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xidation degree of nickel foam:
a smart strategy to controllably synthesize active
Ni3S2 nanorod/nanowire arrays for high-
performance supercapacitors†

Tingting Li,‡ Yunpeng Zuo,‡ Xiaomin Lei, Na Li, Jiawei Liu and Heyou Han*

A novel strategy is described in this study to construct three-dimensional (3D) nickel foam (NF) supported

active Ni3S2 arrays with varieties of morphologies using a controllable pre-oxidation method followed by

a post-hydrothermal treatment. A systematic study of the pre-oxidation effect is presented, and the

possible reaction mechanism is discussed. Specifically, through accurately controlling the oxidation

degree of the NF precursor, grass-like Ni3S2 nanorod/nanowire arrays grown in situ on the NF network

are synthesized. Benefiting from the unique architecture to provide a large interfacial area, effective

pathway for charge transport and high electrochemical activity from Ni3S2, the binder-free electrode

exhibits remarkable electrochemical performances with a specific areal capacitance of 4.52 F cm�2 at

1.25 mA cm�2, as well as superior cycling stability (108.3% capacitance retention after 2000 cycles). An

aqueous asymmetric supercapacitor device composed of such an electrode as the positive electrode

and nitrogen-doped porous graphitic carbon (NPGC) as the negative electrode achieves a high energy

density of 48.5 W h kg�1 and power density of 4.8 kW kg�1. Further, two such 4 cm2 devices connected

in series can successfully illuminate three color-changing LEDs for a long time, demonstrating the great

potential for high-performance supercapacitors. The smart strategy described herein could be widely

adopted to create other composites with desirable nanostructures.
1. Introduction

Supercapacitors, known as electrochemical capacitors, are now
attracting intensive attention because of their desirable prop-
erties including high power density, short charging times and
long cycle life.1–4 Currently, supercapacitors are mainly applied
as rapid power delivery and recharging devices.2,5 Due to the
different charge-storage mechanisms, supercapacitors deliver
relatively lower energy densities than batteries, which seriously
hamper their large-scale applications.6–8 In order to avoid this
undesirable situation, it is extremely urgent to develop high
performance supercapacitors with high energy densities while
maintaining satisfactory power density and excellent cycling
stability. An effective route for improving the energy density is
to use an asymmetrical supercapacitor design or choose organic
electrolytes to increase the operating voltage.9,10 Another high-
efficiency strategy used widely is to utilize redox-active electrode
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materials with unique morphology to afford high specic
capacitance.1,2

In recent years, nanostructured nickel and cobalt oxides/
suldes/hydroxides have been extensively studied as pseudo-
capacitance electrode materials due to their excellent intrinsic
properties, such as high theoretical specic capacitance, low
cost, and environment-friendly nature.11–17 Among them, nickel
suldes have attracted increasing interest because of their
numerous excellent performances, which make them quite
suitable for various electrochemical applications, especially for
supercapacitors.16–22 However, as is well known, with the slug-
gish redox reaction kinetics and poor conductivity, the above-
mentioned electroactive materials suffer from relatively low
electrical energy density, poor capacity retention and even
worse cycling stability when used as supercapacitor electrodes.23

To address these problems, highly conductive materials (e.g.
Au,24 graphene,7,25 conducting polymers3,26) are usually
combined with pseudo-capacitive materials to enhance
conductivity and stability by the synergistic effects between the
two components. Nevertheless, the inferior charge storage and
rate capability still limit further development and wide appli-
cations of these hybrids. Consequently, a key challenge in this
direction is to build novel electrodes with well-suited architec-
ture, in which fast ion and electron transfer is guaranteed.
J. Mater. Chem. A, 2016, 4, 8029–8040 | 8029
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To date, a smart design is widely adopted which relies on
various 3D conductive matrixes to grow electroactive material
arrays with well-dened morphologies. The innovative strategy
can synergistically combine the merits of their constituent
components in that conductive backbones not only possess
high electrical conductivity but also supply good structural and
mechanical stability to high-performance supercapacitors.27–30

Among these, nickel foam (NF) is considered as the main
candidate for loading various pseudo-capacitive materials due
to the superior features of uniform macroporous structure,
huge supporting area and high electrical conductivity. For
instance, Ai et al.31 reported a novel branched CoMoO4@CoNiO2

core/shell nanowire array on NF, which demonstrated a high
specic areal capacitance (5.31 F cm�2 at 5 mA cm�2) and
superior cycling stability with 159% capacity retention aer
5000 cycles. Huo et al.18 synthesized 3D Ni3S2 nanosheet arrays
grown on NF, which showed a specic capacitance of 1370.4 F
g�1 at a current density of 2 A g�1, good rate capability and
cycling stability. Zhang et al.32 successfully fabricated a novel
Ni3S2 hierarchical dendrite framework using NF as the
substrate. The electrode delivered a high capacitance of 710 F
g�1 at 2 A g�1 with excellent capacitance retention of 621.6 F g�1

aer 2000 cycles at a current density of 5 A g�1. In particular,
hierarchical nanowire and nanorod arrays vertically supported
on 3D porous NF are the most advanced form used to construct
supercapacitor electrodes due to their large surface area and
fast electrical pathway for electron transport.33,34 Previous
studies for nickel sulde arrays supported on NF showed that
they are either unitary in morphology (e.g. nanosheets),18,20 or
require additives and toxic organic solvents to control the nal
morphology,12,35 which limit their widespread practical appli-
cation. To date, there is still lack of simple and high-efficiency
methods to synthesize nickel sulde arrays with precise struc-
ture control.

In the present work, we demonstrate an innovative and
effective approach to design and fabricate hierarchical Ni3S2
grass-like nanorod/nanowire arrays on NF (NF-4-S) as a binder-
free electrode for high-performance supercapacitors. Herein,
NF rst underwent a controllable pre-oxidation process, fol-
lowed by a facile hydrothermal reaction. In addition to being
the conductive frame to support active Ni3S2 arrays, the 3D NF
also acted as the nickel source to form Ni3S2 crystals. This
ingenious design enables wonderful electrical contact between
the current collector and active material, thus can effectively
improve ion and charge transportation. More signicantly,
through adjustment of the oxidation degree of the NF
precursor, the nal structure can be easily tuned with the
morphological variation of nanoplates, nanorods/nanowires
and ower-shaped hierarchical dendrites. This paper rstly
veried if the pre-oxidation degree of NF can affect the
morphology and electrochemical properties of the nal
product. Due to the unique structural features with a large
accessible area, the optimal NF-4-S demonstrated superior
electrochemical properties to other Ni3S2-based electrodes.
Additionally, an as-prepared asymmetric supercapacitor, which
consisted of an NF-4-S anode and a nitrogen-doped porous
graphitic carbon (NPGC) cathode, exhibited high specic
8030 | J. Mater. Chem. A, 2016, 4, 8029–8040
capacitance of 131.7 F g�1, good rate capability, outstanding
cycling stability, and remarkable energy density (48.5 W h kg�1

at a power density of 87.4 W kg�1). These ndings highlight the
great application potential of NF-4-S for energy storage.

2. Experimental section
2.1 Fabrication of partially oxidized NF (NF-x)

NF (2 � 2 cm2) was cleaned ultrasonically rst with 2 M HCl
solution in an ultrasound bath for 5 min, and then washed with
deionized water and ethanol several times. Aer vacuum drying,
the cleaned NF was calcined at 700 �C for 2 h with different N2

ow rates (600 mL min�1, 400 mL min�1, 200 mL min�1 and
0 mL min�1), which were labeled as NF-6, NF-4, NF-2 and NF-0,
respectively.

2.2 Synthesis of Ni3S2 arrays supported on partially oxidized
NF

The above obtained partially oxidized NF was immersed in
a Teon-lined stainless steel autoclave containing a 40 mL
aqueous solution of 50 mg thioacetamide (TAA, C2H5NS). Then,
the autoclave was sealed for hydrothermal reaction at 180 �C for
6 h. Aer cooling down to room temperature, the resulting
samples were rinsed several times with deionized water and
ethanol, and dried in vacuum at 60 �C for 10 h. Depending on
the degree of oxidation, the sulfurized samples were referred to
as NF-6-S, NF-4-S, NF-2-S and NF-0-S, respectively. For compar-
ison, pure NF was also subjected to the hydrothermal treatment
process under the same conditions without high temperature
oxidation etching, which was denoted as NF-S.

2.3 Synthesis of NPGC

NPGC was synthesized based on the template method as
described in our previous report.36 Briey, 31.5 g of melamine
was added to a 50 mL formaldehyde solution under stirring,
and the pH of the mixture was adjusted to 8–9 by adding dilute
NaOH. When the solution became clear at 80 �C, dilute HCl was
introduced to adjust the solution to pH 5–6. Subsequently, 60 g
of hydrophilic nano-CaCO3 was added with vigorous stirring.
Over a 0.5 h period a gel-like mixture was prepared. The
composites were le to vacuum dry at 60 �C overnight. Then, the
material was directly carbonized at 900 �C for 2 h under N2 ow.
The template was removed by dilute HCl washing for 24 h.
Finally, the resultant material was ltered and washed. Aer
drying, the NPGC was obtained.

2.4 Characterization

Scanning electron microscopy (SEM) and energy dispersive
X-ray spectrometry (EDS) analysis were carried out using
a SU8010 eld emission scanning electron microscope. Trans-
mission electron microscopy (TEM) images and selected area
electron diffraction (SAED) patterns were collected on a JEM-
2010 with a microscope operating at 200 kV. X-ray diffraction
(XRD) spectra were obtained using a Rigaku D/MAX-rA diffrac-
tometer with Cu Ka radiation (l ¼ 1.5406 Å). X-ray photoelec-
tron spectra (XPS) were measured using a Thermo VG Multilab
This journal is © The Royal Society of Chemistry 2016
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2000 spectrometer equipped with a monochromatic Al Ka
radiation source at room temperature.
2.5 Electrochemical measurements

Electrochemical analyses were performed using a conventional
three-electrode system equipped with a saturated calomel
electrode (SCE) as the reference electrode and platinum foil as
the counter electrode at ambient temperature, respectively. The
NF composite, that served as a binder-free electrode material,
was directly used as the working electrode. The NPGC electrode
was prepared bymixing electrodematerials, acetylene black and
polytetrauoroethylene (60 wt%) in a mass ratio of 8 : 1 : 1 in
isopropanol. The slurry of the mixture was then coated onto the
NF current collectors. Finally, the as-fabricated electrode was
le to dry in an oven at 80 �C for 24 h. The mass loading of the
NPGC materials was about 5.0 mg cm�2. The asymmetric
supercapacitor was tested with the NF composite as the positive
electrode and NPGC as the negative electrode, which were
assembled together with one piece of cellulose paper separator
sandwiched in between. The whole conguration was sealed
using a PET membrane. All electrochemical measurements
were carried out using a CHI 660D (Chenhua, Shanghai) elec-
trochemical workstation in 3 M KOH aqueous solution. The
mass per unit area of the active Ni3S2 arrays on NF was calcu-
lated depending on the weight difference before and aer
treatment of NF. It can be assumed that the mass increase of NF
was due wholly to the introduction of sulfur. Based on this, the
loading mass of active Ni3S2 for NF-4-S was calculated to be
about 4.3 mg cm�2. In fact, the actual mass of Ni3S2 is lower
than the presented value.

Cyclic voltammetry (CV), galvanostatic charge–discharge
(GCD) and electrochemical impedance spectroscopy (EIS) were
employed to evaluate the electrochemical performances of
electrodes. The specic areal capacitance in a three-electrode
system is calculated according to the following equation: Cs ¼ Is
� t/V, where Cs (F cm�2), Is (A cm�2), t (s), and V (V) represent the
specic areal capacitance, current density, discharge time and
discharge voltage range, respectively.37 The specic capacitance
of the asymmetric supercapacitor was calculated from GCD
curves as follows: C¼ I� t/(V�m), wherem (g) is the total mass
of the active material in the positive and negative electrodes and
I (A) is the discharge current. The energy density (E) and power
density (P) of the asymmetric supercapacitors are obtained from
the following equations: E ¼ C � V2/(2 � 3.6), P ¼ E � 3600/
t.23,28,29 EIS measurements were recorded at open circuit
potential with an amplitude of 5 mV in the frequency ranges of
10 mHz to 100 kHz.
3. Results and discussion
3.1 Material characterization

NF rst underwent a thermal annealing process to form NiO
shells around the substrate. To get more insight into the effect
of oxidation degree on controlling the morphology of the nally
synthesized samples, we performed this operation with
different nitrogen volumes. Fig. 1 gives the SEM images of NF-6,
This journal is © The Royal Society of Chemistry 2016
NF-4, NF-2 and NF-0. Different from the pristine NF with
a smoother surface (Fig. S1†), an uneven NiO layer with a coarse
and porous surface is observed for oxidized NF products
through the high temperature annealing process (Fig. 1a–d).
This is completely different from the low temperature heat
treatment with a dense layer of NiO.38 Magnied SEM observa-
tions clearly reveal that the surface of conductive NF became
rough with major protuberance and sunken holes (Fig. 1e–h).
The surface morphology looks much like a seriously etched reef
and withered bark. Based on the above observation, a possible
mechanism for the formation of the unsealed oxide layer can be
proposed as follows: the molar volume of Ni (�6.6 cm3mol�1) is
smaller than that of NiO (�11.2 cm3 mol�1). This results in the
growth of NiO continuously extending outwardly in the initial
stage of oxidation.39,40 The intercalation and adsorption of
oxygen atoms is closely linked to the surface state of the NF
skeleton. As the oxidation proceeds, the Kirkendall effect and
strain at the interface could play predominant roles in causing
the rough surface and additional pores in the skeleton areas
due to the different interfacial diffusion rates of oxygen and
nickel atoms.41,42 On the other hand, due to the presence of
nitrogen, only a fraction of the top layer of Ni was oxidized,
leaving the remaining exposed active Ni for further reaction.
More specically, these irregular gullies and projections
increased the contact area of the substrate surface with liquid
ions, which promoted the adequacy and efficiency of subse-
quent reactions. Fig. 1i shows the XRD patterns of the pure NF
and the corresponding samples (NF-6, NF-4, NF-2, NF-0) with
different oxidation degrees. For pure NF, the XRD pattern
proves the existence of three crystalline peaks at 2q of 44.6�,
51.9� and 76.3�, respectively. Aer high temperature oxidation
of NF, ve new peaks at 2q ¼ 37.4�, 43.4�, 62.8�, 75.4� and 79.3�

occurred, which are indexed as (111), (200), (220), (311) and
(222) peaks from NiO (JCPDS no. 47-1049).43,44 The coexistence
of Ni peaks and NiO peaks in these samples indicates the partial
oxidation of NF under high temperature treatment. Moreover,
the intensity ratio of NiO peaks increased dramatically with the
decrease of N2 ow, suggesting that more metallic Ni was con-
verted to NiO. Especially, NF-0 shows strong NiO peaks and
weak metallic Ni peaks, suggesting that the sample experienced
severe oxidation.

Sulfurized samples were obtained by a one-step hydro-
thermal process without any post-treatment. The original 3D
porous architectures may result in a good mixture of remaining
Ni and sulfur ions during the hydrothermal treatment process,
thus leading to an excellent Ni-S initial contact, which will
benet the formation of Ni3S2. Aer interaction and oriented
growth, well-dened Ni3S2 arrays directly supported on NF can
be obtained. The microstructure of the as-prepared NF-4-S was
rst investigated by SEM. As shown in Fig. 2a, NF-4-S surface is
fully covered by grass-like nanorods/nanowires to form a 3D
hierarchical structure. The magnied SEM images further
reveal that some nanowires extend based on nanorods axis. The
rest grow directly from the attached substrate with a maximum
diameter of �300 nm (Fig. 2b and c). Fortunately, these nano-
wires and nanorods grow perpendicularly on the NF substrate
and are separated adequately. The unique 3D hierarchical
J. Mater. Chem. A, 2016, 4, 8029–8040 | 8031
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Fig. 1 Low-magnification SEM images of (a) NF-6, (b) NF-4, (c) NF-2, (d) NF-0 and high-magnification SEM images of (e) NF-6, (f) NF-4, (g) NF-2,
(h) NF-0. (i) XRD patterns of pure NF and oxidized NF products.
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structure would signicantly facilitate electron transport and
electrolyte ions accessibility to the surface of the active mate-
rial, and enable a fast redox reaction.31,37 Fig. 2d shows the
representative TEM image of grass-like nanowires growing
tightly on the inner NF backbones. The corresponding HRTEM
image (Fig. 2d1) reveals clear lattice spacing of 0.28 nm indexed
to the (110) crystal plane of Ni3S2.23,32 The related electron
diffraction spots (EDS) from fast Fourier transform (FFT)
spectra demonstrate the single-crystal nature of the Ni3S2
nanowires, as shown in Fig. 2d2. In addition, scanning electron
microscopic elemental mapping was employed to further
investigate the elemental distribution of the NF-4-S sample. As
shown in Fig. 2e–h, both Ni and S with strong signals are
observed in the whole region, conrming the massive genera-
tion of the nickel sulde nanostructure during the hydro-
thermal treatment. In addition to the backbone, it can be
obviously found from the edge region that the distribution of S
shows the clear outline of nanowires. In other words,
active nickel sulde constituted the vertically aligned array
8032 | J. Mater. Chem. A, 2016, 4, 8029–8040
architecture. Additionally, only minor amounts of oxygen
element were detected in the observed eld, which were
derived from previous oxidation. This can also be veried from
the subsequent XRD and XPS results.

Fig. 3a presents the XRD patterns of as-prepared NF-0-S, NF-
2-S, NF-4-S, NF-6-S and NF-S. Besides the characteristic peaks of
Ni and NiO, a few new peaks located at 2q¼ 21.7, 31.1, 37.8, 49.7
and 55.2� are also observed in the XRD pattern, which corre-
spond to the single crystalline nature of Ni3S2 (JCPDS no. 44-
1418).35,45 No other impurity peak was detected, indicating the
high purity of these samples. As expected, NF-S displayed the
obvious characteristic diffraction peaks of Ni3S2, conrming the
successful conversion from Ni to Ni3S2 by a sulfurization
process. With increasing oxidation degree, the intensity of the
Ni3S2 characteristic peaks gradually decreases, and the peaks at
around 21.7�, 31.1� and 37.8� successively disappeared for NF-0-
S, NF-2-S and NF-4-S. Especially for NF-0-S, only two very weak
Ni3S2 peaks were observed at 49.7 and 55.2� owing to severe
oxidation, indicating the low crystallization and small amount
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a–c) Typical SEM images of NF-4-S at different magnifications. (d) TEM image of NF-4-S, the insets are the corresponding (d1) HRTEM
image and (d2) SAED patterns after FFT from Ni3S2 nanowires. (e–h) SEM image of NF-4-S and the corresponding EDX elemental mapping of (f)
Ni, (g) S, (h) O.
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of Ni3S2. It should be noted that NF-4-S and NF-6-S have very
similar broadened diffraction peaks around 37� due to the
overlap of NiO and Ni3S2 peaks. Fortunately, the retained Ni in
all samples can act as a highly conductive scaffold and play an
important role in improving the electron transfer rate.
Fig. 3 (a) XRD patterns of NF-0-S, NF-2-S, NF-4-S, NF-6-S andNF-S. (b)–
(d) S 2p spectrum.

This journal is © The Royal Society of Chemistry 2016
XPS was conducted to further determine the surface compo-
nents of the as-prepared NF-4-S. As displayed in Fig. 3b, no other
elemental peaks were observed apart from the peaks of Ni, S, C,
and O in the survey spectrum, indicating that the samples were
pure. The Ni 2p spectrum (Fig. 3c) displayed two spin–orbit
(d) XPS spectra of NF-4-S: (b) survey spectrum, (c) Ni 2p spectrum, and

J. Mater. Chem. A, 2016, 4, 8029–8040 | 8033
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doublet peaks at 855.8 (Ni 2p3/2) and 873.4 eV (Ni 2p1/2). The
corresponding satellite peaks at 861.3 and 879.5 eV were also
identied, which indicated the presence of nickel–oxygen
species on the surface of NF.46 It should be noted that a peak at
853.1 eV appears near Ni 2p3/2, corresponding to the charac-
teristic peak of Ni3S2.4,13,47 Moreover, the binding energy of
162.6 eV in Fig. 3d can be attributed to the S 2p spectrum. The
tting peak at around 162.3 eV belongs to S 2p3/2, and the peak
at 163.6 eV can be assigned to S 2p1/2. These values correlate
with previously reported data.20,35 The XPS results coincide with
those of the XRD patterns, conrming the presence of NiO and
Ni3S2.

To visually observe the morphological evolution of the nal
product, the SEM measurements of NF-S, NF-6-S, NF-2-S and
NF-0-S were also carried out. The corresponding investigation is
shown in Fig. 4. Interestingly, for all samples, we could see that
plenty of Ni3S2 nanocrystallines with different morphologies
Fig. 4 Typical SEM images of (a1–a3) NF-S, (b1–b3) NF-6-S, (c1–c3) NF

8034 | J. Mater. Chem. A, 2016, 4, 8029–8040
and microstructures are well adhered to the NF substrate. In
detail, NF-S is densely covered by a layer of Ni3S2 nanocrystal-
lines with an uneven surface, as displayed in Fig. 4a1–a3.
Additionally, there are messy nanowires and rough nanorods
that are entangled and conglutinated. The SEM images of NF-6-
S show that highly dense short nanorods and block particles
grow vertically on the surface of NF. Meanwhile, we can clearly
nd ower-shaped hierarchical dendrites supported on the NF
surface with sporadic distribution, which are predominantly
composed of irregular particles (Fig. 4b1–b3). For NF-2-S, some
thin nanoakes with extremely low density are observed
(Fig. 4c1–c3). They tend to grow starting from the same center to
generate an almost vertically aligned 3D architecture. However,
in exposed regions, we also notice that the NF skeleton is tightly
and totally covered with large and ruleless NiO/Ni3S2 nano-
sheets or blocks, forming a very uneven surface. This is similar
to the observation of NF-0-S, as indicated in Fig. 4d1–d3.
-2-S and (d1–d3) NF-0-S at different magnifications.

This journal is © The Royal Society of Chemistry 2016
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Hydrothermal treatment resulted in a highly densely packed
NiO/Ni3S2 hybrid layer over the entire NF surface, differing from
that of the pristine oxidized sample. The surface becomes
rougher than the pre-forms. This is mainly due to the anion-
exchange reaction between O2� and S2� during the hydro-
thermal process, and thus a portion of NiO could be converted
into Ni3S2.12,37 Nevertheless, the ion exchange reaction cannot
dramatically change the original architecture of NiO.48 Conse-
quently, we conclude that these vertically oriented Ni3S2 arrays
are derived from the reaction between the remaining Ni and S2�

in solution, consistent with a previous report in the literature.45

Compared to other samples, the vertically aligned nano-
structured Ni3S2 arrays disappeared on the NF-0-S surface due
to severe oxidation, which further conrmed the above infer-
ence. The involved chemical reaction equations can be
expressed as follows:20,34

(NH2)2CS + 2H2O / H2S + CO2 + 2NH3 (1)

2H2S + 3Ni / Ni3S2 + 2H2 (2)

Because of the different oxidation degrees, we nally ob-
tained active Ni3S2 arrays with a variety of morphologies sup-
ported on NF substrates. The integrated formation procedure is
illustrated in Fig. 5, which includes two steps of oxidation and
suldation. On the basis of the experimental results, a possible
growth mechanism could be proposed to illustrate the forma-
tion procedure of Ni3S2 arrays. During the reaction, the sulde
source will be released from TAA, which can come into contact
with both the surface and interior of the NF backbone by
diffusion. Due to the slower diffusion rate of O2�, the sulda-
tion rate of NiO is lower than that of Ni.49 The released sulde
ions would rstly react with exposed Ni to generate Ni3S2 nuclei.
In the initial stages, the low oxidation degree leads to relatively
more nucleation. Then, Ni3S2 nuclei aggregate to assemble
Fig. 5 Schematic illustration for the formation procedure of Ni3S2 array

This journal is © The Royal Society of Chemistry 2016
along their preferential orientation. Owing to the inadequate Ni
content, elongated growth along the direction of (110) is
favored, forming grass-like Ni3S2 nanorod/nanowire arrays.
With further decrease of oxidation degree, more Ni located on
the surface can directly react with sulfur ions to generate
a dense short nanorod array, and even give rise to irregular
branches. However, for the samples with a high oxidation
degree, the subsequent Ni3S2 nanoparticles transformed from
numerous NiO can adhere to the adjacent Ni3S2 nanocrystals,
which are driven by a complex oriented attachment process. To
reduce the surface energy, they join at a planar interface to form
thin nanoakes. The nucleation growth process of Ni3S2 arrays
was affected by the content and distribution of Ni. In our
experiments, the partially oxidized NF acts as the backbone to
guide the nucleation of Ni3S2 nanocrystals during hydrothermal
processes. The different nanostructures would result in
different number of exposed active sites that are effective for
pseudo-capacitive reaction.

From the above results, we can draw the following conclu-
sions. Firstly, although no additives were used, Ni3S2 arrays
perpendicularly grown on the NF surface with various morphol-
ogies were successfully prepared, conrming the reliability of the
present method. Secondly, the formation of the Ni3S2 array
structure strongly depends on the pre-oxidation degree of NF.
The Ni3S2 arrays were scarcer when the oxidation was more
severe. Finally, it is apparent that the well-dened nanorod/
nanowire arrays can be fabricated on a large scale via appropriate
regulation of the oxidation degree of NF. The exquisite design
and unique nanostructural features endow our hybrid material
with favourable properties for further applications.
3.2 Electrochemical performance study

In addition to the shape-controlled growth of Ni3S2 arrays, the
oxidation degree also affects the electrochemical performance
of the as-obtained electrode materials. The electrochemical
s supported on pre-oxidized NF.
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behavior of the sulfurized samples was rst evaluated using CV
and GCD techniques. As shown in Fig. 6a, all CV curves exhibit
a pair of redox peaks, indicating a typical pseudocapacitive
behavior.34,37,45 A couple of redox peaks for Ni3S2 can be attrib-
uted to the reversible redox reactions of Ni2+/Ni3+ as shown
below:18,21
Fig. 6 Electrochemical performances of the NF-S, NF-6-S, NF-4-S, NF-
GCD curves at a current density of 5 mA cm�2. (c) Current density depen
electrodes (inset: capacitance retention rate of NF-6-S and NF-4-S elect
NF-0-S electrodes with different oxidation degrees, the insets are the par
4-S electrode at different scan rates. (f) GCD curves of the NF-4-S elect

8036 | J. Mater. Chem. A, 2016, 4, 8029–8040
Ni3S2 + 3OH� 4 Ni3S2(OH)3 + 3e� (3)

In order to clarify the real contribution to the capacitance,
the pure and partial oxidation of NF was also evaluated using CV
tests. Fig. S2a† shows the CV curves of pure NF and NF-x
2-S and NF-0-S electrodes. (a) CV curves at a scan rate of 5 mV s�1, (b)
dence of the areal capacitance for NF-S, NF-6-S, NF-4-S, and NF-2-S
rodes). (d) The 3d EIS spectra of the NF-S, NF-6-S, NF-4-S, NF-2-S and
tially enlarged Nyquist plots at high frequency. (e) CV curves of the NF-
rode at different current densities.

This journal is © The Royal Society of Chemistry 2016
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electrodes at a scan rate of 5 mV s�1. Evidently, the CV inte-
grated area of the oxidized NF is close to that of pure NF, which
is negligible as compared with Ni3S2 based electrodes. There-
fore, we can infer that high temperature generated NiO provides
almost no capacitance contribution to the areal capacitance due
to the poor electron conductivity and greatly weakens the
capacity of NiO.25 By comparison, the enclosed area of NF-4-S is
much larger than that of other electrodes, indicating a largely
enhanced areal capacitance. In theory, high mass loading of
active materials can produce high areal specic capacitance
values. Actually, the utilization efficiency of the active materials
is an important factor that affects the capacitive performance.
Therefore, the hierarchical nanorod/nanowire arrays with
a large accessible area can introduce more sites for the faradaic
reactions, this endowed the NF-4-S electrode with excellent
specic capacitance.34,37,50 For the NF-0-S, excessive oxidation
consumes a large amount of nickel and leads to the formation
of a thick NiO layer, both of which hinder the generation of
Ni3S2 arrays, accordingly, the capacitive behavior becomes
worse.

Fig. 6b shows the GCD curves of the sulfurized samples with
a current density of 5 mA cm�2. The observed nonlinear GCD
curves verify the pseudo-capacitance nature, which is well
consistent with the CV curve. Compared with pure NF and NF-x
(Fig. S2b†), the as-prepared sulfurized electrodes show much
longer discharging time, indicating that the Ni3S2 based elec-
trodes have higher specic capacitance, in good agreement with
the CV results. Among all tested samples, NF-4-S exhibits the
longest discharge time and highest specic capacitance. The
specic capacitances derived from the discharge plots at
different current densities were calculated (Fig. 6c), which also
indicated the signicantly enhanced supercapacitive perfor-
mance of NF-4-S compared with other electrodes. Interestingly,
the capacitances of NF-2-S, NF-4-S and NF-6-S are higher than
that of NF-S, this proved that it is a promising strategy to opti-
mize the electrochemical properties of the active Ni3S2 electrode
by controlling the oxidation degree of the NF substrate. Besides
the NF-4-S electrode, NF-6-S shows relatively higher specic
areal capacitance compared with NF-S and NF-2-S electrodes. It
is mainly due to the higher loading of electroactive Ni3S2 arrays
which can be veried from its morphology. As shown in Fig. 6c,
the areal capacitances decrease with increase in current density.
This is mainly due to that the high scan rate limits the migra-
tion of the electrolytic ions. This makes inner active surface
areas inaccessible for charge storage.4,51 Specically, the areal
capacitances of the NF-4-S electrode were calculated to be 4.52,
3.30, 2.80, 2.28, 1.94 and 1.74 F cm�2 at the current densities of
1.25, 2.5, 5, 10, 20 and 30 mA cm�2, respectively. The specic
capacitances were 1051, 767, 651, 530, 451 and 405 F g�1 at the
corresponding current densities mentioned above. Besides,
with the charging–discharging rate increasing from 2.5 to 30
mA cm�2, the NF-4-S electrode shows �47% capacity loss,
which is much smaller than the �62% capacity loss of NF-6-S
(inset). The above results demonstrate that the NF-4-S electrode
has high specic capacitance and excellent rate behavior.

The superior electrochemical property of the as-prepared
electrodes was further conrmed by the long-term cycling test at
This journal is © The Royal Society of Chemistry 2016
a current density of 20 mA cm�2 (Fig. S3†). For all samples, the
areal capacitances slightly increase with cycling perhaps due to
the self-activation process, corresponding to the redox reaction
of the active species with the alkaline electrolyte.30 A similar
phenomenon was also observed for the pure NF electrode
(Fig. S4†). During the cycling, the areal capacitance of the NF-4-S
electrode is always higher than that of other electrodes. Espe-
cially, aer 2000 continuous cycles, the specic areal capaci-
tance of 2.13 F cm�2 (108.3% of the initial capacitance) for NF-4-
S can be well maintained with a slight increase, demonstrating
the excellent long-term stability. To the best of our knowledge,
the electrochemical performance of NF-4-S obtained here is
superior or comparable to the relevant data for nickel
sulde23,32,52,53 and hybrid nickel/cobalt sulde54–56 nano-
composites reported in the literature (Table S1†).

EIS was further applied to evaluate the electrochemical
performance. The Nyquist plots of all sulde electrodes are
illustrated in Fig. 6d, with an enlarged view at high frequency
(inset). All samples demonstrate similar spectra with a semi-
circle at high frequency and a straight line at low frequency. NF-
4-S and NF-6-S show larger slopes in the low frequency regions
indicating better capacitive behavior with lower diffusion
resistance.33 These results suggest that our binder-free elec-
trodes show excellent pseudocapacitive behavior. At high
frequency, the intersection of the plot at the real part represents
the equivalent series resistance (Rs), and the diameter of the
semicircle corresponds to the charge transfer resistance (Rct).3,23

The Rs of NF-0-S (0.66 U) is signicantly greater than those of
the other samples (�0.5 U), indicating that the direct growth of
vertical Ni3S2 arrays from the NF current collector assures quick
electron transport to improve the capacitance performance. By
comparison, it can be clearly observed that NF-6-S and NF-4-S
exhibit lower Rct, indicating their better electrical conductivity.
This was probably due to that the well-dened Ni3S2 arrays
effectively facilitate electrolyte diffusion, improving ion-trans-
port kinetics. As expected, the electrochemical performance of
the electrodes is greatly inuenced by the morphology and
distribution of supported active Ni3S2 arrays.

Furthermore, we have also evaluated the typical CV
measurements of the NF-4-S electrode at different scan rates
(Fig. 6e). With the increase of scan rate from 2 to 20 mV s�1, the
current increases accordingly and the shape of the CV curves is
well maintained, implying the suitability of the NF-4-S electrode
for ultrafast redox reactions. The corresponding GCD tests at
various current densities were carried out in the voltage range
between �0.1 and 0.4 V, as shown in Fig. 6f. The symmetric
nature of GCD curves implies good electrochemical capacitive
characteristics and excellent reversible redox reactions.12 On the
basis of the above analysis, NF-4-S shows the best electro-
chemical properties. Thus, the synergetic contribution from the
pseudocapacitive materials of Ni3S2 together with the superi-
orities of the 3D hierarchical nanorod/nanowire array archi-
tecture should account for the superior electrochemical
performance of the NF-4-S electrode.

To further demonstrate the actual application of the NF-4-S
electrode, we constructed a 4 cm2 asymmetric supercapacitor
device using NF-4-S as the positive electrode and NPGC lm on
J. Mater. Chem. A, 2016, 4, 8029–8040 | 8037
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NF as the negative electrode in 3 M KOH electrolyte with one
piece of cellulose paper as the separator (denoted as NF-4-S//
NPGC). The electrochemical properties of the NPGC electrode
in a three-electrode system are displayed in Fig. S5.† Notably,
thanks to the high specic surface area and porosity (Fig. S6†),
the NPGC electrode exhibits excellent energy storage perfor-
mance. For comparison, the NF-4-S and NPGC electrodes are
rstly tested in a three-electrode cell with a potential window
from �0.1 to 0.6 V and �1.2 to 0 V, respectively (Fig. 7a). It is
noted that these two electrodes demonstrate good compatibility
to assemble an asymmetric supercapacitor. Fig. S7† shows the
CV curves of the asymmetric supercapacitor cell at different
voltage windows with a scan rate of 20 mV s�1. As expected, the
stable operating voltage can be extended to 1.8 V. CV curves of
the supercapacitor device at different scan rates are shown in
Fig. 7b, which exhibit the typical features of both electric
double-layer capacitance and pseudocapacitance in the entire
potential range of 0–1.8 V. Besides, the discharge curves of the
NF-4-S//NPGC supercapacitor at various current densities are
also illustrated in Fig. 7c. Unlike the three electrode cell, the
discharge curves of the NF-4-S//NPGC supercapacitor exhibits
nearly linear variation in the full operating voltage with
Fig. 7 (a) CV curves of NF-4-S and NPGC electrodes at a scan rate of 10
NPGC asymmetric supercapacitor measured in a voltage windowof 0–1.8
the asymmetric supercapacitor at different current densities. (d) Specific
capacitor. (e) Cycle performance of the NF-4-S//NPGC supercapacitor at
first and the 5000th cycle. (f) Ragone plot of the supercapacitor device.
color-changing LED indicators. (g1–g5) Color variation of the three LED

8038 | J. Mater. Chem. A, 2016, 4, 8029–8040
different current densities. This demonstrates ideal capacitive
characteristics and fast charge/discharge behavior.57 The
capacitance of the full device measured at various current
densities (based on the total mass of active materials in both
electrodes) is calculated to further demonstrate the corre-
sponding rate capability. As shown in Fig. 7d, under a current
density of 2.5 mA cm�2, the specic capacitance reaches 100.1 F
g�1. Even at current densities as high as 25 and 50mA cm�2, our
supercapacitor is still able to deliver capacitance values of 68.4
and 50.9 F g�1, respectively. These are much higher than
previously reported values for the C/CoNi3O4//AC super-
capacitor (�64.7 F g�1 at 1 mA cm�2),57 Co3O4@Ni(OH)2//AC cell
(47.6 F g�1 at 25mA cm�2), Co3O4@Ni(OH)2//RGO device (49.7 F
g�1 at 25 mA cm�2),58 and so on. Such high specic capacitance
and excellent rate behavior can be attributed to the unique 3D
nanorod/nanowire array structure with a large active surface
area to promote fast electron transport and ion diffusion.45

The cycling performance test over the assembled super-
capacitor at a current density of 40 mA cm�2 was performed
using the GCD technique (Fig. 7e). As can be seen, the super-
capacitor exhibits excellent long-term stability with high capaci-
tance retention of 93.1% even aer 5000 charge/discharge cycles.
mV s�1 performed in a three-electrode cell. (b) CV curves of a NF-4-S//
V at different scan rates in 3M KOH electrolyte. (c) Discharge curves of
capacitance at different current densities for the asymmetric super-
a current density of 40mA cm�2. Inset: charge/discharge curves of the
Inset: optical image of two supercapacitors in series lighting up three
indicators.

This journal is © The Royal Society of Chemistry 2016
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The remarkable cycling stability is also conrmed by the almost
overlapping charge/discharge curves between the rst and the
5000th cycles (Fig. 7e, inset). The capacitance increase during the
rst 1400 cycles is likely due to an activation process.30 The
subsequent capacity decay is probably due to the structural
breakdown of the electrode material by the fast and long term
cycling tests.26 These results further verify the great potentiality of
NF-4-S as an efficient supercapacitor material with high specic
capacitance and good cycling stability. Besides, a Ragone plot
(energy density vs. power density) of our NF-4-S//NPGC super-
capacitor is presented in Fig. 7f. Impressively, our device shows
a very high energy density of 48.5 W h kg�1 at a power density of
87.4 W kg�1 and still maintains an energy density of 28.5 W h
kg�1 at a high power density of 2.9 kW kg�1. Even at a higher
power density of 4.8 kW kg�1, the device still has an energy
density of 22.7 W h kg�1. The energy density and power density
demonstrated here outperform the values reported for other
asymmetric supercapacitors, including ber-shaped all-solid-
state MnO2/carbon ber//graphene/carbon ber ASCs (27.2 W h
kg�1 at 979.7 W kg�1),10 Co3O4@Ni(OH)2//AC (41.83 W h kg�1 at
33.46 W kg�1), Co3O4@Ni(OH)2//RGO (41.90W h kg�1 at 36.10W
kg�1),58 Ni–Co sulde nanowires//activated carbon cells (25 W h
kg�1 at 447 W kg�1)37 and V2O5–ECF//ECF device (22.3 W h kg�1

at 1500 W kg�1).9 Accordingly, two identical asymmetric cells
separately charged to 1.8 V at 8 mA cm�2 connected in series can
easily illuminate three color-changing LED indicators (Fig. 7g1–
g5). The inset in Fig. 7f shows the brightness of the three LED
indicators aer being lit up for 10 min. Specically, the red light
can glow for more than 35 min. The above evidence convincingly
demonstrates the great potential of our supercapacitor device for
practical applications.
4. Conclusions

In summary, we report a novel and effective strategy for
controlled building of 3D hierarchical Ni3S2 arrays grown
directly on NF with various morphologies, and were applied as
binder-free supercapacitor electrodes. A two-step synthesis
approach was exploited based on simple high temperature
annealing of NF precursors and subsequent hydrothermal
reaction. By appropriately adjusting the pre-oxidation degree of
the NF substrate, well-dened grass-like Ni3S2 nanorod/nano-
wire arrays perpendicularly oriented on NF (NF-4-S) can be ob-
tained. Such a unique structural design effectively improved
ion/charge transportation along active Ni3S2 nanorods/nano-
wires to NF, and greatly increased the active area. Consequently,
the NF-4-S electrode delivered an extremely high specic areal
capacitance of 4.52 F cm�2 at a current density of 1.25 mA cm�2,
as well as good rate capability and long cycle stability. A corre-
sponding asymmetric supercapacitor was assembled which
possessed a high energy density of 48.5 W h kg�1 at a power
density of 87.4 W kg�1. Our supercapacitor device also exhibited
remarkable cycling stability with capacitance retention of 93.1%
aer 5000 cycles. More signicantly, this study provides a novel
perspective for the controllable architectural design of nickel
sulde electrodes. The present strategy could also be applied to
This journal is © The Royal Society of Chemistry 2016
create other composite materials with desirable nanostructures
for advanced energy storage applications.
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