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ABSTRACT

NizS,@polypyrrole/nickel foam (NizS,@PPy/NF) composite was successfully
synthesized by combining a facile hydrothermal synthesis and a simple elec-
trochemical-deposited process. For comparative study, the honeycomb-shaped
NizS; had in situ been grown on NF without the addition of any nickel salt to
obtain the Ni3S,/NF composite. The electrochemical measurement results show
that the area capacitance of the Ni;S,@PPy/NF electrode is 1.13 F cm™ that is
slightly lower than 1.26 F cm™? of the NisS,/NF electrode at a high current
density of 30 mA cm 2, yet its rate capability and cycling stability are far better
than those of the NizS,/NF electrode. Meanwhile, an asymmetric supercapacitor
on the basis of the NizS,@PPy/NF anode and the AC cathode exhibits a high
energy density and power density of 17.54 Wh kg™' and 179.33 W kg™ ' at
2.5 mA cm?, respectively; besides, the energy density is still 8.67 Wh kg™ at a
power density of 3587.41 W kg™ even at 50 mA cm ™2 Moreover, the capaci-
tances of the device remain unchanged after 3000 galvanostatic charge/dis-
charge cycles at a high current density of 30 mA cm™2. Furthermore, two such
1 cm® devices connected in series can light five 40-mW LED indicators or power
one of the same-power LED indicator for 20 min after being fully charged. The
results demonstrate that our asymmetric supercapacitor has a promising
potential in commercial applications.
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Introduction

Considering economic and environmental require-
ments, the search for novel high-performance energy
storage devices has become more and more important.
Energy storage devices, in particular supercapacitors,
a new class of electrochemical energy storage device,
have recently received considerable attention because
they can store more energy than conventional capaci-
tors and provide higher power than rechargeable
battery [1-3]. Besides, supercapacitors have been
widely used in numerous areas, including hybrid
electric vehicles, mobile electronic devices, military
device, and memory backup systems [4, 5].

Unfortunately, lower energy densities of superca-
pacitors, compared with lithium ion battery, have
restricted their practical applications [4]. Hence,
improvement of the energy density of supercapaci-
tors is of vital importance to meet the future energy
demands. As we all know, specific capacitance and
operating voltage of capacitor devices are two key
parameters for their energy density, which can be
calculated based on the following equation: E = 1/2
CV2, where E, C, V represent energy density, specific
capacitance, and operating voltage, respectively
[6, 7]. In this case, maximizing specific capacitance
and operating voltage of the device can greatly
increase the energy density of capacitors. Note that
the capacitors with organic electrolytes can provide a
wider voltage window than the aqueous electrolyte-
based capacitors, but the high cost, high toxicity, and
poor ionic conductivity of organic electrolytes limit
their applications to some extent [4, 8]. On the other
hand, aqueous electrolytes have higher ionic con-
ductivities and are environmentally robust and easy
to handle, but they suffer from narrow window of
operation voltage of less than 1 V [1, 9]. To solve this
problem, a novel device, asymmetric supercapacitor,
which can make full use of a battery-type Faradaic
electrode (positive electrode) and a capacitor-type
electrochemical double-layer electrode (negative
electrode), is designed to enlarge the operation volt-
age by combining two different potential windows in
the same aqueous electrolyte [10-13].

In addition, augmentation of the energy density of
supercapacitors can also be achieved via improving
the specific capacitance of the electrode materials. Till
now, numerous efforts have been devoted to study-
ing various electrode materials with high specific
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capacitance, good rate capability, and long cycle life.
Generally, electrode materials used in capacitors can
be classified into three major groups: carbonaceous
materials [14-19], conducting polymers [20-24] and
transition metal compounds [25-29]. Thereinto,
transition metal compounds have been widely
investigated because they store energy depending on
reversible faradic reactions at the electrode/elec-
trolyte interface. Among the multitudinous pseudo-
capacitive materials, metal sulfides (e.g., NiS,, CoS,,
and CuS,) have been subject to extensive research in
recent decades, due to their excellent intrinsic prop-
erties and good electrochemical performance [30].
Hereof, nickel sulfides, one of important member of
the metal sulfides, have recently aroused increasing
attention due to its relatively high theoretical capac-
ity, good electrical conductivity, and cost effective-
ness [31-33]. Besides, Ni3S,, one of the most
important phases of nickel sulfide, has captured
intense attention at present due to their high theo-
retical capacity, excellent rate performance, and
abundant availability of source. For instance, Zhou
et al. synthesized the NizS; nanorod@Ni(OH),
nanosheet core-shell nanostructures on a three-di-
mensional graphene network, which showed a large
specific capacitance of 1037.5 F g 'at5.1 A g 'and a
good cyclic stability [34]. Moreover, droplet-shaped,
hollow Ni;S, nanoparticles with a high capacitance of
1022.8 F g~ at scanning rate of 2 mV s~' were suc-
cessfully prepared on two-dimensional graphene
templates by Ou and his co-workers [35]. Therein,
they introduced either graphene or nickel foam (NF)
framework to increase the conductivity and the con-
tact area of electrode materials. In the recent years,
the study of binder-free electrodes for supercapaci-
tors has become a new research trend. To date, there
are so many research groups devoting to making
active materials in situ grow on NF to improve the
capacitive performances, such as the situ grown
NiCo,S4 nanotube arrays on NF [36] or the burl-like
nickel cobalt sulfide on carbon fibers [37]. Therefore,
in this study, binder-free electrodes are designed to
avoid the addition of addictive which will decrease
the electrochemical properties of active materials.

In addition, polypyrrole (PPy) has been widely
used in supercapacitors because of its high conduc-
tivity, storage ability, and good environmental sta-
bility [38]. For instance, Bose group established a
unique nanoarchitecture involving PPy and graphene
which exhibited excellent electrochemical property
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[39]. Li et al. fabricated PPy-multiwalled carbon
nanotube composites for electrochemical superca-
pacitors [40]. Therefore, in this work, we develop a
facile hydrothermal method and follow an electro-
chemical deposition to synthesize the NizS,@-
polypyrrole/nickel foam (NizS,@PPy/NF) compos-
ite, besides, for comparison, the NizS;/nickel foam
(NizS;/NF) was also prepared in the study. The
electrochemical measurement results show that the
NizS,@PPy/NF electrodes manifest enhanced supe-
rior rate capability and longer cycle life compared
with the Ni3S,/NF electrode. An asymmetric super-
capacitor, assembled using NizS,@PPy/NF as the
positive electrode and activated carbon (AC) as the
negative electrode, exhibits a high energy density and
power density as well as a good cycling performance
to meet the requirements of modern society for
energy-storage devices. Furthermore, two of the
devices connected in series can power LED indicators
even though the size is very small, demonstrating
that our supercapacitor prototype can be a promising
supercapacitor for practical applications. These find-
ings also supply a new strategy to enhance the rate
capability and cycle life of supercapacitors.

Experimental

Preparation of Ni;S,/NF and Ni;S,@PPy/NF
composites

All the reagents were of analytical grade and used as
received without further purification. Thiourea,
hydrochloric acid, absolute ethanol, and potassium
hydroxide were purchased from Kelon Chemical
Reagent. The acetone was obtained from Changlian
Chemical Reagent Co., Ltd. Pyrrole was purchased
from Aladdin Industrial Co., Ltd. And deionized water
(DI) was used for the whole experimental process.
The Ni;S,/NF composite was synthesized by a facile
hydrothermal process without adding any nickel salt.
The detailed procedure can be described as follows.
Before the typical hydrothermal reaction, the NF sub-
strate was cleaned successively followed by acetone,
6 M HC], absolute ethanol, and DI and then dried at
70 °C. After the above pretreatment process, several
pieces of clean NF (2 cm x 2 cm) were gained to usein
the later steps. Meanwhile, 5 mM thiourea (0.04567 g)
was dissolved in 120 mL DI to form a clear solution by
magnetic stirring. After the solution was stirred for
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30 min, the transparent solution and two pieces of
clean NF (2 cm x 2 cm) were transferred to a 200 mL
Teflon stainless-steel autoclave, heated in an oven at
160 °Cfor 12 h, and finally cooled to room temperature
naturally. The as-obtained products were rinsed with
DI and absolute ethanol several times, and then dried
at 70 °C for 5 h in vacuum to obtain the NizS,/NF
electrode. As is well known, PPy has been widely used
in supercapacitors to increase the conductivity of
electrode materials to improve the electrochemical
properties of the supercapacitor. Therefore, the Nij
5,@PPy/NF composite was synthesized by treating
the Ni;S,/NF composite and following a simple elec-
trochemical-deposited procedure. The electrochemi-
cal potentiostatic deposition process was performed at
room temperature on a conventional three-electrode
electrochemical workstation consisting of the as-pre-
pared NisS,/NF electrode (1 cm” in area), a platinum
plate counter electrode (2.25 cm? in area), and Ag/
AgCl as a reference electrode. The deposition potential
was controlled at 0.8 V, and the deposited time main-
tained at 50 s. Furthermore, the deposition solution
was prepared based on the method reported in a lit-
erature [41]. In brief, the transparent deposition solu-
tion for the electrodeposition of PPy was prepared by
dissolving 0.3355 g pyrrole monomer, 0.4256 g
LiClO,, and 1.6298 g sodium dodecyl sulfate into
50 mL DI. After the electrochemical deposition pro-
cess, black PPy film was observed on the surface of the
Ni3S,/NF electrode. The mass of active material
(Ni3Sy) is about 6.5 mg, which is derived from the
formula: m = Am x (Mni,s,/2Ms) = Am x 240/64. In
this study, a control group, subjected to hydrothermal
treatment of two pieces of clean NF (2 cm x 2 cm)
without thiourea under the same reaction conditions,
was designed to determine the mass reduction of NF at
160 °C. Therefore, in this equation, Am represents the
weight increments of NF after hydrothermal process at
160 °C as well as that resulted after combining with the
control group, which can be directly calculated
through the weight difference between the control
sample and the as-prepared electrodes in this paper,
where M is the molecular weight or the atomic weight.

Physicochemical characterizations of the as-
synthesized composites

The structural analysis of the as-prepared samples
was characterized by powder X-ray diffraction (XRD,
DX-1000 diffractometer), using a Cu Ko radiation in
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the 20 range of 10°-80°. The morphology and chem-
ical composition of the as-obtained electrode materi-
als were observed with field-emission scanning
electron microscopy (FE-SEM, HITACHI S-4800,
Japan) and X-ray energy-dispersive spectrometer
(EDX, HITACHI, Japan). The morphology and
microstructure of the products were also examined
with field-emission transmission electron microscopy
(FETEM, Tecnai G2 F20 S-TWIN, USA).

The fabrication and electrochemical
measurements of electrodes

All electrochemical properties of the as-synthesized
electrode materials were performed using a conven-
tional three-electrode system on an electrochemical
workstation (CHI660E, Shanghai, Chenhua Co., Ltd,
China). A series of in situ grown NizS,/NF electrodes
(Icm x1cm) and  NigS,@PPy/NF  electrode
(1 cm x 1 cm) were directly used as working electrode.
A piece of platinum plate (1.5 cm x 1.5 cm) and a Hg/
HgO electrode were used as the counter and reference
electrodes, respectively. 2 M KOH aqueous solution
was used as electrolyte. Thereinto, cyclic voltammetry
(CV) measurements were carried out in the potential
range of 0-0.55 V (vs Hg/HgO) at different scan rates of
5, 10, 20, 30, 40, 50, 100 mV s~ '. The galvanostatic
charge/discharge (GCD) experiments at various cur-
rent densities of 2.5, 5, 10, 20, 30, 40, 50 mA cm ™2 were
operated between 0 and 0.55 V (vs Hg/HgO) at room
temperature. Electrochemical impedance spectroscopy
(EIS) tests were employed by applying an AC voltage
with 5 mV amplitude in the frequencies ranging from
100 kHz to 0.01 Hz at the open-circuit potential. The
specific gravimetric capacitance and specific area
capacitance of electrode materials can be calculated
from GCD curves by virtue of the following equations
[42, 43]: Cy = [It/mAV and C, = [It/SAV, where C; is
the specific gravimetric capacitance (F g™"), C, is the
specific area capacitance (F cm™?), I is the discharge
current (A), t is the discharge time (s) in the potential
drop (AV, V) during discharge passage, m is the mass of
active materials (g), and S is the geometrical area of
electrode (cm?).

The assembly and electrochemical
measurements of asymmetric supercapacitor

An asymmetric supercapacitor, denoted as the Nij
5,@PPy//AC supercapacitor, was assembled with
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the NizS,@PPy/NF electrode as the positive electrode
and AC as the negative electrode. Moreover, the
NizS,/NF and AC electrodes were also used as the
positive electrode and the negative electrode,
respectively, to assemble an asymmetric superca-
pacitor named the Ni;S,//AC. The electrolyte in the
devices is also 2 M KOH aqueous solution, and
nonwoven fabrics are used as separator. The assem-
bling processes in detail for the asymmetric super-
capacitor are as follows: At first, the as-prepared
electrodes were immersed in the 2 M KOH electrode
for 12 h to facilitate penetration of the electrolyte.
Subsequently, an asymmetric supercapacitor proto-
type was fabricated relying on the sequence (current
collector, anode, separator, cathode, and current col-
lector). Finally, 2 M KOH was dropwise added into
the nonwoven until the separator was wetted com-
pletely, and then series of electrochemical measure-
ments were conducted in a typical two-electrode
system on an electrochemical workstation. Besides,
the entire parameter setting and the test methods are
similar to that of single electrode, as mentioned
above.

Results and discussion

Preparation and physicochemical
characterization of the electrode materials

The Ni3S,/NF electrode materials were synthesized
by a simple and facile in situ growth process which
can be briefly expressed as follows [35]:

NH,CSNH, + 2H,0O = 2NHj3 + H,S + CO, (1)
xNi +yHS = Ni.S, +yH> (2)

A photo-macrograph of the pristine NF, Ni;S,/NF,
and NizS,@PPy/NF electrode materials were pro-
vided in the Supporting Information (Fig. Sla).
Obviously, After a typical hydrothermal procedure
and a simple electrochemical deposition treatment, a
black product, that is, the NizS,@PPy/NF electrode
material, was obtained. In addition, the silver-colored
NF turned gray after hydrothermal reaction being
ascribed to the in situ growth of NizS, on NF. The
NizS,/NF composite was prepared to explore the
influence of the introduction of conducting polymer
on the electrochemical properties. Moreover, the
scheme for electrode materials preparation had also
been provided in the Supporting Information, as

@ Springer



3646
Ni;S,/NF
P A
. b l Ni3SZ@PPy/NF
:' A o A
&
g
w
§ o l Blank NF N
=
. I I JCPDS No.85-1802 Ni3S2
b1 F
JCPDS No.87-0712 NF
| :
L) v L) v v L

10 20 30 40 50 60 70 80
2-Theta (degree)

Figure 1 Typical XRD patterns of the NizS,/NF (a) and Ni;
S,@PPy/NF (b) electrode materials as well as the blank nickel
foam (c). For comparison, the standard patterns of Ni;S, (JCPDS
No. 85-1802) and NF (JCPDS No. 87-0712) are given.

shown in Fig. S1b, which vividly shows the prepa-
ration process of the electrode materials in this paper.

Figure 1 depicts a representative XRD pattern of
the as-prepared NizS,/NF and NizS,@PPy/NF com-
posites as well as the pristine NF. Distinctly, three
characteristic diffraction peaks in Fig. 1c can be
attributed to the blank NF (JCPDS 87-0712). The
crystalline structure of the NizS,/NF electrode was
analyzed by XRD as shown in Fig. 1a. Apparently,
the diffraction peaks in Fig. 1a can be indexed to
NizS, (JCPDS 85-1802) except three characteristic
peaks located at 44.5°, 51.9°, and 76.4° which belong
to the pristine NF, confirming that NizS,/NF has
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been successfully synthesized after hydrothermal
process. Figure 1b displays the XRD pattern of the
Ni35,@PPy/NF electrode material. Obviously, all of
the diffraction peaks in Fig. 1b are the same as that of
Fig. 1a, while there are no diffraction peaks for the
PPy. Through careful analysis and discussion, it is
possible that the content of the PPy is too small to
detection. Moreover, no other impure diffraction
peaks are detected in Fig. 1a and b, revealing the high
purity of samples. What's more, pretty high peak
intensity of the diffraction peaks implies that the as-
synthesized products have a good crystallinity.
Energy-dispersive X-ray spectrometry mapping
analysis was also carried out to further investigating
the composition of the NizS,@PPy/NF electrode
material. Figure 2 shows the EDX elemental mapping
images of the NizS,@PPy/NF composite. It is quite
clear that C, O, N, S, and Ni elements are found in
Fig. 2, indicating that Niz5; has in situ grown on NF,
besides, PPy film has also been successfully depos-
ited on the NizS,/NF composite. That is, the Nij
5,@PPy/NF electrode material has been obtained in
this study. Furthermore, EDX spectra of the NizS,/
NF and the Ni3S,@PPy/NF composites are also pro-
vided as shown in Fig. S2. Figure S2a depicts the EDX
spectrum of NizS,/NF, bringing out the existence of
Ni and S elements, namely, NizS; has in situ grown
on the NF substrate (proved by XRD result). The EDX
spectrum of the Ni3S,@PPy/NF composite shown in
Fig. S2b contains C, O, N, S, and Ni elements,
revealing that the Ni;S,@PPy/NF composite has been
successfully synthesized (in agreement with EDX

Figure 2 EDX elemental mapping images of the NizS,@PPy/NF composite.
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Figure 3 Different magnification FESEM images of the blank nickel foam (a, d), NizS,/NF (b, e), and Ni;S,@PPy/NF (c, f) electrode

materials.

elemental mapping analysis). In a word, the Ni;S,/
NF and the Niz;S,@PPy/NF composites have been
obtained based on the above mentioned results.
FESEM images of the pristine NF and the as-ob-
tained products at different magnifications are
shown in Fig. 3. Obviously, a typical three-dimen-
sional (3D) open-pore and crosslinked grid structure
of the blank NF can be clearly observed in Fig. 3a,
which facilitates easy access of electrolyte ions into
the active materials [30]. Moreover, a high-magnifi-
cation FESEM image of the pristine NF in Fig. 3d
exhibits a pretty smooth surface. Figure 3b and e
depicts the morphology of the NizS, sample sup-
ported on NF. A rough surface (Fig. 3b) is detected
after the hydrothermal procedure, demonstrating
NizS, in situ growth on the NF substrate (testified
by XRD and EDX results). From the higher magni-
fication FESEM image (Fig. 3e) of the NizS,/NF
electrode, it can be seen that the active material
shows honeycomb-shaped that is comprised of
crosslinked holes to form a 3D open network-like
nanostructure, which is beneficial to the permeation
of electrolyte and the transfer of electrons and
electrolyte ions. Besides, it can be found that the size
of the holes is approximately 50-100 nm. Further-
more, the morphology of the NizS,@PPy/NF com-
posite is also observed as shown in Fig. 3c and f.
From Fig. 3¢, it is evident that the smooth surface of
the NF base material roughens after the hydrother-
mal and the electrodeposited processes. Moreover, it
can be noticed that PPy film is found on the surface

of the honeycomb-shaped NizS, active material
observed from the higher resolution image (Fig. 3f),
implying PPy film was successfully electrodeposited
on the NizS,/NF composite. The FESEM results
demonstrate that electrode materials with a unique
honeycomb-shaped morphology have been acquired
after reactions.

FETEM measurement was implemented to further
investigate the morphology and structure of the as-
prepared products, as shown in Fig. 4. Figure 4a—c
depicts the typical FETEM images for the NizS; active
materials in situ grown on NF which are gained via
an ultrasonic treatment. From Fig. 4a—c, it is obvious
that a 3D open network-like nanostructure composed
of crosslinked holes for the NisS, active materials is
observed, indicating that the Ni3S; in situ grown on
NF has a 3D porous structure which will facilitate the
permeation of electrolyte and increase the active sites
of electrochemical reactions. From the higher reso-
lution image (Fig. 4c), the size distribution of the
NisS, electrode material is about 50-100 nm, in
agreement with the FESEM result. The Ni;S,@PPy
electrode material ultrasonically washed from the
NizS,@PPy/NF composite was also observed shown
in Fig. 4d—f. Clearly, it has no significant difference
with NizS, grown on NF apart from the existence of
PPy film. All in all, the FETEM results are in accor-
dance with the above FESEM results, demonstrating
a porous structure of the as-synthesized electrode
materials, which is beneficial to faradic electrochem-
ical reactions.
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Figure 4 FETEM images of Ni3S, in situ grown on nickel foam (a—c) and the Ni;S,@PPy composite deposited on nickel foam (d—f).

Electrochemical properties of the
as-prepared working electrodes

Electrochemical performances of the aforementioned
electrodes were investigated to determine the charge
storage property in a conventional three-electrode
system on a CHI 660E electrochemical workstation.
Figure 5a exhibits the comparison diagram of CVs of
the pristine NF and the as-synthesized electrodes at a
scanrate of 10 mV s~ . It can be clearly noticed that the
pure NFin the CVs plotis nearly straight line, implying
that the contribution of NF to the capacitance of the
whole electrode is so small that can be ignored. In
addition, the CVs of the Ni3S,/NF and the Ni;S,@PPy /
NF electrodes at 10 mV s™' can also be found in
Fig. 5a. Apparently, a pair of well-defined redox peaks
exists in each of the CVs of the as-prepared electrodes,
which is because of reversible redox reactions occurred
in the electrode surface during the electrochemical
process. It is well known that PPy is a typical con-
ducting polymers, which stores energy through the
faradaic redox reaction between PPy and electrolyte,
indicating its representative pseudocapacitive behav-
ior. The above result reveals that the as-obtained
electrodes are of pseudocapacitive type, which are
different from normal electric double-layer capaci-
tance, for which the CVs show a rectangular shape.
Furthermore, the area of the Ni3S,/NF electrode in the
CVs is slightly bigger than that of the NizS,@PPy/NF
electrode at the same scan rate, suggesting that the
specific capacitance of the NizS,/NF electrode is a bit
higher than that of the Niz;5,@PPy/NF electrode.
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Figure 5b and Fig. S3a show the CVs of the Nij
5,@PPy/NF and the Ni;S,/NF electrodes at different
scan rates (5-100 mV s~') within a voltage range of
0-0.55 V (vs Hg/HgO), respectively. From the CVs, it
is obvious that a couple of redox peaks is visible in all
CV curves, suggesting reversible redox reactions
occurred in the interface between active materials
and electrolyte [44]. Moreover, the CVs are almost
symmetric, revealing the excellent electrochemical
reversibility of the as-synthesized electrode materials.
In addition, the current response increases with the
increasing scanning rates, and the shapes of CV
curves are well retained even at a high scan rate of
100 mV s, indicating a good rate capability [34].
Nevertheless, the anodic peaks become more posi-
tive, and the cathodic peaks become more negative
with the increased scan rate attributing to an
increasing polarization at a higher scan rate [45]. The
anodic peak in the potential range of 0.45-0.55 V (vs
Hg/HgO) is because of the conversion of Ni(Il) to
Ni(Ill), while the cathodic peak in the range of 0.25-
0.40 V (vs Hg/HgO) can be attributed to the reverse
process. The reversible redox reactions of
Ni(II) < Ni(IIl) can be described as below [30, 46]:

Ni3S; + 30H™ < Ni3S,(OH),+3e” (3)

The GCD measurements were carried out to further
explore the electrochemical performances of the elec-
trode materials. Figure 5c shows the galvanostatic
charge/discharge curves of the NizS,@PPy/NF elec-
trode at a series of current densities (2.5-50 mA cm )
in the potential window of 0-0.55 V (vs Hg/HgO). The
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Figure 5 CV curves for the pristine NF, Ni;S,/NF, and Ni;S,@
PPy/NF electrodes under the same scanning rate of 10 mV s~ in
2 M KOH (a). CV curves (b) and charge—discharge curves (c) for
the Ni3S,@PPy/NF electrode. The area capacitances of the Ni;S,/
NF and the Ni;S,@PPy/NF electrodes at different current densities

charge/discharge curves of the NizS,/NF electrode
are also provided in the Supporting Information
(Fig. S3b). A plateau region can be distinctly observed
during the discharge process as shown in Fig. 5c and
Fig. S3b, exhibiting typically pseudocapacitive
behaviors of the NizS,@PPy/NF and the NizS,/NF
electrodes which is consistent with their CV results
[42, 47].

Considering the importance of area capacitance for
supercapacitors at practical level, the corresponding
area capacitances of electrode materials are provided,
which can be calculated relying on the formula
mentioned in “Experimental” section. Figure 5d is the
comparison diagram of specific area capacitances of
the NizS,@PPy/NF and the Ni3S,/NF electrodes at
different current densities. The area capacitances of
the NizS,@PPy/NF electrode are 1.69, 1.54, 1.40, 1.25,
1.13,1.03,0.91 F cm 2 at current densities of 2.5, 5, 10,
20, 30, 40 and 50 mA cm 2, respectively. However,
the area capacitances of the NizS,/NF electrode are
2.79, 2.45, 2.06, 1.62, 1.26, 0.97, 0.71 F cm™* at the
same current densities. Evidently, the area

Cycle Number

(d). Capacitance retention of the as-synthesized samples at a
current density of 30 mA ecm™> for 3000 charge/discharge cycles
(e). Nyquist impedance plots of the Ni3S,/NF and the NizS,@PPy/
NF electrodes (f).

capacitances of the NizS,@PPy/NF electrode are a bit
lower than that of the Ni3S,/NF electrode (in accord
with the above CV results) at some current densities,
which is attributing to many small bubbles adhered
on the surface of the NizS,@PPy/NF electrode to
hinder the contact between electrolyte and active
materials during the electrochemical measurements,
leading to the decrease of the area capacitances of the
NizS,@PPy/NF electrode. Furthermore, the area
capacitances of the as-prepared electrodes gradually
decrease with the increasing current densities,
because OH™ ions in electrolyte diffuse too slowly to
meet the demand of mass that OH™ ions required to
intercalate swiftly at the interface of electrode/elec-
trolyte at the high current density [48, 49]. It is worth
noting that the capacitance of the Ni;S,@PPy/NF
electrode still retains 54% of the initial capacitance
(1.69 F cm™2) while retaining 25% for the NizS,/NF
electrode when the discharge rate is increased twenty
times from 2.5 to 50 mA cm ™2, indicating that the rate
capability of the NizS,@PPy/NF electrode is better
than that of the Ni3S,/NF electrode (in agreement
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Figure 6 Arca capacitances as a function of the number of moles
of thiourea for the as-prepared electrodes.

with the variation tendency in Fig. 5d). The results
suggest that the introduction of PPy can increase the
electrical conductivity of electrode materials and
facilitate charge transport between PPy, NizS,, and
NF resulting in the improvement of the rate capa-
bility of the NizS,@PPy/NF electrode [50].

As cycling performance is another crucial factor to
evaluate the electrochemical performances of elec-
trodes, the long-term cycle life of the as-prepared
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electrodes was also assessed by means of consecutive
GCD test carried out at a current density of
30 mA cm? for 3000 cycles. Note that the area
capacitances of the NizS,/NF electrode are reduced
continuously during the cycling process, while the
area capacitances of the Ni;S,@PPy/NF electrode are
reduced primarily and remain stable after 1000
cycles. The decrease of the area capacitances during
the electrochemical process is ascribed to the peeling
off and microstructure variation of the active mate-
rials during the fast faradic redox reaction at a high
charge/discharge rate [47, 51]. Ultimately, the Nij
5,@PPy/NF electrode retains 58.16% of the initial
capacitance after 3000 times of cycling as shown in
Fig. 5e, which is higher than the value of 40.35%
shown for the NizS,/NF electrode, indicating that the
electrochemical stability of the Ni;S,@PPy/NF elec-
trode is better than that of the NisS,/NF electrode.
The inset in Fig. 5e depicts GCD curves for the first
ten times for the NizS,@PPy/NF electrode during
cycles at 30 mA cm 2. From the inset, it is known that
the GCD curves of the NizS,@PPy/NF electrode have
a good repeatability, indicating that the electro-
chemical reactions that occurred on the surface of
electrode material are highly reversible, resulting in a
good cycle life. The above results imply that the
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CV curves (b) and Charge—discharge curves (c) of the Niz;S,@
PPy//AC asymmetric supercapacitor. Current densities dependence
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introduction of PPy will improve the conductivity of
active materials and be beneficial to the transfer of
electrons and electrolyte ions, giving rise to the
enhancement of cycling stability of electrode materi-
als [52].

EIS technique was also employed at the open-cir-
cuit potential in the frequencies ranging from
100 kHz to 0.01 Hz to further characterize the elec-
trochemical properties of the as-prepared electrodes.
Figure 5f shows the Nyquist plots of the NizS,/NF
and the Niz;S,@PPy/NF electrodes. Apparently, the
impedance spectra exhibit approximately a semicir-
cular shape at the high-frequency region and a slash-
like shape at the low-frequency region, which is
commonly attributed to the interfacial charge transfer
resistance (R.;) between the electrode and the elec-
trolyte as well as Warburg resistance, respectively
[53]. It should be noticed that the diameter of the
semicircle of the NizS,/NF electrode at high fre-
quency is slightly smaller than that of the NizS,@
PPy /NF electrode; besides, the slope of the slash-like
shape of the NizS,/NF electrode at low frequency is
slightly steeper than that of the NizS5,@PPy/NF
electrode, indicating that the NizS,/NF electrode has
a larger electroactive surface area, which results in a
higher specific capacitance than that of the Niz5,@
PPy/NF electrode (in accordance with CV and GCD
results) [54]. In addition, the X-intercept of the
Nyquist plots represents the internal resistance (R.),
and the NizS,@PPy/NF electrode reflects a R, value
of 0.98 Q, whereas that of the Ni3S,/NF electrode is
1.19 Q, revealing that the Ni;S,@PPy/NF electrode
has a smaller internal resistance, resulting in a higher
rate capability and cycling stability [55, 56].

The effect of different active materials
on the electrochemical performances

As we all know, active materials are the deciding
factor to the electrochemical properties of electrode
materials. For this reason, different number of moles
of thiourea was investigated in this work to deter-
mine the effects of active materials on the electro-
chemical performances of electrodes. Hereof, number
of moles of thiourea with 0, 0.5, 1, 3, and 5 mM was
added during the hydrothermal process, respec-
tively, and the as-obtained products were denoted as
NS-0, NS-0.5, NS-1, NS-3 and NS-5. Note that NS-5 is
the NizS,/NF electrode researched above. The phases
and compositions of the samples were estimated by
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XRD as shown in Fig. 54. In the figure, it can be
noticed that NS-0 (Fig. S4a) without adding thiourea
can be indexed to Ni(OH), (JCPDS 14-0117) and NF
(JCPDS 87-0712), yet the content of Ni(OH), is so
small that the intensity of diffraction peaks for
Ni(OH), is quite low even invisibility. Figure S5
shows the energy-dispersive X-ray spectrum of the
NS-0. Clearly, only Ni and O elements can be found
in the spectrum, suggesting the existence of Ni(OH).
The XRD patterns of NS5-0.5, NS-1 and NS-3 can be
seen in Fig. S4b, c and d, respectively. Clearly, except
the peaks of Ni(OH), and NF, Ni;S, (JCPDS 85-1802)
can be found in Fig. S4b. Besides, the intensity of
diffraction peaks of Ni3S, increases gradually, while
the peaks for Ni(OH), disappear with the increasing
amounts of thiourea as shown in Fig. S4c and d.
Moreover, the XRD pattern of NS-5 can be observed
in Fig. 1la, which is attributed to NizS, (JCPDS
85-1802) and NF (JCPDS 87-0712).

FESEM measurements were carried out to further
characterize the morphology of the aforementioned
as-prepared products. Figure S6 depicts different
magnification FESEM images of the as-synthesized
samples with different thiourea amounts. Obviously,
all of the active materials evenly grow on the NF
substrate as shown in Fig. S6a, c, e, and g. A typical
sheet shape of NS-0 can be observed in Fig. S6b,
while the sheet is a bit thick approximating to
100 nm. Figure Sé6d exhibits the morphology of NS-
0.5, and a flake with the thickness of about several
nanometers and some bulks can be found in the
picture. The EDX elemental mapping testing finds
that the flakes and bulks are attributed to Ni(OH),
and NizS,, respectively, as shown in Fig. S7, in
keeping with the above XRD result. Figure S6f and h
show the microtopographic images of N5-1 and NS-3,
respectively. It is quite obvious that the morphology
of active material transforms to porous structure
contributing to the formation of NizS,, which is
beneficial to the immersion of electrolyte. The FESEM
image of NS-5 shown in Fig. 3e displays a more loose
porous structure resulting in superior electrochemi-
cal properties.

The electrochemical performances of the as-ob-
tained samples prepared by adding different
amounts of thiourea were tested via a GCD technique
in a three-electrode system at a current density of
2.5 mA cm 2. Figure 6 gives the area capacitances of
the as-prepared electrodes obtained by adding dif-
ferent thiourea. The area capacitances of NS-0, NS-

@ Springer



3652

0.5, NS-1, NS-3, NS-5 and NS-6 electrodes calculated
by corresponding formulation are 0.34, 0.43, 1.11,
1.71, 2.79 and 2.28 F cm 2, respectively. Actually,
higher number of moles of thiourea added during the
hydrothermal process was also prepared in this
study, such as 8, 10, 12 mM, and so on. Unfortu-
nately, the as-obtained composites are brittle and
given to easy cracking with the increasing amounts of
thiourea, which are not suitable as electrode materi-
als. Note that the area capacitance of NS-5 electrode is
the biggest, suggesting that the optimal number of
moles of thiourea is 5 mM. Taking into account all the
above results, it can be noticed that NS-5 electrode,
the aforementioned NisS,/NF electrode, has the
optimal electrochemical performance creating the
extensive research in this work.

An asymmetric supercapacitor
with NizS,@PPy/NF anode and AC cathode

While the area capacitance of NizS,@PPy/NF is
slightly lower than that of the Ni;S,/NF electrode, the
rate capability and cycling durability of Ni;S,@PPy/
NF are superior to those of the Niz;S,/NF electrode.
Therefore, an asymmetric supercapacitor prototype,
NizS,@PPy/ /AC, for the sake of convenience, based
on NizS,@PPy/NF as the positive electrode, AC as the
negative electrode, and nonwoven fabrics as the sep-
arator, was assembled with 2 M KOH aqueous solu-
tion as electrolyte. Figure 7a depicts the visual
schematic illustration of the NizS,@PPy//AC asym-
metric supercapacitor device. The electrochemical
properties of AC single electrode can be seen in the
Supporting Information as shown in Fig. S8. The
specific capacitance calculated from AC electrode is
188.71 F g~ ' ata current density of 2.5 mA cm > Note
that the charge balance between the anode and the
cathode of the asymmetric supercapacitor is fairly
important which is on the basis of the relationship:
g" = g~. In addition, the stored charges () of the
electrode can be calculated depending on the equation
[12,31]: g = CAVm, where C is the specific capacitance
of electrode, AV is the potential window of electrode,
and m is the mass of the electrode materials. Conse-
quently, the mass loading of AC in the Ni3S,@PPy//
AC device is about 5 mg. That is, the total mass of
active materials in the two electrodes is 11.5 mg.

The capacitive performances of the as-assembled
NizS,@PPy//AC asymmetric supercapacitor were
investigated by CV and GCD measurements in a two-
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electrode system on an electrochemical workstation
as shown in Fig. 7b and c, respectively. Figure 7b
shows the CVs of NizS,@PPy//AC prototype with a
potential window of 0-1.65 V at various scan rates of
5, 10, 20, 30, 40, 50, and 100 mV s~ ! As expected,
typical redox peaks exist in all the CV curves
implying the pseudocapacitive behavior of the as-
assembled device. Meanwhile, with the increase of
scan rate from 5 to 100 mV s, the shapes of CV
curves of the capacitor do not change, indicating its
good electrochemical performance [31]. Typical gal-
vanostatic charge/discharge curves of the Ni;S,@
PPy//AC device at different current densities
(2.5-50 mA cm™?) are provided in Fig. 7c. It can be
seen that the voltage of the cell is as high as 1.65 V.
Besides, the charge/discharge curves of the capacitor
are different from the linear potential response of
double electric layer capacitor demonstrating the
pseudocapacitive characteristics arising out from the
redox reaction within this voltage range of the Nis
5,@PPy//AC asymmetric supercapacitor cell (con-
firmed by CV tests). The corresponding specific
capacitance values calculated for the Niz;S,@PPy//
AC capacitor shown in Fig. 7d are 46.39, 41.04, 36.48,
31.51, 28.14, 25.5 and 22.92 F g_l at current densities
of 2.5, 5,10, 20, 30, 40, 50 mA Cmfz, respectively. For
comparison, the corresponding capacitances of the
NisS,//AC asymmetric and AC//AC symmetric
supercapacitors are also provided in Fig. 7d. Appar-
ently, the capacitance value of the Ni3S,//AC cell at
2.5 mA cm 2 is slightly higher than that of NisS,@
PPy//AC; however, the capacitance values of the
NisS,//AC device are smaller than those of NisS,@
PPy//AC when current densities increase to
5.0 mA cm ™2, indicating that our assembled NizS,@
PPy//AC asymmetric cell has a greater rate capa-
bility, which is consistent with the single electrode
test results. Moreover, capacitances of our prepared
asymmetric devices are much bigger than that of
AC//AC symmetric supercapacitor. The CV and
GCD curves of AC//AC symmetric capacitor are
also provided in Fig. S9.

Ragone plots relating the energy density to the
power density are an efficient way to evaluate the
capacitive performance of the as-assembled capaci-
tors. The formula for energy density has been given
above (shown in introduction), and the power density
(P) can be calculated by the equation [9, 43]: P = E/At,
where E is the energy density, and At is the discharge
time. Figure 7e illustrates Ragone plots relative to the
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Figure 8 A picture showing that two asymmetric supercapacitors in series can light up five LED indicators (40 mW) after fully charged
(a). Pictures of a same power LED indicator at different stages after two asymmetric supercapacitors in series charging to 3.3 V (b).

corresponding energy and power densities with cur-
rent densities in the range of 2.5-50 mA cm ™ of the
NizS,//AC and the NizS,@PPy//AC asymmetric
supercapacitors as well as AC//AC symmetric
supercapacitor. It is worth noting that the energy
density and power density of the NizS,@PPy//AC
asymmetric supercapacitor at 2.5 mA cm™? are 17.54
Wh kg~ ' and 179.33 W kg™ !, respectively, which are
little lower than those of the Ni3S,//AC asymmetric
supercapacitor (17.73 Wh kg™' and 179.32 W kg,
correspondingly), but the energy densities of the Nij
S,@PPy//AC cell are higher than those of the NisS,//
AC with the increase of current densities, keeping pace
with the specific capacitances result. Evidently, energy
and power densities of asymmetric devices are much
higher than those of AC//AC symmetric superca-
pacitor (5.4 Whkg™' and 10029 W kg™', corre-
spondingly). The corresponding energy densities and
power densities of the AC//AC symmetric superca-
pacitor at different current densities are provided in
Table S1 seen in Supporting Information. Furthermore,
at a higher charge/discharge current density of
50 mA cm?, the energy density of the Ni;S,@PPy/ /
AC device reaches 8.67 Wh kg ™' at a power density of
3587.41 W kg~'. Obviously, 49.43% of the energy
density of the asymmetric supercapacitor is retained
when the discharge rate is increased twenty times from
2.5t050 mA cm 2, implying that the energy density of
the as-fabricated asymmetric supercapacitor is rela-
tively stable.

The cycle life is another essential factor to weigh the
electrochemical property of an energy storage system.
Figure 7f shows the specific capacitance of the Nij
5,@PPy//AC asymmetric supercapacitor as a func-
tion of cycle number at a high current density of

30 mA cm ™ *between 0 and 1.65 V for 3000 cycles. It is
easy to notable that the specific capacitance gradually
increases until reaching the maximum value during
theinitial 1250 cycles attributing to the full activation of
electrode materials [42, 57]. Then the specific capaci-
tance reduces slightly and basically keeps steady at
subsequently repeated GCD cycles. At last, the
capacitance retention of the device is 100.10% after
3000 repeated GCD tests at a high current density of
30 mA cm™?, revealing that our NizS,@PPy//AC
asymmetric supercapacitor has a good cycle life which
is highly desired in practical applications.

To further evaluate the practical stored charge abil-
ity of our Niz5,@PPy//AC asymmetric supercapaci-
tor, two asymmetric supercapacitors in series were
assembled, and the devices could easily light five red
LED indicators (40 mW) after charging to 3.3 V at a
charge/discharge current density of 2.5 mA cm 2
even though the dimension of each supercapacitor is
only 1 cm? (Fig. 8a). In addition, photographs of a red
LED indicator (40 mW) at different lighting time as
shown in Fig. 8b. It can be clearly observed that the
light of the red LED indicator gradually darkens as
time goes by, nevertheless the light of the LED is
effective enough for indicator after lighting 20 min.
The above results indicate the potential applications of
our NizS,@PPy//AC asymmetric supercapacitor
prototype in supercapacitor devices.

Conclusions
We have successfully in situ grown honeycomb-

shaped NizS, on the NF substrate through a facile
one-pot hydrothermal method and synthesized the
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NizS,@PPy/NF composite combining a simple elec-
trodeposited process. The area capacitance of the
NizS,@PPy/NF composite can maintain 54% of the
initial capacitance (1.69 F cm™%) while 25% for the
NizS,/NF electrode when the discharge rate is
increased twenty times from 2.5 to 50 mA cm 2,
indicating that the introduction of PPy conducting
film can improve the rate capability of electrode
materials. Besides, the cycling durability of the Nij
5,@PPy/NF electrode is better than that of the Ni;S,/
NF electrode. These results imply that combining the
electrode materials with PPy is one way to enhance
the rate capability and cycling stability of electrodes.
Considering the more excellent capacitance perfor-
mances of the Ni;S,@PPy/NF electrode, an asym-
metric supercapacitor cell based on Ni;S,@PPy/NF
and AC was assembled, which exhibits a high energy
density and power density. What’s more, the capac-
itance of the as-fabricated prototype cycled repeat-
edly in the voltage range of 0-1.65 V retains 100.10%
of the initial capacitance after 3000 charge/discharge
cycles at a high current density of 30 mA cm ™2 Two
such devices connected in series can light LED indi-
cators after charging to 3.3 V. These results suggest
that our NizS,@PPy//AC asymmetric supercapacitor
cell is a promising candidate for future energy stor-
age applied in hybrid electric vehicles and electric
vehicles.
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