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Nanoengineered Skeleton-surface of Nickel Foam with Additional
Dual Functions of Rate-capability Promotion and Cycling-life
Stabilization for Nickel Sulfide Electrodes
Yanhong Li,[a, b] Yuanyuan Liu,[a] Jing Li,[a] Meiri Wang,[a] Wei Wang,*[a] and Hongtao Cui*[a]

Abstract: Battery-type electrode materials such as NiS applied
in Faradaic supercapacitors (FSs) could display poor perform-
ance with regard to rate-capability and cycling stability due
to the inappropriate texture of the electrodes. Numerous
works focussed on tuning the microscopic structure of
electrode materials, but neglected the influence of the
microscopic structure of current collectors such as nickel
foam on the electrochemical performance of FSs. In this
work, the performance of NiS is associated with the micro-

scopic structure of nickel foams by decorating the 2D porous
nanostructured NiS on a 2D nanoengineered skeleton-surface
of nickel foams. It could be inferred from the characterization
results that the synergistic effect of both 2D nanostructured
NiS and nickel foam significantly promotes the rate-capability
and stabilizes the performance of NiS. Asymmetric super-
capacitors using the dually nanostructured NiS/nickel foam as
positive electrode and AC as negative electrode exhibit both
high energy and high power densities.

Introduction

Supercapacitors (SCs) are one category of attracting energy
storage devices for the application in some burgeoning areas
such as portable electronics, hybrid electric vehicles, smart
electricity grids storing the intermittent energy, etc.[1–7] The two
basic types of SCs including electrical double layer capacitors
(EDLCs) and Faraday supercapacitors (FSs) present their own
featured electrochemical mechanisms of energy storage and
release. The mechanism of electrostatic attraction at the
carbon/electrolyte interface is the source of the high power
density and low energy density signature of EDLCs,[8,9] and yet
the mechanism of faradaic redox reaction of FSs leads to its
converse signature.[10–13] Consequently, one prevailing research
interests focuses on the construction of nanostructured electro-
des in FSs, trying to achieve SCs with both high energy and
high power densities.[14–17]

It is known that the capacitance of FSs arises from the
faradaic redox reactions at/near the surface of a material in
contact with electrolyte ions. Based on this electrochemical
mechanism, there exist two strategies of assembling electrodes
in FSs: (1) coating the nanostructured materials on current
collectors by the traditional manufacturing method of electro-
des; (2) decorating the nanostructured materials on the skeleton
surface of current collectors. For the first strategy, the simple

coating of nanostructured materials on current collectors would
induce the disordered packing of material particles in electro-
des, thus resulting in the unsmooth transfer of electrolyte ions
from electrolyte solution into electrodes. On the other hand,
the using of binder for the coating process would significantly
reduce the electrical conductivity of electrodes. For the second
strategy, relevant works reveals that the electrodes in which the
current collectors are decorated with structurally well-designed
materials are highly favorable to the charge-discharge process,
showing excellent electrochemical characteristics much superior
to the electrodes assembled by coating the nanostructured
materials on current collectors.[18–21] This stems from the fact
that the electrodes with structurally well-designed materials
decorated on current collectors fits the electrochemical mecha-
nism of FSs, especially for the battery-type electrode materials.
Based on these considerations, it could be concluded that the
current collector is a key for the assembly of high-performance
electrodes, which is responsible for the smooth transportation
of electrons and also the electrochemical performance of
electrode materials.

Some carbon materials such as carbon nanotubes, carbon
foam, and carbon cloth are emerging as new types of current
collectors due to their excellent electrical conductivity and
suitable microstructure for the decoration of electro-active
materials as compared with the traditional current collectors
such as nickel foam.[22–24] However, these carbon materials have
not become the predominant current collectors in FSs owing to
their intrinsic disadvantages such as low mechanical strength,
hydrophobicity, high cost, and difficulty in preparation.[25] The
nickel foam with micron-scale 3D framework has been exten-
sively used as current collector in batteries due to its
appropriate electrical conductivity, mechanical strength, and
alkali resistance. In the FSs using alkali as electrolyte, nickel
foam has been considered as the optimum current collector
precisely because of these advantages.
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Most of works have focused on decorating various
hierarchical nanostructures of materials on the skeleton surface
of nickel foam.[26–32] However, it is worth noting that almost no
works cares about the effect of microstructure of nickel foam
on the electrochemical performance of FSs. It is known that the
most prominent weakness of nickel foam is the negligible
surface area of its micron-scale framework. Therefore, to keep
the high capacity of materials, the loading amount of materials
on nickel foam is quite limited, which would result in the low
energy density of FSs. To pursue high energy, the materials
have to grow upwardly on the skeleton surface of nickel foam
in order to load appreciable amount of materials. The issue
arising therefrom is the low percentage of contact area
between nickel foam and materials, which thus causes two
consequences:[33–36] (1) the obstructed electron transportation
between materials and current collector, especially for the
weakly conductive materials such as sulfides, hydroxides, and
most metal oxides, which would lead to the low rate-capability
of materials and powder density of FSs; (2) the weak mechanical
support for buffering the stress originating from the volume
swelling and shrinking of electro-active materials during the
charge-discharge cycles. In other words, the function of nickel
foam is confined to the traditional role of current collector and
the substrate for the decoration of nanostructured electrode
materials. As a result, it is reasonable to infer that nano-
engineering the skeleton surface of nickel foam to significantly
increase its surface area and facilitate the growth of nano-
structured materials is a key aspect for further boosting the
performance of FSs.

Nickel sulfide is a promising battery-type electrode material
for application in FSs due to its high theoretical specific
capacity.[37–39] However, nickel sulfide also has the common
weakness of transitional metal sulfides, namely the low
electrical conductivity and low cycling stability. In this work, we
tried to nanoengineer the skeleton surface of nickel foam by an
electrodeposition method for its use as an advanced current
collector with dual functions including electron transportation
conductor and suitable carrier for the decoration of appreciable
amount of nickel sulfide. During the electrodeposition, wrinkled
nanostructure was produced on the skeleton surface of nickel
foam, which thus increased the surface area of nickel foam. In
the next step of electrodeposition, an appreciable amount of
sheet-like nickel sulfide grew in a way fitting the wrinkled
skeleton surface of nickel foam, forming a 2D porous wrinkled
nanostructure. As a result of this ordered microstructure, the
nickel sulfide electrode presented high rate-capability and
enhanced cycling stability, which is attributed to the increased
electrical conductivity of electrode, the thin thickness of
wrinkles, and the fully functional mechanical support of nickel
foam.

Results and Discussion

The pristine nickel foam with 3D macroporous structure is an
excellent current collector of FSs due to its above-mentioned
advantages. The most significant disadvantage of nickel foam is

its negligible surface area, which is unfavorable to the electro-
chemical performance of FSs. In this work, we electrodeposited
the nanostructured nickel sulfide on the pristine nickel foams
and the skeleton surface-wrinkled nickel foams according to the
scheme in Figure 1a, trying to associate the performance of FSs
with the microstructure of current collector. The FE-SEM images
in Figure 1b–c indicate that the skeleton of pristine nickel foam
has the typical smooth surface. To create nanostructured
surface, we treated the skeleton surface of pristine nickel foams
by the chronopotententiometry electrodeposition method in an
aqueous solution of NiCl2 and NH4Cl. The FE-SEM images in
Figure 1d–e show that the skeleton of as-electrodeposited
nickel foam presents the homogeneously wrinkled surface. In
the XRD patterns of Figure 1f–g, both the skeleton surface-
wrinkled nickel foams and the powder falling from the nickel
foams during the chronopotententiometry electrodeposition
exhibit the typical structure of metal nickel (JCPDS no. 65-2865).
The result of structural analysis proves that the wrinkled
nanostructure on the skeleton surface of nickel foams is metal
nickel. The formation mechanism of wrinkled nanostructure can
refer to the two simultaneous processes mentioned in some
works:[38,40,41] (1) the electrochemical reduction of nickel ions in
nickel salt solution to form metal nickel; (2) the growth of metal
nickel on the skeleton surface of nickel foam using the
hydrogen bubbles produced via a water electrolysis reaction as
dynamic template. The specific surface area of the skeleton
surface-treated nickel foam calculated from its isotherms by the

Figure 1. (a) Schematic illustration for the synthesis of nickel sulfide
decorated on the pristine nickel foam and skeleton surface-wrinkled nickel
foam; FE-SEM images of (b–c) pristine nickel foam and (d–e) skeleton
surface-wrinkled nickel foam at different magnification; XRD patterns of (f)
the skeleton surface-wrinkled nickel foam and (g) the nickel powder falling
from nickel foam during the chronopotententiometry electrodeposition.
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Brunauer-Emmett-Teller (BET) method is 0.1694 m2g� 1, 4.3 times
larger than that of pristine nickel foam (0.0395 m2g� 1). This
result indicates that the electrodeposition treatment can
increase the specific surface area of nickel foam significantly by
building the wrinkled nanostructure on the skeleton-surface.

According to the scheme in Figure 1a, the nickel sulfide was
deposited on the pristine nickel foams (NF-x) and the skeleton
surface-wrinkled nickel foams (ED-NF-x) by a cyclic voltammetry
electrodeposition method at the respective scan rates of 5, 10,
15, 20 or 25 mVs� 1. Because the NF-x series samples exhibit the
similar surface morphology, we just show the typical FE-SEM
images of sample NF-15 in Figure 2a-b. The two images show
that the nickel sulfide on the skeleton surface of NF-15 has the
irregular distribution on the surface. In some locations of the
surface, the nickel sulfide grows in a way fitting the smooth
skeleton surface of nickel foam, forming a wrinkled 2D
structure. In other locations, the nickel sulfide nanosheets are
closely stacked together to form 3D clusters. In the FE-SEM
images of Figure 2c–h, the ED-NF-x series samples then present
the completely different morphology. These images reveal that
these samples have much more homogeneous hierarchical
nano-architecture of nickel sulfides on the skeleton surface than
sample NF-15. It seems that the nickel sulfide nanosheets grow
along the wrinkled skeleton surface of nickel foam, eventually
forming the ordered 2D wrinkled nanostructure. The elemental
mapping result in the inset of Figure 2 shows that the two
elements of nickel and sulfur distribute in the nanostructure of
nickel sulfide homogeneously. The FE-SEM images in Figure 2

also indicate that the difference between these ED-NF-x
samples is the size, depth and pore wall thickness of macro-
pores. It is observed that the size, depth and pore wall thickness
decrease with the increase of scan rate. It looks that the pore
structure almost disappears in the sample ED-NF-25, and its
closely stacked nanosheet clusters look like those in sample NF-
15. The N2 adsorption-desorption isotherms in Figure S1a
indicates that the ED-NF-x series samples have a similar
hysteresis loop suggesting their porous structure, while the
sample NF-15 presents the type II isotherms referring to the less
pore-structure. The calculated results from these isotherms
show that the sample ED-NF-15 has the largest specific surface
area of 66.88 m2g� 1 excluding the contribution of nickel foam
substrate, much larger than that of sample NF-15 and other ED-
NF-x series samples. Meanwhile, the pore size distribution
curves in Figure S1b prove the richest mesopores in sample ED-
NF-15. It could be inferred from these results of FE-SEM
observation and surface analysis that the scan rate applied
during the cyclic voltammetry electrodeposition has a signifi-
cant influence on the morphology and surface area of the nickel
sulfide decorated on the skeleton surface-wrinkled nickel
foams.

We analyzed the elemental composition of the nickel sulfide
powder samples (P-x) falling from the skeleton surface-wrinkled
nickel foams during the cyclic voltammetry electrodeposition
by various characterization methods including XRF, XPS and
EDS. As shown in Table S1, the composition obtained by various
characterization methods is approximately same for the same
samples. Table 1 indicates that all samples have the nearly
same composition with atomic ratio of 1 : 1 for the nickel and
sulfur elements. The XRD patterns of ED-NF-x and P-x series
samples in Figure S2 show that the nickel sulfide in these
samples is amorphous. From these results, it could be
concluded that the as-prepared nickel sulfide could be denoted
as amorphous NiS. The XPS characterization result in Figure S3
shows that there exist both signals of Ni2+ (Ni 2p3/2~850.23 eV;
Ni 2p1/2~867.43 eV) and Ni3+ (Ni 2p3/2~853.39 eV; Ni 2p1/2~
871.31 eV) in these P-x series samples, confirming that the
amorphous NiS is a multivalent nickel sulfide.

To associate the performance of NiS with the microstructure
of current collector, we compare the electrochemical properties
of the ED-NF-x series samples in Figure 3 and Figure S4 in the
first step. In the CV curves (Figure 3a and Figure S4a), all these
samples present a pair of redox peaks, corresponding to the
typical faradaic behavior of nickel sulfide in alkaline electrolyte
solution.[42,43] In the galvanostatic curves (Figure 3b and Fig-
ure S4b), the sample ED-NF-15 has the longest charge-discharge

Figure 2. FE-SEM images of (a–b) NF-15, (c–d) ED-NF-5, (e-f) ED-NF-15, and
(g–h) ED-NF-25; (insets) elemental mapping of nickel and sulfur.

Table 1. The reaction condition and sample no.

Scan
rate
[mV s� 1]

Nickel sulfide decorated on
the skeleton surface-
wrinkled nickel foams

Nickel
sulfide
powder

Nickel sulfide
decorated on the
pristine nickel foams

5 ED-NF-5 P-5 NF-5
10 ED-NF-10 P-10 NF-10
15 ED-NF-15 P-15 NF-15
20 ED-NF-20 P-20 NF-20
25 ED-NF-25 P-25 NF-25
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duration at low and high current densities. In the curves of
specific capacity vs. current density (Figure 3c and Figure S4c),
this sample exhibits the highest capacity within the whole
range of current densities. It has the specific capacity of 1071,
1023, 998, 950, 921, 893 and 851 Cg� 1 at the respective current
densities of 4.0, 6.0, 7.9, 11.9, 15.9, 19.8 and 29.8 Ag� 1. At a high
current density of 29.8 Ag� 1, its specific capacity still keeps
81.3% of the value at 5.0 Ag� 1, while those of the samples ED-
NF-5 and ED-NF-25 decay to 63.14% and 63.02%, respectively.
This result demonstrates that the sample ED-NF-15 has much
higher rate-capability than the other ED-NF-x series samples,
which could be attributed to its lower interfacial charge-transfer
resistance (Rct) originating from the smaller pore wall thickness
of NiS. To prove this conclusion, we measured the electro-
chemical impedance spectroscopy (EIS) of these ED-NF-x
samples. In the Nyquist plots derived from EIS (Figure 3d and
Figure S4d), the almost vanished semicircle of sample ED-NF-15
demonstrate its lowest Rct. This figure also shows that all the
ED-NF-x series samples have almost same series resistance,
which could be attributed to their similar ordered 2D wrinkled
nanostructure growing along the surface of nickel foams. The
cycling stability of the ED-NF-x series samples was tested to
give a clue for understanding the relation between the
structure and performance of NiS. The result in Figure 3e shows
that the samples ED-NF-5, ED-NF-15, and ED-NF-25 have the
respective capacity retentions of 69.9%, 92.3% and 89.5% after
the initial 200 charge-discharge cycles. During the follwing
cycles, the capacities of these three rsamples decay slowly. After
10000 cycles, these samples keep the 47.7%, 81.5%, and 64.5%

of their initial capacity respectively. In other words, the sample
ED-NF-15 has the highest cycling stability. Based on the FE-SEM
observation results, it could be inferred from the cycling
stability test result in Figure 3e that the 2D structure with
homogeneously distributed wrinkles is more favorable to buffer
the stress generated in NiS during the electrochemical reaction.

In the second step to associate the performance of NiS with
the microstructure of current collector, we compare the electro-
chemical properties of samples NF-15, ED-NF-15 and P-15 that
were prepared at the exact same conditions. The results of
electrochemical measurement in Figure 4 and Figure S5 could
prove the key role of the microstructure of current collector in
the electrochemical performance of NiS. In the CV (Figure 4a)
and galvanostatic (Figure 4b) curves, the sample ED-NF-15 has
the smallest redox potential difference (ΔE) (300, 270 and
320 mV for samples NF-15, ED-NF-15, and P-15, respectively),
and the longest charge-discharge duration at low and high
current densities. The smallest ΔE of sample ED-NF-15 suggests
its highest faradaic reaction reversibility. The curves of specific
capacity vs. current density in Figure 4c indicate that the
sample ED-NF-15 has the much higher rate-capability than the
other two samples. To demonstrate the advantage of this
sample, we compare it with the recently published works
shown in Figure 4d. Because the nickel sulfide in most of
literatures used specific capacitance (Fg� 1) as the capacity unit,
we translated the specific capacity of NiS (Cg� 1) in our work to

Figure 3. (a) CV curves at scan rate of 20 mVs� 1, (b) GCD curves, (c) curves of
specific capacity vs. current density, (d) Nyquist plots, and (e) cycle stability
of ED-NF-5, ED-NF-15, and ED-NF-25.

Figure 4. (a) CV curves at scan rate of 20 mVs� 1, (b) GCD curves, and (c)
curves of specific capacity vs. current density for samples NF-15, ED-NF-15
and P-15; (d) Comparison of this work and other related works; (e) Nyquist
plots and (f) cycling stability of samples NF-15, ED-NF-15 and P-15.
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specific capacitance for the convenient comparison. In Fig-
ure 4d, it is shows that the sample ED-NF-15 has the highest
electrochemical performance including specific capacitance and
rate-capability among various nanostructured nickel
sulfides.[44–54] It is noteworthy in the Nyquist plots of Figure 4e
that the sample ED-NF-15 has the nearly same Rct to NF-15,
while it has much lower Warburg resistance (W) than NF-15
(concluded from its larger slop). This EIS result is fully
correspondent with the FE-SEM observation result in Figure 2.
As shown in the FE-SEM images of Figure 2, both samples of
NF-15 and ED-NF-15 present the similar 2D wrinkled structure
with the similar thickness of wrinkles, which thus results in their
nearly same Rct. At the same time, the closely stacked NiS
nanosheets clusters in the sample NF-15 would obstruct the
fast transfer of electrolyte ions inside clusters, leading to its
larger Warburg resistance than the sample ED-NF-15.

Based on the electrochemical principle of battery-type
electrode materials in FSs, we can establish a relation between
the cycling stability and structure of NiS. As shown in Figure 4f,
the sample ED-NF-15 has much higher cycling stability than
other two samples. It still remains 79.6% of its initial capacity
after 20000 cycles, while the capacity of samples NF-15 and P-
15 rapidly decays to 47.2% and 34.7% after 10000 cycles,
respectively. In the FE-SEM images (Figure S6a–b), the sample

ED-NF-15 after 10000 cycles almost keeps its initial 2D wrinkled
nanostructure on the surface of nickel foam, indicating its high
structural stability. However, it is also observed that there exist
some cracks in this sample, which may be the main reason for
its decay of capacity. It is concluded from the results in Figure 4f
and Figure S6 that the cycling stability of NiS is related with the
interaction between NiS and current collector. The degree of
mechanical supporting from current collector for these samples
could be listed as ED-NF-15>NF-15>P-15. As a result, the
cycling stability of these samples is correspondingly listed as
the same sequence. This result agrees with the stabilizing
mechanism of battery-type electrode materials in FSs.[22,33]

Herein, it could be inferred from the above mentioned results
that the synergistic effect of both nanostructured NiS and
current collector has greater influence on the electrochemical
performance of FSs than the unilateral nano-structuration.

In this work, we assembled the asymmetric supercapacitors
(ED-NF-15//AC ASCs) shown in Figure 5a featuring both high
energy and high power densities by employing the sample ED-
NF-15 as positive electrode and activated carbon (AC) as
negative electrode. Before testing the assembled ASCs, we
measured the electrochemical properties of AC. As shown in
Figure S7a, the CV curves of AC at different scan rates exhibits
the characteristic electric double-layer capacitance within the

Figure 5. (a) Schematic illustration of ED-NF-15//AC ASCs; (b) CV curves of ED-NF-15 and AC at scan rate of 50 mVs� 1; (c) CV curves and (d) GCD curves of ASCs
with different cell voltages varying from 0–1 V to 0–1.6 V; (e) CV curves of ASCs at different scan rates; (f) GCD curves of ASCs at different current densities; (g)
curve of specific capacity vs. current density for ASCs; (h) Nyquist plot of ASCs; (i) Ragone plot of ASCs and the comparison of this work with other related
works (* the two data points with the same color represent the respective energy densities at the corresponding high and low power densities).
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potential range of � 1.0–0 V. The Figure S7b indicates that the
AC has a high specific capacitance of 267.0 Fg� 1 at 2.6 Ag� 1,
which demonstrates that the AC can be used as a negative
electrode in ASCs. In Figure 5b, the CV curves of sample ED-NF-
15 and AC were respectively obtained at a scan rate of
50 mVs� 1 in a three-electrode system. In this figure, the
relatively ideal rectangular shape of CV curve for AC indicates
its charge storage mechanism of electrical double layer
capacitance, while the obvious redox peaks of CV curve for
sample ED-NF-15 suggest the characteristics of its redox
reactions. In Figure 5c–d, the CV and GCD curves of ASCs were
measured in a 3.0 M KOH solution with different cell voltages
varying from 0–1 V to 0–1.6 V. It could be judged from this
figure that the optimal operating potential of ASCs is 1.6 V
because there exists no obvious polarization phenomenon.

In Figure 5e, the CV curves of ASCs at scan rates from 5 to
100 mVs� 1 demonstrate that the as-fabricated asymmetric
supercapacitor has an excellent capacitive behavior within
potential range of 0–1.6 V. The typical GCD curves at different
current densities in Figure 5f show that the potential-time
curves are almost symmetric at all current densities. The Nyquist
plot in Figure 5g shows that the ASCs has a low series resistance
(Rst=0.97 Ω). The curve in Figure 5h indicates that the specific
capacity of ASCs calculated from its GCD curves at different
current densities show a high value of 161.8 Cg� 1 at a low
current density of 0.6 Ag� 1, and still keeps a high value of
64.8 Cg� 1 at the high current density of 5.7 Ag� 1. In Figure 5i,
the Ragone plot shows that the ASCs has an energy density of
52.7 Whkg� 1 at the low power density of 665.5 Wkg� 1, and it
keeps the energy density of 18.5 Wkg� 1 at the high power
density of 5.8 kWkg� 1. In this figure, we also compare the ED-
NF-15//AC ASCs with those fabricated in other recently
published works. It could be concluded from this figure that the
ED-NF-15//AC ASCs has the highest energy density.

Conclusion

In summary, NiS was decorated on the skeleton surface of
nickel foams by a cyclic voltammetry electrodeposition method,
forming an 2D wrinkled porous nanostructure of NiS fitting the
wrinkled skeleton surface of nickel foams. The nanostructured
nickel foam functions as an electrically conductive current
collector and an suitable substrate for the 2D growth of
nanostructured NiS. Based on the comprehensive results of
characterization and electrochemical measurements, we could
clarify the synergistic effect of both nanostructured NiS and
current collector on the electrochemical performance of FSs.
The 2D nanostructured NiS decorated on the 2D nanostructured
skeleton-surface of nickel foams is beneficial for the transfer of
electrolyte ions and electrons, thus favoring the faradaic
reaction of NiS. As a result, the NiS presented a high rate-
capability. On the other hand, the intimate contact between NiS
and nickel foam is highly beneficial to the stress buffering of
NiS during the charge-discharge cycles, thus resulting in an
enhance cycling stability of NiS. Taken together, the results
confirm that the structure synergistic effect of electrode

materials and current collector should be a focus in the area of
FSs.

Experimental Section

Materials

The analytical grade reagents used in the preparation were
purchased from Aladdin, including ammonium chloride (NH4Cl),
nickel nitrate hexahydrate (Ni(NO3)2

*6H2O, �98%), nickel chloride
(NiCl2

*6H2O, �99.0%), and thioacetamide (C2H5NS, �99.0%). The
activated carbon used for the assembly of asymmetrical super-
capacitors was purchased from XFNANO, which has a specific
surface area of 2000�100 m2g� 1.

Preparation of skeleton surface-wrinkled nickel foams

The skeleton surface-wrinkled nickel foams were prepared by an
electrochemical deposition method using an IVIUMSTAT electro-
chemical workstation. The main specifications of elecrochemical
workstation is as following: current compliance �5 A; maximum
output voltage �10 V; minimum current resolution 0.6aA; mini-
mum potential resolution 0.15 nV; frequency range 10 μHz to
8 MHz. Prior to the electrodeposition operation, the 1.0×1.0×
0.15 cm sheet-like pristine nickel foams were cleaned with acetone,
etched with 6.0 M hydrochloric, washed thoroughly with deionized
water, and then dried in a vacuum oven at 60 °C for 6 h. The two
pretreated nickel foams were used as anode and cathode,
respectively. The distance between the two electrodes was kept at
1.0 cm during the electrodeposition. The electrodeposition was
carried out at a current density of 2.5 Acm� 2 for 60 s in a 20 mL
aqueous solution containing 0.2 M NiCl2 and 4.5 M NH4Cl. After
electrodeposition, the as-prepared skeleton surface-wrinkled nickel
foams were washed with deionized water and ethanol for several
times, and then dried in a vacuum oven at 60°C for 6 h.

Decoration of nanostructured nickel sulfide on the skeleton
surface-wrinkled nickel foams

A three-electrode cell was used to electrodeposit the nanostruc-
tured nickel sulfide on the skeleton surface-wrinkled nickel foams.
A 1.0×1.0×0.15 cm skeleton surface-wrinkled nickel foam was used
as a working electrode, a pristine nickel foam was used as a counter
electrode, and an Ag/AgCl electrode was used as a reference
electrode. The electrodeposition was carried out with the above-
mentioned electrochemical workstation in a 20 mL aqueous
solution containing 4.0 mM Ni(NO3)2 and 0.04 M thioacetamide by
cyclic voltammetry technique at the respective scan rates of 5, 10,
15, 20 or 25 mVs� 1 for 15 min within a potential window of � 1.2 to
0.2 V vs. Ag/AgCl. As shown in equation 1, the water was electro-
lyzed to produce H2 and OH� ions. The thioacetamide in the
alkaline environment around working electrode was hydrolyzed to
form S2� ions (equation 2)). At the same time, the Ni2+ ions reacted
with S2� ions to produce NiS (equation 3). The obtained nickel
sulfide-deposited nickel foam was washed by deionized water and
ethanol, and subsequently dried in a vacuum oven at 60 °C for 12 h.
These as-obtained samples are denoted as the series of ED-NF-x as
shown in Table 1.

2H2Oþ 2e
� ! 2OH� þ H2 (1)

CH3CSNH2 þ 3OH� $ CH3COO� þ NH3 þ S2� þ H2O (2)
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Ni2þ þ S2� ! NiS (3)

At the same time, the black powder falling off from the ED-NF-x
nickel foam during the electrodeposition was collected and rinsed
with deionized water and ethanol and subsequently dried in a
vacuum oven at 60 °C for 12 h. These samples are denoted as the
series of P-x (Table 1). To investigate the influence of nickel foam
pretreatment, the nickel sulfide was also electrodeposited on the
1.0×1.0×0.15 cm sheet-like pristine nickel foams at the exactly
same preparation conditions to that of sample series of ED-NF-x.
The obtained samples are denoted as the series of NF-x (Table 1).

Characterization

The crystallographic structure and N2 adsorption/desorption iso-
therms of samples were characterized by a Rigaku SmartLab III
diffractometer (XRD) using Cu Kα radiation (λ=1.5406 Å) and an
ASAP-2010 surface area analyzer, respectively. The morphology of
samples was observed by a JEOL JEM-1400 transmission electron
microscope (TEM) and a Hitachi S-8010 cold-cathode field-emission
scanning electron microscope (FE-SEM), respectively. The composi-
tion of samples was analyzed by a Rigaku Supermini 200 X-ray
fluorescence spectrometer (XRF). The energy dispersive spectro-
scopy (EDS) of samples was measured by an Oxford Ultim Extreme
detector. The X-ray photoelectron spectroscopy (XPS) analysis on
the samples was carried out with a ESCALAB Xi+ X-ray photo-
electron spectrometer.

Electrochemical measurements

The electrochemical measurements on the electrode material were
carried out in a 3.0 M KOH aqueous solution with an IVIUMSTAT
electrochemical workstation in a three-electrode cell equipped with
a working electrode, a platinum plate counter electrode, and an
Hg/HgO reference electrode. The samples of ED-NF-x and NF-x
were directly used as the working electrodes (containing ~2.5 mg
nickel sulfide). The working electrodes for the P-x powder samples
(containing ~2.5 mg nickel sulfide) were prepared according to the
following procedure: an ethanol-wetted homogeneous mixture of
P-x powder (80 wt%) and acetylene black (20 wt%) was ground to a
paste and compressed at 10 MPa for 5 min onto a 1.0×1.0×
0.15 cm sheet-like pristine nickel foam with a nickel wire for
electrical connection; then, the coated nickel foam was dried at
room temperature. The electrochemical measurements included
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS). The cycling life of
materials was tested by a LANHE CT2001 A batteries testing system
in the above mentioned three-electrode cell. Before measurements,
the working electrodes were electro-activated in a 3.0 M KOH
aqueous solution through 100 CV cycles at the scan rate of
100 mVs� 1.

The specific capacity of nickel sulfide (C g� 1) in three-electrode
configuration was calculated from its discharge curves according to
equation 4:[53,54]

Cþ¼
i*Dt
m (4)

where C+ is the specific capacity (C g� 1), i is the discharge current
(A), Δt is the discharge time (s), and m is the mass (g) of active
material in electrodes, respectively.

The specific capacitance (F g� 1) of activated carbon (AC) in three-
electrode configuration was calculated from its discharge curves by
equation 5:

C� ¼
i*Dt
m*DV (5)

where C- is the specific capacitance (F g
� 1), i is the discharge current

(A), Δt is the discharge time (s), and m is the mass (g) of AC in the
electrode, ΔV (V) is the potential range of negative electrode during
the charge-discharge process, respectively.

The asymmetrical supercapacitors (ASCs) were assembled using ED-
NF-x as positive electrode, AC as negative electrode, and 3.0 M KOH
aqueous solution as electrolyte. The negative electrodes were
prepared by coating AC onto the 1.0×1.0×0.15 cm sheet-like
pristine nickel foam under compression at 10 Mpa. The mass of
positive and negative electrodes was balanced according to
equation 6:

mþ
m�
¼
C� *DV
Cþ

(6)

where C+ is the specific capacity of positive electrode, C- is the
specific capacitance of negative electrode (AC), ΔV is the potential
range of negative electrode during the charge-discharge process,
m+ and m- are the mass loading of active material in positive and
negative electrodes, respectively.

The specific capacity, energy density and power density of ASCs
were calculated from the galvanostatic discharge curves according
to the equation 7–9:

Specific capacity:

C ¼
I*DT
M (7)

where C is the specific capacity of ASCs (C g� 1), I is the discharge
current (A), ΔT is the discharge time (s) and M is the total mass (g)
of the active materials in positive and negative electrodes,
respectively.

Energy density:

E ¼
I*
R
V dt

3:6 M
(8)

Power density:

P ¼
3600*E

DT (9)

where E is the energy density (Wh kg� 1), I is the discharge current
(A), M is the total mass (g) of the active materials in positive and
negative electrodes, �Vdt is the integral area of galvanostatic
discharge curves (V s-1), P is the power density (W kg� 1), and ΔT is
the discharge time (s).
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