected nanoparticles

with large pores on the Ni-wire substrate. Further, the

numerous NiCo2O4 nanoakes are interconnected with each

other over the 3D-Ni surface. Hence, the penetration of the

electrolyte into the whole surface including small-ramied

deposits requires a certain period of time. As the electrolyte

slowly penetrates the entire 3D-NCO/Ni nanostructure, more

and more of the bulk part of the electroactive materials

becomes active and contributes to the increase in specic

capacitance. In addition, the increase of specic capacitance

might also originate from the 3D-Ni current collector by the

in situ conversion of 3D-Ni into nickel hydroxide and in turn

further incorporation of Ni(OH)2 into NiCo2O4 during the long-

term electrochemical cycling process.21,42

Further, to investigate changes in resistance, EIS analysis

was performed before and aer the 5000 cycle tests in

a frequency range of 100 kHz to 0.1 Hz at an open circuit

potential with an AC perturbation of 10 mV. As shown in Fig. 3f,

both impedance spectra are almost similar in shape with an arc

shape in the high frequency region and a straight line in the low

frequency region, which once again demonstrates stable

capacitive behavior. A slight increase of Ri (2.2 U) and Rct (0.5 U)

aer 5000 cycles may be due to the loss of some electroactive

materials during the charge/discharge process.43,44

Electrochemical evaluation of the solid state symmetric

supercapacitor

Based on the remarkable electrochemical behaviour of the

optimal 3D-NiCo2O4/3D-Ni electrode (3D-NCO/Ni-2), we fabri-

cated a exible solid state supercapacitor using two identical

3D-NCO/Ni-2 electrodes as the positive and negative electrodes,

with PVA–KOH as a gel electrolyte on a PET substrate, for

practical applications in exible devices. The electrodes were

assembled parallel in the PET substrate with a separation

distance of 1 mm to reduce the leakage current of the super-

capacitors. Fig. 4a presents the typical CV curves of the exible

solid state 3D-NCO/Ni//3D-NCO/Ni symmetric ber super-

capacitor at different scan rates between 0 and 1 V, implying

ideal pseudocapacitive behaviour. With increasing scan rate,

the current density increases without obvious distortion in

shape of the curves, which conrms the good rate capability of

the device and efficient ionic transport within the electrode

materials. The gravimetric and volumetric capacitances

(Fig. S10†) of the device are 30 F g�1 and 3 F cm�3 at a scan rate

of 5 mV s�1, respectively, and it still retains 45% of initial

capacitance at a high scan rate of 100 mV s�1. Compared to the

gravimetric performance, volumetric performance is consid-

ered to be a more reliable and accurate metric for assessing the

energy-storage capacity of supercapacitors for practical

applications, especially when the supercapacitors are employed

in a limited space such as miniaturized, portable, exible, and

wearable electronics, electric vehicles, and micro-/nano-elec-

tromechanical systems. When the scan rate is increased from

5 to 100 mV s�1, the solid-state ber supercapacitor showed

a lower specic capacitance and rate capability. This may be

attributed to the poor ionic conductivity of the solid electrolyte

(when compared to the liquid electrolyte based super-

capacitors) and the kinetic limitation of electrolyte ion diffu-

sion in solid state devices.45,46

The GCD curves of the exible solid state ber super-

capacitor at different currents are shown in Fig. 4b. All the

charge/discharge curves reveal good symmetry and are linear in

nature, which conrms that the device has excellent electro-

chemical reversibility and capacitive behaviour. The gravimetric

and volumetric capacitances (Fig. S10†) of the exible ber

supercapacitor calculated from charge/discharge curves are

18.8 F g�1 and 1.86 F cm�3 at a current of 0.1 mA, and retain

8.29 F g�1 and 0.82 F cm�3 even at a high current of 1 mA, which

reveals the good rate-capability of the device. The volumetric

and gravimetric capacitances of a single electrode are 7.45 F

cm�3 and 75.3 F g�1, respectively. The achieved specic

capacitance is higher than earlier reported values for ber

based solid state supercapacitors, such as NiCo2O4/Ni wire-SCs

(10.3 F cm�3),14 CuCo2O4/Ni wire-SCs (11.09 F g�1),15 ZnCo2O4/

Ni-wire-SCs (10.9 F g�1)16 and ZnCo2O4 nanowire array/carbon

ber (0.6 F g�1) supercapacitors.17

The rate capability and long-term cyclic stability are the most

vital characteristics for energy storage devices. The rate capa-

bility of the ber supercapacitor was measured at different

currents from 0.2 to 1 mA for 100 cycles, as shown in Fig. 4c. The

device exhibits good rate capability and shows almost stable

capacitance at each current. The device retains around 55% of

the initial capacitance at a discharge current of 0.1 mA, and even

the discharge current was increased by 10-fold aer 500 cycles,

which indicates that the device has excellent rate capability.

Second, the electrochemical stability of the ber supercapacitor

was examined using a repeated GCD test at a current of 0.8 mA

for 5000 cycles (Fig. 4d). The symmetric device exhibited excel-

lent cycling stability with a capacitance retention around 100%

as the cycle number increased, even aer 5000 cycles. The inset

of Fig. 4d shows the charge/discharge curves of the device,

indicating that most curves display linear and symmetrical

shapes, conrming excellent cycling stability with no signicant

structural change during the charge/discharge processes.

The electrochemical performance of the ber supercapacitor

was further evaluated using EIS measurements in the frequency

range from 10 mHz to 100 kHz with an AC perturbation of

10 mV. As shown in the Nyquist plots of the ber supercapacitor

(Fig. 4e) the equivalent series resistance (Rs) of the device

exhibits a small value of 3.2 U, and small charge transfer

resistance in the high frequency region (inset Fig. 4e), indi-

cating that the device possesses small internal resistance and

good conductivity due to the porous nature, which facilitates

faster ionic and electronic movement. Moreover, a straight line

in the low frequency region reveals the ideal capacitive behavior

of the ber supercapacitor.
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Fig. 4f shows the CV curves of the exible ber super-

capacitor under different bending conditions at a scan rate of

50 mV s�1. The shapes of all the CV curves including at, bent

(60� and 90�) and recovery conditions were almost similar to

one another, indicating the excellent mechanical stability of our

fabricated device for exible energy storage systems. The inset

of Fig. 4f displays digital photos of our fabricated devices under

at and bent (60� and 90�) conditions, indicating that the

fabricated device has high exibility and bendability which

could be utilized in portable electronics such as exible and

wearable devices.

To consider the performance of the fabricated super-

capacitors in real-world applications, it is necessary to connect

ber supercapacitors either in series or in parallel, or in

a combination of both, to boost the ability (operating voltage

and/or current) of the supercapacitor for powering various

portable electronic devices. Therefore, the feasibility of the

integrated supercapacitors was further tested with them con-

nected in series and parallel congurations. A schematic illus-

tration of the three ber supercapacitors assembled on a PET

substrate is shown in Fig. 5a, with the inset of the photograph

showing the three real devices. Fig. 5b and c show the CV and

GCD curves of the single, two and three ber supercapacitors

connected in series. Compared with a single device (1 V), the

output of two and three devices connected in series exhibited

a larger potential window of 2 and 3 V, respectively. In the case

of parallel connections (Fig. 5d and e), the output current

(CV curves) and discharge time (GCD curves) of the three and

two devices connected in parallel are increased by a factor of

three and two compared with a single device at the same

constant current of 1 mA. Further, the CV and GCD curves of the

integrated ber supercapacitors (in series or parallel) exhibit

Fig. 4 Electrochemical evaluation of the 3D-NCO/Ni//3D-NCO/Ni solid state symmetric device. (a) Cyclic voltammetry curves of the solid state

symmetric device as a function of scan rate. (b) Galvanostatic charge/discharge voltage profiles at different currents. (c) Cycling performance of

the 3D-NCO/Ni//3D-NCO/Ni symmetric fiber supercapacitor with increasing currents. (d) Cycling performance of the fiber supercapacitor

measured at a constant current of 0.8 mA; the inset displays the charge/discharge curves at 0.8 mA. (e) Nyquist plot of the symmetric device; the

inset shows the magnified plot in the high-frequency region. (f) CV curves of the fiber supercapacitor at different bending states; the inset shows

the digital camera images of the device at different bending states.
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ideal pseudocapacitive behavior. The calculated capacitances of

the single, two and three parallel-wound devices were 18, 44,

and 73 mF, respectively, which conrmed that the fabricated

ber supercapacitors roughly followed the basic rule of parallel

connections. This result clearly indicated that the as-fabricated

ber supercapacitors could be connected in series or in parallel

to drive various electronic devices as a variable operating

voltage source.

Fig. 5f shows the energy density and power density of the ber

supercapacitors, which are two important parameters for evalu-

ating the performance of energy storage devices. The calculated

energy density of the symmetric supercapacitor is 2.18 W h kg�1

at a power density of 21.6 W kg�1, based on the total mass of the

electroactive material. When the discharge current was increased

to 1 mA, the energy density still remained at 0.88 W h kg�1 at

a power density of 157.5 W kg�1. The corresponding volumetric

energy density varied from 0.21 to 0.087 mW h cm�3 at power

densities of 2.1 to 15.5 mW cm�3. These values are higher than

or comparable to previously reported ber-based solid state

supercapacitors such as ZnCo2O4/Ni-wire-SCs (42 mW h kg�1 at

0.50 W kg�1),16 CuCo2O4/Ni wire-SCs (0.77 mW g�1 at 0.0961 W

g�1),15 NiCo2O4/Ni wire-SCs (1.44 mW h cm�3 at 17 mW cm�3),14

H-TiO2@MnO2//H-TiO2@-C-SCs (0.3 mW h cm�3 at 0.2 W

cm�3),47 ZnO-doped MnO2 core–shell @C-SCs (0.04 mW h cm�3

at 2.44 mW cm�3),33 TiO2@C-SCs (0.011 mW h cm�3 at 19 mW

cm�3),34 MnO2-coated ZnO NWs@C-SCs (0.005 mW h cm�3),48

porous carbon-SCs (311 mW h kg�1 at 58 W kg�1)49 and carbon/

MnO2-SCs (0.22 mW h cm�3).18

To further demonstrate the prociency and potential appli-

cations of our fabricated ber supercapacitors, we assembled

self-powered electronics based on DSSCs, fabricated ber

supercapacitors and LEDs. Fig. 5g shows the schematic diagram

of the self-powered device. The self-powered system consists of

four series-connected home-made DSSCs (energy harvesting

module), three series ber supercapacitors (energy storage

module), and a light emitting diode. Here, the DSSC, which

harvests energy from sunlight, was used as an energy source to

charge the supercapacitor. Then the stored energy was used to

power the LED without disruption. The fabrication and photo-

voltaic characterization of the home-made DSSC is given in the

Fig. 5 (a) Schematic representation of the three fiber supercapacitors integrated into the PET substrate; the inset shows the digital photograph of

assembled devices. CV curves of single, two and three fiber supercapacitor devices connected in (b) series and (d) parallel. (c) GCD curves of

single, two and three fiber supercapacitors connected in (c) series and (e) parallel. (f) Energy density vs. power density of the fiber supercapacitor.

Demonstration of the self-powered system: (g) schematic diagram of the integration of fiber supercapacitors with DSSCs and a LED. (h) Charging

curve of the three fiber supercapacitors connected in series charged by four DSSCs in series. (i) The digital image of the green LED powered by

three fiber supercapacitors in series charged using DSSCs.
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Experimental section. The measured photovoltaic performance

of the home-made DSSC under 1 sun irradiation is shown in

Fig. S11.† The power conversion efficiency (h) of the serially

connected DSSCs is 6.96%. Further, the open circuit voltage and

short-circuit current of four serially wound DSSCs were 3.08 V

and 3.94 mA cm�2, respectively. When the light was ON, the

series-wound DSSCs harvested solar energy and stored the

energy in the serially connected ber supercapacitors main-

tained at closed position S1 (switch). Fig. 5h shows the charging

curve of the serially connected ber supercapacitors. The

supercapacitors could be charged to 3.2 V in around 60 s. To

show self-powered operation, a commercial LED was connected

to the charged supercapacitors, and was illuminated by closing

switch S2 and opening switch S1 (the solar energy source was in

the OFF condition). Fig. 5i shows a green LEDwhich remained lit

for more than 5 min. Further, the leakage current and self-

discharge of the series-wound ber supercapacitors were

measured as shown in Fig. S12a and b,† which are the most

important parameters for determining the performance of the

devices for real-world applications. This study demonstrated

that ber supercapacitors could store solar energy produced

from DSSCs by integration with the DSSCs, which implies their

enormous application potential in exible, wearable and

portable electronic devices.

Overall, the present results based on a 3D-porous nickel

(3D-Ni) architecture on a Ni-wire substrate conrmed the short

diffusion path length of ion/electron transport for easy access of

electroactive sites in the 3D-NiCo2O4/Ni nanostructure, which

supports fast kinetics and excellent specic capacitance. The

following research directions in the area of material synthesis

and structural design for supercapacitor electrodes are

proposed to further enhance the electrochemical performance

of ber based supercapacitors: (i) fabrication of a hybrid

nanostructure based on carbon materials or 2D materials with

pseudocapacitance behavior on a 3D porous current collector

and further optimization of mass loading and interfacial

interactions to utilize the synergistic effects between the indi-

vidual components; (ii) construction of one dimensional

nanostructures such as 1D nanowires and nanotubes on the

3D-porous-Ni wire current collector having optimal porosity and

the required surface area for enhanced charge storage.

3. Conclusion

In summary, we successfully fabricated a exible solid-state

ber supercapacitor by the planar integration of 3D-NiCo2O4/

3D-Ni electrodes. A facile and low cost approach was used to

fabricate a 3D-networked metal current collector with electro-

active materials. The ber electrode delivered a high volumetric

capacitance of 29.7 F cm�3 at 2.5 mA and it retained 28.9 F cm�3

at 20 mA, which suggests an excellent rate capability in a three

electrode system. The assembled exible ber supercapacitor

showed enhanced capacitance, high efficiency, better cycling

stability, and exibility. The feasibility of the fabricated exible

ber supercapacitor was demonstrated in a self-powered system

by integrating them with DSSCs and LEDs. These promising

results demonstrate that the exible ber supercapacitor has

great potential in a wide range of applications, including ex-

ible, wearable and portable electronic devices.
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