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graphite felt decorated with
porous Ni1.4Co1.6S4 nanosheets for 3D
pseudocapacitor electrodes†

Xiang Zhang, Yuying Zheng,* Jun Zhou, Wenqing Zheng and Dongyang Chen*

3D electrodes are of significant importance for the development of wearable electronics. In this manuscript,

nitrogen doped graphite felt (NGF) and Ni1.4Co1.6S4 have been selected as a 3D conducting matrix and

redox-active species for pseudocapacitor electrodes, respectively. The hydrothermal growth of

Ni1.4Co1.6S4 in the presence of NGF yields stand-alone and bendable composite electrodes where

Ni1.4Co1.6S4 forms porous nanosheets dispersed uniformly along the NGF surface. The experimental

results show that the Ni1.4Co1.6S4/NGF electrode achieves a remarkable specific capacitance of 1625 F

g�1 at a current density of 1 A g�1, which is maintained at 1465 F g�1 when the current density is

increased to 20 A g�1. After cycling at a current density of 20 A g�1 for 2000 cycles, the Ni1.4Co1.6S4/

NGF electrode still delivers 90.2% of its original specific capacitance. Such encouraging rate capability

and cycling stability of the Ni1.4Co1.6S4/NGF electrode are attributed to the desirable Ni1.4Co1.6S4
nanostructure and the synergistic effect of the good electron conductivity and excellent surface

property of the NGF substrate. The outstanding electrochemical performance of the Ni1.4Co1.6S4/NGF

electrode makes it a promising candidate for 3D pseudocapacitor applications.
1. Introduction

The current global concerns over energy have galvanized a lot of
efforts to develop innovative energy storage technologies with
high energy efficiency, improved power density and consider-
able sustainability. Supercapacitors are one of the many types of
energy storage technologies that hold the prospect to address
these concerns.1,2 Two categories of supercapacitor have been
reported so far, namely electrostatic double-layer capacitors
(EDLCs) and pseudocapacitors. The EDLC is intrinsically
limited by its specic energy density, therefore, many works
have focused on pseudocapacitor development. Consisting of
redox-active species and carbon substrates, pseudocapacitors
usually feature higher power density than batteries yet higher
energy density than EDLCs.3,4 However, the strategy to design
pseudocapacitor electrodes for devices to satisfy the perfor-
mance metrics for practical applications such as portable
devices and hybrid electric vehicles is still an ongoing research
challenge.5

Various carbon substrates have been proposed for high
performance pseudocapacitor electrodes, such as graphene,4

carbon nanotubes,6 mesoporous carbon,7 heteroatom-doped
, Fuzhou University, Fuzhou 350116, P. R.
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carbon,8–10 etc. The key properties for carbon substrates
include large specic surface area, good wettability, high elec-
tron conductivity, and robust mechanical strength. Among the
carbon substrates reported so far, graphite felt (GF) with
considerable pore volume as well as anti-deformation charac-
teristics has been regarded as a promising candidate for pseu-
docapacitors.11 Featuring stable 3D structures, GF is capable to
avoid the agglomeration of active materials, afford a short
diffusion length for ions and a smooth pathway for electrons.12

To overcome the property of poor capacitance, which is
a general drawback of most carbon materials, many approaches
have been performed on GF internally or externally, such as
nitrogen modication or sulde decoration. For example, He
et al.13 reported that the N-doped GF exhibits a discharge
capacity of 79.2 mA h, much higher than that of the untreated
GF. Jeong et al.14 blended GF with nitrogen-doped CNTs and
also achieved improved electrochemical performance.

Integrating transition metal suldes such as NiS,15 CoS2,16

and NiCo2S4 (ref. 17) onto carbon substrates has been proven to
be an effective way to signicantly increase the specic capaci-
tance of pseudocapacitors. Particularly, NiCo2S4, which
possesses the electrochemical contribution from both nickel
and cobalt ions,18 exhibits faster electron transfer and better
redox capability compared with the corresponding single
component suldes.19,20 Rivaling to the NiCo2O4,21 NiCo2S4 can
well maintain the structure with expanded interlayer spacing
during charge/discharge process, owing to the lower electro-
negativity of sulfur than that of oxygen.22 Additionally, the shape
This journal is © The Royal Society of Chemistry 2017
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of NiCo2S4 can be easily controlled under certain reaction
condition to form sheet, burl or tube-like NiCo2S4.17,21,23 For
instance, Peng et al.17 reported a facile hydrothermal method for
the growth of sheet-like NiCo2S4 on graphene, which present
a specic capacitance of 1161 F g�1 at 5 A g�1 and maintained
a high value of 1108 F g�1 aer 2000 cycles. Sun et al.23 prepared
a type of burl-like NiCo2S4 on carbon ber paper/cloth,
achieving a specic capacitance of 0.83 F cm�2 at a high
current density of 25 mA cm�2 and a capacitance retention of
75.9% aer 5000 cycles. Those results also infer that the
combination of conductive carbon substrate and pseudocapa-
citive NiCo2S4 may individualize the pseudocapacitors with
prominent cycling performance while retaining the high
capacitance of NiCo2S4.

In our previous work,24 we have reported a method for
synthesizing polyaniline-graed graphene, which exhibited
a preferable pseudocapacitive performance. To increase the
specic capacitance of pseudocapacitors as well as ensure
exibility for applications in wearable electronics, herein, we
report the preparation of stand-alone pseudocapacitor elec-
trodes with N-doped graphite felt (NGF) as 3D matrix and
Ni1.4Co1.6S4 nanosheets hydrothermally grown on NGF as redox-
active species. In such design, rigid nickel form substrate is
replaced by bendable NGF, and poor adhesion between active
material and the substrate is resolved. The NGF was prepared by
an in situ polymerization of polyaniline (PANI) on the GF surface
followed by pyrolyzing under N2 atmosphere at high tempera-
ture to induce the N–C exchange between PANI and the GF.
Aer that, a two-step hydrothermal method was adopted to
deposit Ni1.4Co1.6S4 onto the GF surface, including the prior in
situ growth of NiCo-precursors and the following S2�-induced
corrosion process. The structure and electrochemical perfor-
mance of the as-prepared electrodes were fully characterized
and closely correlated.
2. Experimental
2.1 Material

Natural graphite felt (99.7%, 500 mesh) was supplied by Bosh-
engtianhong New Materials Technology Company (Changsha,
China). All other reagents were purchased from Sinopharm
Chemical Reagent Company (Shanghai, China). Aniline was
distilled twice under reduced pressure and other reagents were
used as received without further treatment.
2.2 Preparation of N-doped graphite felt (NGF)

The NGF was prepared according to the following method. A
piece of GF (2 cm � 2 cm) was treated with ethanol, diluted
hydrochloric acid and sodium hydroxide in an ultrasound bath,
and then washed with deionized water for several times until
pH is neutral. Aer drying under vacuum at 80 �C overnight, the
GF was immersed in 80 mL of aniline solution (varying
concentrations) and hydrochloric acid solution (1 M). Aer-
wards, 20 mL of hydrochloric acid (1 M) containing 150 mg of
ammonium persulfate (APS) was added slowly into the reaction
system and ultrasonically polymerized at 25 �C for 1 h. Finally,
This journal is © The Royal Society of Chemistry 2017
the resultant GF was pyrolyzed under N2 atmosphere at one of
the three different temperatures (800, 900, and 1000 �C) for 1 h.
The samples were described as NGF-x-y, where x is the
concentration of aniline used in the reaction, and y is the
pyrolysis temperature.

2.3 Growth of NiCo-suldes on NGF

0.1 g of NGF was treated with concentrated nitric acid at 80 �C
for 2 h and washed with deionized water until pH is neutral.
Then, the acidic NGF was put into a 30 mL of mixed solution of
ethanol and deionized water (volume ratio ¼ 1 : 1), which
contains 0.36 g of urea, 0.35 g of hexamethylenetetramine
(HMT), 0.407 g Ni(NO3)2$6H2O and 0.466 g Co(NO3)2$6H2O.
Aer ultrasonic dispersing for 3 h, the mixture was transferred
into a 50 mL Teon-lined stainless steel autoclave, and heated at
100 �C for 6 h to form NiCo-precursors. Aer being cooled down
to room temperature, the NiCo-precursors/NGF was washed with
deionized water and lyophilized overnight. Aerwards, the ob-
tained NiCo-precursors/NGF was added into a 50 mL autoclave
containing 0.3 g of thiourea and 30 mL of ethanol and deionized
water mixed solution (volume ratio ¼ 1 : 1). The autoclave was
heated at 100 �C for 12 h to convert NiCo-precursors to
Ni1.4Co1.6S4. As a result, the crude Ni1.4Co1.6S4/NGF was ob-
tained, which was washed with deionized water and lyophilized
for 24 h, followed by being calcined under Ar2 at 400 �C for 3 h to
get the nal product Ni1.4Co1.6S4/NGF. The mass loading of
Ni1.4Co1.6S4 on the Ni1.4Co1.6S4/NGF composite electrode was
weighted to be �2 mg cm�2. It should be noted that slight
surface area error of NGF from one substrate to another exits.

2.4 Characterizations

The microstructural morphologies of the samples were ob-
tained by scanning electron microscopy (SEM, Supra55, Zeiss,
Germany) and transmission electron microscopy (TEM, Tecnai
G2F20S-TWIN). The crystal structures were characterized using
X-ray diffraction (XRD, D/max-UItimaIII, Rigaku, Japan) equip-
ped with Cu Ka radiation (l ¼ 0.15418 nm) at a 5� min�1

scanning rate (2q, 580�). The elemental composition was
conrmed by X-ray photoelectron spectroscopy (XPS, ESCALAB
250). The graphitic structure was evaluated by Raman spec-
troscopy (inVia + Reex, Renishaw). The specic surface area
was measured by nitrogen adsorption/desorption isotherms
(3Flex Surface Characterization Analyzer, USA).

The electrochemical performance of various composites was
measured by an electrochemical working station (CHI 660D, CH
Instruments, China) using a three-electrode testing mode and
6 M KOH aqueous solution as electrolyte. The as-prepared NGF
and Ni1.4Co1.6S4/NGF were directly tested in company with Pt
foil and Hg/HgO electrode as the counter electrode and refer-
ence electrode respectively. The control Ni1.4Co1.6S4 electrode
was prepared through mixing 85 wt% of the Ni1.4Co1.6S4 parti-
cles, 10 wt% of carbon black and 5 wt% of polyvinylidene
uoride (PVDF) in N-methylpyrrolidone, followed by being
loaded on a Ni foam current collector (1 cm � 1 cm), dried at
80 �C overnight and compressed at 10 MPa for 1 min prior
to use.
RSC Adv., 2017, 7, 13406–13415 | 13407

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra28083h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
2/

20
25

 6
:2

9:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The Csc was calculated from chronopotentiometry (CP)
curves according to the following equation:

Csc ¼ I � Dt

m� DV

where I (A) is the discharge current, Dt (s) is the discharge time,
m (g) is the mass of the active material on the electrode, and DV
(V) is the potential window in one sweep segment.

In the two-electrode system, a coin-type cell (CR2032) was
employed to prepare the asymmetric supercapacitor, in which
the Ni1.4Co1.6S4/NGF and activated carbon were served as the
positive and negative electrode, respectively. The separator used
was a porous polypropylene membrane. The mass loading of
Ni1.4Co1.6S4 in the ASC was 2.3 mg cm�2. Two pieces of
Scheme 1 Synthesis route for the Ni1.4Co1.6S4/NGF.

Fig. 1 Low and high resolution SEM images of the (a) pure GF, (b) PANI/G

13408 | RSC Adv., 2017, 7, 13406–13415
asymmetric supercapacitors were connected in series to power
a LED bulb at room temperature.
3. Results and discussion

Our approach to fabricate the porous Ni1.4Co1.6S4 nanosheets
hydrothermally grown on NGF substrate as pseudocapacitor
electrodes are shown in Scheme 1. Firstly, the GF was coated
with a layer of PANI through ultrasonic polymerization followed
by a pyrolysis process at high temperature to obtain the N-
doped GF. Secondly, a two-step hydrothermal process was
conducted to grow Ni1.4Co1.6S4 on the NGF, which includes
prior incorporation of Ni, Co ions under alkaline conditions
and subsequent S2�-induced corrosion process. During the
F, (c) NGF-0.1-900; FT-IR spectra of the (d) PANI/GF and NGF-0.1-900.

This journal is © The Royal Society of Chemistry 2017
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corrosion process, thiourea served as the sulfur source to
convert smooth NiCo-precursors nanosheets into porous
Ni1.4Co1.6S4 nanosheets. The direct growth of porous
Ni1.4Co1.6S4 nanosheets on the NGF, instead of being loaded on
Ni foam with polymer binder and conductive additives, is ex-
pected to achieve a uniform distribution and good adhesion of
Ni1.4Co1.6S4, which are desirable properties for high perfor-
mance pseudocapacitor electrodes.

The Raman spectroscopy and cyclic voltammetry (CV) were
measured rstly to evaluate the structure and the performance
of the NGF electrodes polymerized with different aniline
concentration. In Raman spectra (Fig. S1†), all of the samples
exhibit two similar peaks, corresponding to D band and G band
of graphite. The intense D band corresponds to the quantity of
defects and structural disorder.25 The integrated area ratio of D
and G bands (ID/IG) of NGF-0.1-900 is 1.37, the highest among
all the samples. This result implies the highest degree of defects
and disorder in the NGF-0.1-900 on account of N-doping. To
measure the electrochemical performance, CV tests (Fig. S2†)
were performed on the NGF electrodes at 5 mV s�1 in 6 M KOH
electrolyte within a voltage window of 0.0–0.8 V. The proxi-
mately rectangular-shaped CV curves suggest the existence of
double-layer capacitance of the NGF electrodes.26 NGF-0.1-900
possesses the largest enclosed area in the CV curve, suggest-
ing the highest specic capacitance among all the NGF samples,
in good keeping with the Raman result.
Fig. 2 (a) XPS survey spectra, (b) N 1s deconvoluted spectra, (c) charge/d
at the current density of 1 A g�1, (d) cycling performance of the NGF-0.
capability of the NGF-0.1-800, NGF-0.1-900 and NGF-0.1-1000.

This journal is © The Royal Society of Chemistry 2017
The morphology of the GF, PANI/GF and NGF-0.1-900 was
characterized by SEM, as shown in Fig. 1. It's clear in Fig. 1(a)
that the GF ber with a diameter about 15 mm contains some
shallow trenches on the smooth surface, which provide
expanded surface area and lower interface energy to facilitate
the nucleation of PANI.27 Aer ultrasonic polymerization of
aniline monomers, PANI nanorods are retained and vertically
grown on the GF surface, as shown in Fig. 1(b). The origin of
this vertical morphology is either due to the strong interaction
between conjugated structure and p bond27 or the electrostatic
and hydrogen bonding interactions between positive functional
groups of aniline and negative ones of the GF.28 Ultrasonic
irradiation contributes to the good solubility of aniline mono-
mer and oxidant through cavitation and vibration effect,29–31

which enhance the reaction rate and suppress secondary growth
to prevent PANI from agglomeration.32 In Fig. 1(c), the nanorods
are almost disappeared. Such a structural alteration implies
that PANI layer had been decomposed in this pyrolysis process.
In Fig. 1(d), the IR absorption peaks of C–N bonds (around 1570
cm�1 and 1210 cm�1) appeared aer pyrolysis process, while
the absorption peaks of PANI disappeared (around 1635 cm�1,
1466 cm�1, 1292 cm�1, 1088 cm�1 and 791 cm�1).33 The IR
results also demonstrate the decomposition of PANI and the
incorporation of nitrogen atoms into GF.

Temperature is an important factor to inuence the N
content and surface area of NGFs. The element compositions of
the NGFs pyrolyzed at three different temperatures (800, 900,
ischarge curves of the NGF-0.1-800, NGF-0.1-900 and NGF-0.1-1000
1-900 at a current density of 10 A g�1; the inset figure shows the rate

RSC Adv., 2017, 7, 13406–13415 | 13409
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1000 �C) were characterized by XPS, as shown in Fig. 2. The XPS
survey spectra (Fig. 2(a)) of the NGFs show C, N, O signals for all
samples, suggesting the successful incorporation of N atoms.
The N contents for the NGF-0.1-800, NGF-0.1-900 and NGF-0.1-
1000 are derived to be 2.72%, 5.29%, and 4.13%, respectively. In
the deconvoluted N 1s spectra (Fig. 2(b)), three peaks appointed
to pyridinic-N (398.4 eV), pyrrolic-N (399.7 eV) and graphitic-N
(401.2 eV) can be found.34 The distributions of these three
types of N are shown in Table S1.† The results showed that
pyrrolic-N dominated at 800 �C but evolved to form graphitic
and pyridinic N when the temperature was increased to 900 �C.
The largest content of pyridinic-N was obtained at 900 �C, which
gradually went down when the temperature rose to 1000 �C. The
nitrogen adsorption–desorption isotherms of the samples
Fig. 3 (a) Low and high resolution SEM images of NiCo-precursors nanos
e) HRTEM images, (f) EDS elemental mapping images and spectrum of t

13410 | RSC Adv., 2017, 7, 13406–13415
(Fig. S3†) and the derived specic surface area, pore volume and
pore diameter (Table S2†) showed that the samples were mes-
oporous and the Brunauer–Emmett–Teller (BET) specic
surface area decreased from 56.78 m2 g�1 to 41.42 m2 g�1 as the
pyrolysis temperature increased from 800 to 1000 �C.

The electrochemical performance of the NGFs was charac-
terized to screen a best substrate for further study. As shown in
Fig. 2(c), the NGF-0.1-900 exhibits the longest charge/discharge
time at the current density of 1 A g�1. The specic capacitance
of NGF-0.1-900 is calculated to be 276 F g�1, much higher than
the 219 F g�1 of NGF-0.1-800 and the 250 F g�1 of NGF-0.1-1000
under the same testing condition. This result implies that
900 �C is an optimal pyrolysis temperature for NGFs, and NGF-
0.1-900 is an appropriate substrate for further study. These
heets grown on the NGF-1-900. (b) SEM images, (c) TEM image, (d and
he Ni1.4Co1.6S4/NGF.

This journal is © The Royal Society of Chemistry 2017
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conclusions are also conrmed by the cycling and rate capa-
bility tests, as shown in Fig. 2(d), where it can be found that the
NGF-0.1-900 presents a good cycling stability with only 6%
decrease of specic capacitance aer 2000 cycles at a current
density of 10 A g�1. For all the tested current rates, NGF-0.1-900
shows the highest specic capacitance than the others. Since
the BET specic surface area of NGF-0.1-900 is not the largest
among the above three samples, it seems that the content of
pyridinic-N is the dominating factor leading to the best
performance of NGF-0.1-900.

Substituting N atom into graphite felt will denitely reduce
the HOMO–LUMO gap, which makes it energetically favorable
for electrons to be excited from valence band to conduction
band.35 Moreover, richness of disorder (different forms of
Fig. 4 (a) XRD pattern of the Ni1.4Co1.6S4 scratched from the Ni1.4Co1.6S4
NGF; (c) XPS survey spectrum; (d) XPS Ni 2p spectrum; (e) XPS Co 2p sp

This journal is © The Royal Society of Chemistry 2017
carbon–nitrogen bond) and abundance of nitrogen-associated
functional groups accelerate charge transfer at the material
interface.36,37 In addition, with an unpaired electron, nitrogen
possesses a strong electron-withdrawing ability to lead to
positive charge density of carbon atoms adjacent, thus
providing active sites for redox reaction.38,39 These effects will be
intensied by the pyridinic-N that possesses stronger electron
withdrawing ability than the other types of nitrogen bonds.14

These may be the reasons why NGF-0.1-900 outperforms the
other samples.

To coat NGF-0.1-900 with redox-active suldes, an oxidation
process to introduce structural defects was performed, which
was monitored by the FT-IR spectrum (Fig. S4†). Aer that,
a two-step hydrothermal method was adopted to synthesize
/NGF; (b) nitrogen adsorption–desorption isotherm of the Ni1.4Co1.6S4/
ectrum; (f) XPS S 2p spectrum.

RSC Adv., 2017, 7, 13406–13415 | 13411
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Ni1.4Co1.6S4/NGF, involving prior in situ growth of NiCo-
precursors (Ni2/3Co4/3(CO3)(OH)2)40 on the NGF substrate and
subsequent S2�-induced corrosion reaction. Fig. 3(a) shows the
SEM image of NiCo-precursors nanosheets grown on NGF
surface. Higher magnication image in Fig. 3(a) further reveals
that the nanosheets have smooth surface with a thickness of
a few nanometers. During the sulfurization process, the opening
structure of the NiCo-precursors provides sufficient space and
surface for the diffusion of S2� ions. An appropriate amount of
S2� ions react with NiCo-precursors that served as a sacricial
template to form porous Ni1.4Co1.6S4 (Fig. 3(b)). Compared with
the NiCo-precursors nanosheets, the Ni1.4Co1.6S4 preserved the
overall morphology, except the smaller thickness as well as
distinct pores that distributed throughout the surface.

The TEM image (Fig. 3(c)) of the Ni1.4Co1.6S4 shows
numerous porous structures with a diameter of about 2 nm
uniformly formed on the surface, which may be resulted from
the continuous ion exchange between S2� and CO3

2�/OH� of
the NiCo-precursors.40 The lattice spacing of 0.178 nm and
0.278 nm in HRTEM images (Fig. 3(d) and (e)) correspond to the
(511) and (311) planes (0.18 nm and 0.28 nm) of the NiCo2S4.40

Energy-dispersive X-ray spectroscopy (EDS) (Fig. 3(f)) of the
Ni1.4Co1.6S4/NGF exhibits well-distributed Ni, Co and S atoms
throughout the nanostructure. The molar ratio of Ni : Co : S is
about 1.4 : 1.6 : 4, in consistent with the molar ratio of the
starting materials. All these results suggest the successful
synthesis of Ni1.4Co1.6S4 on NGF surface.
Fig. 5 (a) CV curves of the Ni1.4Co1.6S4/NGF electrode at different scan ra
densities. (c) Rate capability of the NiCo2S4/NGF, Ni1.4Co1.6S4/NGF and Ni
NGF electrode at a current density of 20 A g�1.

13412 | RSC Adv., 2017, 7, 13406–13415
The crystal structure of the Ni1.4Co1.6S4 scraped from the
Ni1.4Co1.6S4/NGF was characterized by X-ray diffraction, as
shown in Fig. 4(a). The overall diffraction peaks of highly-
crystallized Ni1.4Co1.6S4 can be indexed to the cubic NiCo2S4
phase (JCPDS card no. 43-1477), but all characteristic peaks
migrate to the low angle direction, owing to the decrease of Co
element that has the bigger lattice parameter than Ni. In the
nitrogen adsorption–desorption isotherms (Fig. 4(b)), a hyster-
esis loop at the P/P0 range of 0.6–1.0 can be seen, indicating the
mesoporous feature of the Ni1.4Co1.6S4/NGF. The BET specic
surface area is calculated to be 141.5 m2 g�1, and the pore
diameter from Barrett–Joyner–Halenda (BJH) analysis is about
4.0 nm, which is favorable for ion diffusion.

Element compositions and atomic valence states of the
Ni1.4Co1.6S4/NGF were evaluated by XPS measurements. The
presence of Ni, Co, S, N, and C atoms can be clearly seen from
Fig. 4(c). In Fig. 4(d), the Ni 2p core-level spectrum shows two
spin–orbit doublets and two shake-up satellites, indicating that
the atoms of Ni are in the divalent (853.6 eV, 871.6 eV) and
trivalent states (855.4 eV, 873.3 eV).41 Similarly, two spin–orbit
doublets and shake-up satellites also show up in the Co 2p
spectrum (Fig. 4(e)), characteristic of Co2+ and Co3+. As shown
in the Fig. 4(f), the S 2p region can be tted with twomain peaks
(161.6 eV, 162.7 eV) and one shake-up satellite (169.0 eV). The
peak at 161.6 eV is ascribed to S2�, and the peak at 162.7 eV is
ascribed to the metal–sulfur bonds forming at the surface.42,43

These results demonstrate that the Ni1.4Co1.6S4/NGF contains
tes. (b) CP curves of the Ni1.4Co1.6S4/NGF electrode at different current

1.8Co1.2S4/NGF electrodes. (d) Cycling performance of the Ni1.4Co1.6S4/

This journal is © The Royal Society of Chemistry 2017
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Co2+, Co3+, Ni2+, Ni3+ and S2�, in good agreement with previous
reports about nickel cobalt suldes.23,42–45

Cyclic voltammetry and charge/discharge measurements
were carried out to evaluate the electrochemical performance of
the Ni1.4Co1.6S4/NGF electrode. In Fig. 5(a), a pair of redox peaks
corresponding to the reversible reactions of Ni2+/Ni3+, Co2+/Co3+

and Co3+/Co4+ (ref. 46 and 47) can be easily observed. As the
scan rate increases, the anodic and cathodic peaks shi to more
positive and negative potentials, respectively. When the scan
rate is increased to 40 mV s�1, the pair of redox peaks is still
visible, suggesting that the Ni1.4Co1.6S4/NGF can afford fast
reversible faradaic reactions for rapid charge/discharge
processes.23,48 Chronopotentiometry (CP) curves of the
Ni1.4Co1.6S4/NGF electrode at various current densities ranging
from 0.5 to 20 A g�1 are illustrated in Fig. 5(b). Consistent with
Fig. 6 (a) CV curves, (b) CP curves, (c) rate capacity, and (d) Nyquist
electrodes; (e) a digital photo of the bendable Ni1.4Co1.6S4/NGF electrode
lighting up a LED bulb.

This journal is © The Royal Society of Chemistry 2017
the CV results, all of the curves are approximately symmetric
and have plateaus characteristic of faradaic behavior during
charge/discharge process.3,49 The specic capacitance derived
from the CP curves for the Ni1.4Co1.6S4/NGF electrode at the
current density of 0.5 A g�1 is 1634 F g�1, and it remains 1372 F
g�1 at the current density of 20 A g�1, suggesting a remarkable
rate capability of the electrode.

The inuence of Ni/Co ratio on the electrochemical perfor-
mance of NGF based electrode was also investigated. As shown
in Fig. 5(c), the NiCo2S4/NGF and Ni1.8Co1.2S4/NGF electrodes
exhibit smaller specic capacitance than the Ni1.4Co1.6S4/NGF
electrode at all the tested current rates. This result is in
consistent with the CV (Fig. S5†) and CP test (Fig. S6†). There-
fore, carefully selection of Ni/Co ratio is important for the
electrode development. The promising electrochemical
plots of the Ni1.4Co1.6S4/NGF, Ni1.4Co1.6S4/GF and pure Ni1.4Co1.6S4
. (f) Experimental demonstration of the Ni1.4Co1.6S4/NGF based device

RSC Adv., 2017, 7, 13406–13415 | 13413
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performance of the Ni1.4Co1.6S4/NGF electrode was further
veried by the long-term cycling tests at a current density of 20 A
g�1, as shown in Fig. 5(d). It can be seen that the specic
capacitance increases slightly in the rst 150 cycles, due to the
activation of the material. Aer that, the value decreases grad-
ually as the cycling proceeds, and nally retains 90.2% of the
original value aer 2000 cycles. The minor decay in specic
capacitance is also reected by the slight decrease of charge/
discharge time aer 2000 cycles. Such encouraging stability
can be attributed to the strong adhesion between Ni1.4Co1.6S4
and NGF, and the favorable Ni1.4Co1.6S4 nanostructure that
almost remains unchanged aer cycling (Fig. S7†).

To prove the positive contribution of 3D NGF substrate to the
electrochemical performance of the Ni1.4Co1.6S4/NGF electrode,
Ni1.4Co1.6S4/GF and pure Ni1.4Co1.6S4 electrodes were prepared
as control. The pure Ni1.4Co1.6S4 electrode used Ni foam as
substrate, PVDF as binder, carbon black as conductive additive,
following the traditional blending protocol. As it can be seen
from Fig. 6(a), the Ni1.4Co1.6S4/NGF electrode has the largest
enclosed CV area compared to the other two electrodes. In
Fig. 6(b), the Ni1.4Co1.6S4/NGF electrode exhibits the longest
charge/discharge time in the CP testing. Both the CV and CP
results suggest that the NGF is essentially important for the
promising electrochemical performance of the Ni1.4Co1.6S4/NGF
electrode. The specic capacitance of the Ni1.4Co1.6S4/NGF
electrode is the highest than those of the other electrodes at all
the current rate tested, as shown in Fig. 6(c). Therefore, the NGF
substrate not only contributes to the electrostatic double layer
capacitance, but also supports Ni1.4Co1.6S4 to achieve an overall
electrochemical performance that cannot be realized by either
GF or Ni foam substrate.

The mechanism of the benecial effect of the NGF substrate
for the overall electrochemical performance of the Ni1.4Co1.6S4/
NGF electrode was investigated by electrochemical impedance
spectroscopy (EIS), as shown in Fig. 6(d). Four basic features can
be derived from the Nyquist plots of the Ni1.4Co1.6S4/NGF,
Ni1.4Co1.6S4/GF and pure Ni1.4Co1.6S4 electrodes: (1) the Rs

(equivalent series resistance, derived from the intersection of
the EIS curve with X-axis at high frequency region) of the
Ni1.4Co1.6S4/NGF electrode is about 0.7 ohm, lower than 1.2
ohm of the pure Ni1.4Co1.6S4; (2) the Rct (charge-transfer resis-
tance, derived from the diameter of EIS semicircle at medium-
frequency region) of the Ni1.4Co1.6S4/NGF electrode is rela-
tively small; (3) in the low frequency range, the Ni1.4Co1.6S4/NGF
electrode holds a more vertical line, signifying the better
capacitive performance and the lower Warburg resistance;50 (4)
aer cycling for 2000 times, the Ni1.4Co1.6S4/NGF electrode
shows an increased semi-arc and a lower slope, implying
a higher Rct and lower ionic diffusion rate at the interface.51

These results suggest that the NGF helps to decrease the electric
resistance of the Ni1.4Co1.6S4/NGF. Without NGF substrate, the
Ni1.4Co1.6S4 sheets tend to aggregate with a wide range of size
distribution (Fig. S8†), leading to a large resistance for electro-
chemical reactions. The NGF has 3D electron conducting
pathway as well as excellent polar surface with defects to afford
the growth of uniformly dispersed Ni1.4Co1.6S4 nanosheets.
Therefore, the synergetic effect of the good electron conductivity
13414 | RSC Adv., 2017, 7, 13406–13415
and excellent surface property of the NGF may be the primary
reason for the enhanced electrochemical performance of the
Ni1.4Co1.6S4/NGF electrode.

Besides the remarkable electrochemical performance, the
Ni1.4Co1.6S4/NGF electrode is a stand-alone and bendable elec-
trode that doesn't need polymer binder, metal substrate, and
conductive additives. These are key properties that have
attracted the interests from both academic and industrial
communities for the development of wearable electronics. A
digital photo of a bended Ni1.4Co1.6S4/NGF electrode was given
in Fig. 6(c) to prove the bendable nature of such materials
design. Also, two asymmetric supercapacitors based on the
Ni1.4Co1.6S4/NGF electrode and activated carbon electrode were
assembled in series to light up a LED bulb, as shown in Fig. 6(f).
It can be expected that the Ni1.4Co1.6S4/NGF electrode and its
analogs pave the way for the design of next-generation
pseudocapacitors.

4. Conclusions

Nitrogen doped graphite felts (NGFs) were successfully
prepared as substrate for the decoration of porous NiCo-suldes
redox-active nanosheets for 3D pseudocapacitor electrodes. The
incorporation of nitrogen atom was realized by the pyrolysis of
polyaniline formed on the surface of graphite felt. NiCo-
precursors were then hydrothermally grown on the NGF, fol-
lowed by S2�-induced corrosion process to make the corre-
sponding NiCo-suldes for the stand-alone and bendable
composite electrode. It was found that 0.1 M of aniline
concentration and 900 �C of pyrolysis temperature were the best
conditions for making NGFs. The composition of NiCo-suldes
was optimized based on the electrochemical characterizations
of the resultant electrodes. The Ni1.4Co1.6S4/NGF electrode
turned out to be the best electrode in terms of specic capaci-
tance (1625 F g�1 at a current density of 1 A g�1) and cycling
stability (90.2% of capacitance retention aer 2000 cycles at
a current density of 20 A g�1). These remarkable electro-
chemical properties were attributed to the desirable Ni1.4Co1.6S4
nanostructure and the synergistic effect of the good electron
conductivity and excellent surface property of the NGF
substrate.
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