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a b s t r a c t

In this work, hierarchical core-shell hollow iron-cobalt sulfides nanoarrays supported on conductive
nickel foam (Fe-Co-S/NF) were fabricated using metal-organic frameworks (MOFs) as the sacrificial
templates. Delicately manipulating the etching/ion-exchange reaction between Co-MOF and FeSO4 and
the subsequent solvothermal sulfurization led to the formation of hierarchical core-shell hollow nano-
structure with FeCo2S4-nanosheets shell assembled on the Co3S4 hollow nanoarrays. Owing to the
complex composition and unique structure, the obtained Fe-Co-S/NF possessed abundant electroactive
sites, short charge/ion diffusion path, rich redox reactions and good structural robustness, contributing to
the boosted electrochemical performance as supercapacitor electrodes. Consequently, the obtained Fe-
Co-S/NF electrode exhibited a specific capacitance of 2695 F g�1 at 1 A g�1, a favorable rate capability
with 69.8% capacitance retention at 10 A g�1 (much higher than that of CoS/NF electrode, i.e., 36.3%), and
a retention of 84% over 1000 cycles. Moreover, an asymmetric supercapacitor was assembled by engaging
Fe-Co-S/NF and reduced graphene oxide (rGO) as cathode and anode, respectively. The obtained device
delivered a high energy density of 43.6Wh kg�1 at a power density of 770Wkg�1, while maintaining a
capacity retention of 89.6% after 5000 cycles. The robust electrochemical properties indicate that the Fe-
Co-S/NF can be used as promising electrode materials for high performance supercapacitors applications.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Supercapacitors, with excellent power density, fast charge-
discharge, and outstanding long-term cycling stability, have
recently attracted great research interests, due to the rapidly
increasing demand for high-performing energy storage and
sdu.edu.cn (J. Liu), dingtao@
conversion devices [1e6]. Currently, although various carbon-
based materials are the most studied electrode materials for elec-
tron double-layer capacitors (EDLCs) [7,8], their large-scale appli-
cations are still hindered by their low energy density [9,10].
Compared with carbon materials, pseudocapacitive materials, such
as conducting polymers and transition metal oxides/hydroxides/
sulfides, possess much higher electrochemical capacitance because
of the abundant faradaic redox reactions [11]. In particular, transi-
tion metal sulfides, with the merits of higher intrinsic conductivity
and electrochemical activity than their metal oxides/hydroxides
counterparts, have recently gained extensive attention and have
been regarded as considerable candidates for supercapacitors [12].
In previous reports, researches have shown the potential of cobalt
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sulfide [13], nickel sulfide [14], and their compounds [15] for
supercapacitors. In particular, ternary metal sulfides, such as
NiCo2S4 [16] and ZnCo2S4 [17], with a richer electrochemical ac-
tivity and a higher electrical conductivity, have been regarded as
promising electrode materials for surpercapacitors, because the
multiple oxidation states of ternary metal sulfides can provide
much richer redox reactions than single metal sulfides [18].
Recently, FeCo2S4 is reported to achieve a specific capacitance of
2411 F g�1, which is higher than most ternary sulfides, due to the
variable valences of Fe2þ during the redox reactions [19].

Fabricating advantageous nanostructures for electrode mate-
rials has been considered as an effective strategy for improving
electrochemical performance. Especially, the core-shell hollow
nanostructures can significantly improve the performance of elec-
trodes due to numerous accessible active sites and the synergistic
effects between core and shell substances [20,21]. However, it is
still a challenge to fabricate complex core-shell hollow nano-
structures owing to the difficulties for delicately manipulating the
chemical reactions and the structural compatibility between
different subunits [22].

Metal-organic frameworks (MOFs), have been widely studied to
construct functional materials with sophisticated structure
[23e25]. In previous reports, MOF-derived transitionmetal sulfides
with special nanostructure, such as cobalt sulfide nanoarrays [26],
nickel sulfide nanorods [27], nickel-cobalt sulfide nanocages [28],
and zinc-cobalt sulfide nanosheet arrays [29], have been employed
as electrodes for high-performance supercapacitors. Furthermore,
the direct growth of MOFs array on a conductive substrate (nickel
foam, carbon cloth, etc.) is beneficial for the electrochemical
behavior. The agglomeration can be avoided when MOF-derived
transition metal sulfides are used owing to the oriented growth
of MOF nanoarrays on the conductive substrate. These ordered
nanostructures can significantly improve the utilization of elec-
troactive materials [30]. In addition, strong adhesion between
electroactive materials and conductive substrates avoids the use of
nonconductive binder and ensures a remarkable cycling stability of
the electrodes. However, to the best of our knowledge, the syn-
thesis of iron-cobalt sulfides derived from MOFs as electrode ma-
terials for supercapacitors has not been reported yet.

Herein, complex hierarchical core-shell hollow nanostructures
grown on nickel foam were synthesized with FeCo2S4-nanosheets
assembled on the surface of Co3S4 hollow nanoarrays. These 2D Co-
MOF nanoarrays were firstly assembled on nickel foam (Co-MOF/
NF) via a simple solution reaction. Then, the ion-exchange/etching
process within FeSO4 aqueous solution led to form iron-cobalt
layered double hydroxides (FeCo-LDHs) on the surface of Co-MOF
nanoarrays. After the subsequent solvothermal sulfurization, iron-
cobalt sulfides nanoarrays with a hierarchical core-shell hollow
nanostructure on Ni foam were obtained. The hollow core Co3S4
nanoarrays directly grown on nickel foam served as the electron
transmission channel and provided more accessible active sites. The
shell of FeCo2S4-nanosheets provided larger electrode/electrolyte
contacting areas and additional pseudo-capacitance. As expected, the
Fe-Co-S/NF exhibited an excellent specific capacitance of 2695 F g�1

at 1 A g�1, much higher than that of Co3S4 sample (1500 F g�1).
Furthermore, an asymmetric supercapactor (ASC) device assembled
by Fe-Co-S/NF (cathode) and rGO (anode) achieved a high energy
density (43.6Wh kg�1) and outstanding long-term cycling stability
(about 89.6% capacitance retention after 5000 cycles).

2. Experimental

2.1. In-situ growth of the Co-MOF on nickel foam

In a typical process, 40mL aqueous Co(NO3)2$6H2O solution
(50mM) was quickly added into a 40mL aqueous solution of 2-
Methylimidazole (Hmim, 0.4M). After stirring for 5min, a piece
of nickel foam (1� 2 cm2) was immersed into the above solution
for 3 h at room temperature. After that, the sample was taken out,
washed and then dried at 60 �C overnight.

2.2. Synthesis of LDH@co-MOF/NF

A piece of Co-MOF/NF was immersed into 100mL aqueous
FeSO4$7H2O solution (10mM). After reacting for 5min, the sample
was taken out, washed and dried at 60 �C overnight.

2.3. Synthesis of Fe-Co-S/NF

A piece of as-obtained LDH@Co-MOF was placed into a Teflon-
lined autoclave containing 1.6mmol thioacetamide (TAA) and
40mL ethanol. After heating at 120 �C for 4 h, the Fe-Co-S/NF was
fetched out, washed and dried at 60 �C overnight. The mass loading
of iron-cobalt sulfides on nickel foam was estimated to be
~2.4mg cm�2.

For comparison, cobalt sulfides supported on nickel foam (CoS/
NF) were prepared through vulcanizing Co-MOF/NF with the same
conditions, and the mass loading of CoS/NF was about 2.0mg cm�2.

2.4. Synthesis of rGO negative electrode

Graphene oxide (GO) was obtained using modified Hummer's
method [31]. Briefly, 80mg GO powders were dispersed in 40mL
methanol with intensive sonication. Then, 1mL aqueous ammonia
(25% NH3$H2O) was added into the above solution at room tem-
perature with stirring for 0.5 h. Then, the as-obtained suspension
was sealed into a Teflon-lined autoclave. After heating at 180 �C for
12 h, the black precipitate was harvested, washed and dried in
vacuum. Next, themixed slurry of rGO power (80%), acetylene black
(10%), and PVDF (10%) was prepared using N-Methyl-2-pyrrolidone
(NMP) as solvent. A clean nickel foam (2� 2 cm2) was coated with
the slurry and dried in vacuum at 100 �C overnight, followed by
pressing at 10MPa for 10 s. As a result, the mass loading of rGO
coatied on nickel foam was about 2.1mg cm�2.

2.5. Characterizations

X-ray powder diffractions (XRD) were conducted using the
Rigaku DMax-RC X-ray diffractometer to analyze the crystallization
of the as-prepared samples. Scanning electron microscope (SEM)
images and energy dispersive X-ray spectroscopy (EDX) mapping
images were obtained using the field-emission scanning electron
microscope (FE-SEM, JEOL, JSM-6700F, 10 kV). The morphology and
microstructure of the samples were investigated by using the high-
resolution transmission electron microscope (HR-TEM, JEOL, JEM-
2100, 200 kV). The X-ray photoelectron spectrum (XPS) of as-
prepared sample was recorded using Kratos Analytical spectrom-
eter to determine the surface properties.

2.6. Electrochemical measurements

The electrochemical performances of as-made working elec-
trodes were first characterized by cyclic voltammogram (CV), gal-
vanostatic charge-discharge (GCD) and electrochemical impedance
spectra (EIS) on an Iviumstat electrochemistry work station in a
three-electrode system including the as-made working electrode, a
Pt foil counter electrode, a saturated calomel electrode (SCE)
reference electrode, and a 1M KOH aqueous electrolyte. The spe-
cific capacitances can be determined from GCD curves through
formula (1) [32]:
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C ¼ I � Dt
m� DV

(1)

where Dt, I, and DV are the discharge time, the charge-discharge
current, and the potential range excluding IR drop in the charge-
discharge curves, and m represents the mass loading of the work-
ing electrode.
2.7. The fabrication process of asymmetric supercapacitor (ASC)

The ASC devices were fabricated using rGO as anode and Fe-Co-
S/NF as cathode, respectively. Typically, two as-prepared electrodes
with a separator were stacked and further immersed into 1M KOH
solution. Taking into account the charge storage performances of
cathode and anode, the mass ration of two electrodes was deter-
mined by Equation (2) [9]:

mþ
m�

¼ C�DV�
CþDVþ

(2)

where m, V, and C represent the mass loading, potential range and
specific capacitance of cathode (þ) and anode (�), respectively. The
specific capacitance, energy density, and power density of ASC
device were calculated by formulas (3e5) [33]:

Ccell ¼
I � Dt
m� DV

(3)

E ¼ 1
2
CcellDV

2 (4)

P ¼ E
Dt

(5)

where Ccell, DV, and Dt are the corresponding parameters in
discharge curves, and m represents the total mass loading of two
electrode in ASC device.
3. Results and discussion

Scheme 1 displays the fabrication process for the nanoarrays of
iron-cobalt sulfides on the nickel foam (see the Experimental Sec-
tion for details). First, 2D Co-MOF nanoarrays directly grew on
nickel foam at room temperature using cobalt ion and Hmim as
Scheme 1. Schematic illustration of the fabrication of Fe-Co-S/NF.
metal ion and organic linker in aqueous solution. As shown in
Fig. S1a (supporting information), the color of the Co-MOF/NF was
navy blue. Subsequently, through an ion exchange/etching process
in FeSO4 aqueous solution for 5min, the Co-MOF nanoarrays were
etched and simultaneously the FeCo-LDH was deposited on the
surface, resulting in a core-shell structure. In this step, Co-MOF was
gradually etched by the protons released from the hydrolysis of
Fe2þ, and the co-precipitation of Co2þ and Fe2þ caused the gener-
ation of FeCo-LDH on the surface of nanoarrays [34]. Obviously, the
color of the sample changed from navy blue to purple after the ion
exchange/etching process (Fig. S1b). After a solvothermal treatment
in TAA solution at 120 �C for 4 h, the LDH@Co-MOF was sulfurized
to yield iron-cobalt sulfides with hollow core-shell structure, and
the sample accordingly changed from purple to dark (Fig. S1c). The
as-prepared Fe-Co-S/NF was used as an electrode of super-
capacitors in the following studies.

The structure evolution from Co-MOF nanoarrays to the nano-
arrays of iron-cobalt sulfides was revealed by SEM characterization.
Fig. 1a indicates the uniform coverage of the Co-MOF nanoarrays on
nickel foam. From the enlarged image (Fig. 1b), the Co-MOF nano-
arrays display an average thickness of ～300 nm. The XRD pattern
of Co-MOF/NF in Fig. S2 is well consistent with the XRD patterns of
the Co-MOF reported previously [35]. As shown in Fig. 1c, nano-
flakes appear on the surface of nanoarrays after the ion exchange/
etching process. In addition to the characteristic diffraction peaks of
nickel and Co-MOF, the XRD pattern of LDH@Co-MOF/NF (the red
plot in Fig. S2) shows the peaks at 11.0�, 22.2�, and 60.3�, which are
assigned to the (003), (006), and (113) planes of the hydrotalcite-
like LDH [36e38]. The results demonstrate that LDH have been
successfully generated on the surface of Co-MOF during the ion
exchange/etching process. After sulfurization, the nanoarrays
structure with intersecting nanosheets coating was completely
maintained, as shown in Fig. 1d. As shown in EDX mapping images
(Fig. S3), all elements are well dispersed, which agrees well with
the SEM image and suggests that the Fe-Co-S nanoarrays are uni-
formly assembled onto the Ni foam. Besides, as shown in the SEM
image of CoS/NF (Fig. S4), the solid Co-MOF nanoarrays have been
transformed to hollow CoS nanoarrays after sulfurization.
Furthermore, the morphological evolution of Co-MOF at different
reaction time with FeSO4 aqueous solution was investigated by
SEM. As shown in Fig. S5, decreasing the soaking time to 2min
results in poor LDH nanosheets deposited on the surface of Co-MOF,
while prolonging the soaking time to 10min results in the over-
growth of nanosheets. When reacting for 10min, the Co-MOF
nanoarrays have been completely destroyed. To get hierarchical
core-shell nanostructures, 5min was considered as the optimal
time for the reaction between Co-MOF and FeSO4 aqueous solution.

The detailed morphology and nanostructure of the as-prepared
nanoarrays of the iron-cobalt sulfides were further revealed by
TEM. Fig. 2a and b depicts that in the core-shell hollow structured
iron-cobalt sulfides, the FeCo2S4 nanosheets wrap up the hollow
Co3S4. The selected area electron diffraction (SAED) pattern (Fig. 2c)
displays a set of concentric rings, indicating the polycrystalline
nature of iron-cobalt sulfides nanoarrays, and the reflections from
the (311) and (440) planes correspond to the Co3S4 phase (JCPDS
card no. 42e1448). In the HR-TEM image (Fig. 2d), the measured
lattice fringe of 0.299 nm is ascribed to the (440) plane of Co3S4
(JCPDS card no. 42e1448), and the distance of 0.287 nm is accor-
dance with the (311) plane of FeCo2S4 phase [39,40].

The constituents and crystalline phase of as-made samples were
investigated using XRD. Both the patterns in Fig. 3 show three
characteristic diffraction peaks of nickel. The XRD pattern of CoS/NF
shows the diffraction peaks at 31.4�, 38.1�, 55.0�, 64.8�, and 77.7�,
which represent the (311), (400), (400), (533), and (731) planes of
Co3S4 (JCPDS card no. 42e1448). Apart from the peaks at 64.8� and



Fig. 1. SEM images of (a and b) Co-MOF/NF, (c) LDH@Co-MOF/NF, and (d) Fe-Co-S/NF.

Fig. 2. (a, and b) TEM image, (c) the selected-area electron diffraction pattern, and (d) HR-TEM image of iron-cobalt sulfides scraped off from the nickel foam.
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77.7�, the Fe-Co-S/NF shows the diffraction peaks at 21.8�, 31.1�, and
49.1�, which are consistent with the patterns of FeCo2S4 in the
previous reports [40]. The results further confirm that the com-
posites are composed of FeCo2S4 and Co3S4. Besides, the diffraction
peaks at 20� and 22� in both patterns could be ascribed to the S
(JCPDS card no. 24e1251) produced by TAA decomposition [41].

The XPS measurement is used to study the surface elemental
composition and chemical properties in Fe-Co-S/NF. In Fig. 4a, the
Co, Fe, O, C and S elements can be identified in the XPS survey
spectrum, and the presence of C 1s and O 1s peaks may be owing to
the exposure to the air. As presented in Fig. 4b, the S 2p spectrum is
deconvoluted to two peaks at 163.5 and 162.1 eV, which are
consistent with the S 2p1/2 and S 2p3/2 signals of S2�, while the peak
at 168.8 eV is a satellite peak [42]. In the spectrum of Co 2p (Fig. 4c),
the Co 2p1/2 peak and Co 2p3/2 peak can be observed at 793.9 and
778.9 eV with a distance of ~15 eV, which can be indexed to the



Fig. 3. XRD patterns of CoS/NF and Fe-Co-S/NF.
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Co3þ, while the peaks at 781.5 and 797.7 eV are assigned to the Co2þ

[43]. Generally, the distance between the main peaks and satellite
peaks of Co 2p is vital for determining the chemical valence state of
Co element. If the chemical shift is ~6.0 eV, the cation is Co2þ, and
the Co3þ cation has a distance of 9e10 eV [44,45]. Herein, the
spectrum of Co 2p can be well-fitted into four pairs of main peaks
with corresponding satellite peaks, which are the characteristics of
Co2þ and Co3þ cations [46]. The Fe 2p spectrum (Fig. 4d) presents
two peaks at 724.3 and 710.5 eV, consistent with the Fe 2p1/2 and Fe
Fig. 4. XPS spectra of (a) the survey spectrum, (b) S
2p3/2 signals of Fe2þ. The two peaks at 713.4 and 716.7 eV demon-
strate the presence of Fe3þ [19]. The above XPS analysis justify the
coexistence of Co and Fe elements with different chemical valence
states of (Co2þ and Co3þ) and (Fe2þ and Fe3þ) in the product.

The electrochemical performances of as-prepared binder-free
electrodes was first investigated in a three-electrode system. Fig. 5a
displays the CV curves of two electrodes over a potential window of
0e0.6 V at 10mV s�1. The existence of redox peaks in both curves
demonstrates the presence of faradaic reactions and pseudocapa-
citive properties of two electrodes. Furthermore, the integral area
of the CV curves from Fe-Co-S/NF electrode is much larger than that
of CoS/NF electrode, indicating a better electrochemical perfor-
mance of Fe-Co-S/NF.

To further investigate the superior supercapacitive properties of
Fe-Co-S/NF electrode, a series of tests were implemented. Fig. 5b
presents the CV curves of Fe-Co-S/NF electrode at 1e20mV s�1. Due
to the polarization effect, the anodic and cathodic peak positions
shift slightly towards the positive potential and negative potential
with increasing the scan rate [47]. The same phenomenon also
occurs in the CV curves of CoS/NF electrode, as shown in Fig. S6a.
According to the previously reposted redox reactions of monometal
sulfides [12] and MCo2S4 [48], the redox peaks caused by the
reversible faradaic redox reactions between Fe-Co-S/NF electrode
and KOH electrolyte includeM-S/M-S-OH andM-S-OH/M-S-O (here
M represents Co or Fe), and the possible electrochemical reactions
are proposed as follows [19]:

CoSþOH�4CoSOH þ e� (6)
2p, (c) Co 2p, and (d) Fe 2p XPS of Fe-Co-S/NF.



Fig. 5. (a) Comparison of the CV curves of CoS/NF and Fe-Co-S/NF electrodes measured at a scan rate of 10mV s�1; (b) CV curves of Fe-Co-S/NF electrode at different scan rates; (c)
Linear relationship between the anodic/cathodic peak current and the square root of scan rate; (d) GCD curves of Fe-Co-S/NF at various current densities; (e) Specific capacitance of
CoS/NF and Fe-Co-S/NF electrodes at different current densities; (f) EIS spectra of CoS/NF and Fe-Co-S/NF electrodes.

K. Le et al. / Electrochimica Acta 323 (2019) 1348266
FeSþ OH�4FeSOH þ e� (7)

CoSOHþ OH�4CoSOþ H2Oþ e� (8)

FeSOHþ OH�4FeSOþ H2Oþ e� (9)

Furthermore, the CV curves are also applied to study the elec-
trochemical reaction kinetics of the electrode [49]. The response
currents (i) and scan rates (v) conform to Equation (10):

i ¼ avb (10)

where a is an adjustable parameter [50]. If b¼ 0.5, the electro-
chemical process of electrode is a diffusion-controlled redox reac-
tion, whereas b¼ 1 suggests the surface-controlled nature of the
redox process [51]. Fig. 5c shows a linear relation between i and v1/
2, indicating that the value of b is 0.5. Hence, the electrochemical
process of Fe-Co-S/NF electrode is a diffusion controlled redox re-
action in the alkaline electrolyte.

The specific capacitance of electrode was investigated by using
quasi-symmetric GCD tests at 1e10 A g�1, as shown in Fig. 5d and
Fig. S6b. The Fe-Co-S/NF electrode possesses excellent specific ca-
pacitances of 2695, 2614, 2526, 2316, 2096, and 1880 F g�1 at
1e10 A g�1, outperforming that of CoS/NF electrode, i.e., 1500, 1420,
1134, 912, 692, and 545 F g�1 (Fig. 5e). Furthermore, a comparison
of Fe-Co-S/NF with previously reported transition metal sulfides is
shown in Table 1. The results demonstrate that the Fe-Co-S/NF
electrode is comparable or superior to others, indicating its excel-
lent electrochemical performance. Besides, the smaller internal
resistance (IR) drop of Fe-Co-S/NF electrode implies a higher con-
ductivity of Fe-Co-S/NF electrode, resulting from the higher con-
ductivity of FeCo2S4 nanosheets shell (Fig. S7). Generally, the high
electronic conductivity could contribute to good rate performance
[27]. Thus, it can be clearly observed that the Fe-Co-S/NF electrode



Table 1
Comparison of electrochemical performance of Fe-Co-S/NF electrode with that of previously reported electrodes.

Material Capacitance Current density Electrolyte Ref.

NiCo2S4/NF 2036 F g�1 1 A g�1 1M KOH [16]
MOF-CoNi2S4 1890 F g�1 4 A g�1 2M KOH [28]
MOF-Co9S8/NF 1098 F g�1 0.5 A g�1 1M KOH [35]
FeCo2S4/CNF 2476 F g�1 1 A g�1v 3M KOH [39]
MOF-Ni-Co-S/NF 1407 F g�1 0.5 A g�1 1M KOH [54]
CoNi2S4-rGO 1680 F g�1 1 A g�1 2M KOH [55]
Zn0.76Co0.24S/NGN/CNTs 2484 F g�1 2 A g�1 6M KOH [56]
FeCo2S4/CMF 2430 F g�1 1 A g�1 3M KOH [57]
NiCo2S4/rGO 1498 F g�1 1 A g�1 1M KOH [58]
Fe-Co-S/NF 2695 F g¡1 1 A g�1 1M KOH This work

Fig. 6. Electrochemical mechanism of (a) CoS/NF and (b) Fe-Co-S/NF.
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exhibits a favorable rate capability with 69.8% capacitance reten-
tion when the current density is increased 10 times, much higher
than that of CoS/NF electrode, i.e., 36.3%. The higher conductivity of
Fe-Co-S/NF electrode is further supported by EIS measurement. As
shown in the Nyquist plots (Fig. 5f), a semicircle is observed at high
frequency and can be an indicator of Faradaic interfacial charge
transfer resistance (Rct) generated from the ion transport between
the electrolyte and electrode [52]. Typically, the intersection of
curve with the horizontal axis represents the bulk resistance (Rs),
including the electrode intrinsic resistance and the electrolyte/
electrode interfacial resistance [53]. Obviously, the Fe-Co-S/NF
electrode exhibits much faster charge transfer and better conduc-
tivity (Rct¼ 0.56U cm�2, and Rs¼ 0.85U cm�2) than the CoS/NF
electrode (Rct¼ 0.69U cm�2, and Rs¼ 1.84U cm�2). The low charge
transfer resistance and bulk resistance is due to the good intrinsic
electronic properties of FeCo2S4 and the intimate contact between
FeCo2S4 and Co3S4.

The cycling life was further evaluated using GCD technique at
10 A g�1 (Fig. S8). The Fe-Co-S/NF electrode can retain 84% of the
initial specific capacitance after 1000 cycles, much better than that
of CoS/NF electrode, i.e., 70%, indicative of an enhanced cycle sta-
bility of Fe-Co-S/NF electrode. The nanoarrays structure is still
maintained after cycling test, as shown in Fig. S9. Moreover, the XPS
analyses (Fig. S10) of the Fe-Co-S/NF electrode after cycling test
demonstrate that there is no noticeable change in the elemental
composition and chemical properties of the material.

Comparing the electrochemical reaction mechanism of CoS/NF
and Fe-Co-S/NF in Fig. 6, the outstanding electrochemical perfor-
mances of Fe-Co-S/NF electrode could be mainly attributed to the
following reasons: (1) The core-shell hollow nanostructures can
significantly improve the performance of Fe-Co-S/NF electrodes
due to numerous accessible active sites and the synergistic effects
between hollow Co3S4 core and FeCo2S4 nanosheets shell. (2)
Compared with the bare surface of hollow Co3S4 nanoarrays in the
CoS/NF, the FeCo2S4 nanosheets attached on the surface can greatly
enlarge the electrode/electrolyte contacting area of the Fe-Co-S/NF
electrode, which provides abundant electrochemical active sites
and accommodatesmore double-layer charges. (3) FeCo2S4 exhibits
a higher electrochemical activity, which leads to a higher capaci-
tance of Fe-Co-S/NF electrode. (4) Benefiting from the high elec-
tronic conductivity of FeCo2S4, the Fe-Co-S/NF electrode exhibits a
much higher electronic conductivity, resulting in a greatly
enhanced rate performance. (5) The direct growth of iron-cobalt
sulfides nanoarrays on nickel foam avoids the “dead mass” typi-
cally encountered in the conventional slurry coating method [59].
Additionally, the strong adhesion between electroactive materials
and nickel foam ensures a remarkable cycling stability of the
electrode. Overall, Fe-Co-S/NF owns many outstanding advantages
to improve the supercapacitive properties.

To demonstrate the practical application of Fe-Co-S/NF elec-
trode, an asymmetric supercapacitor (ASC) was assembled and
tested for its electrochemical performance as presented in Fig. 7a.
The SEM image of as-prepared rGO and its electrochemical prop-
erties are shown in Fig. S11. The as-prepared rGO is silky (Fig. S11a),
and the nearly rectangular shaped CV curves (Fig. S11b) and sym-
metrical GCD curves (Fig. S11c) suggest that rGO is a typical electric
double layer capacitive material. Fig. S11d displays that the rGO
electrode exhibits an outstanding specific capacitance of 162 F g�1

at 1 A g�1 with remaining 81.5% at 10 A g�1, making it a promising
candidate for the anode of supercapacitor. The CV curves of Fe-Co-
S/NF and rGO electrodes at their corresponding potential range at
10mV s�1 are presented in Fig. S12. Owing to different potential
windows of rGO (�1.0 to 0 V) and Fe-Co-S/NF (0e0.6 V), the voltage
range of ASC device is extended to 1.6 V. According to Equation (2),
the mass of rGO and Fe-Co-S/NF is about 16.0 and 2.4mg, respec-
tively. As presented in Fig. 7b, the non-standard rectangular CV
curves of the device at different scan rates indicate the combined
contributions of the pseudocapacitance from Fe-Co-S/NF electrode
and double-layer capacitance from rGO electrode. Fig. 7c displays
the GCD curves of the device at current densities ranging from 1 to
10 A g�1, and the corresponding capacitances based on these GCD
curves calculated through equation (3) are presented in Fig. 7d. The
ASC device delivers high specific capacitances of 131 and 81 F g�1 at
the current densities of 1 and 10 A g�1, suggesting a good rate
capability of device.

The power and energy densities calculated through equations
(4) and (5) are depicted in the Ragone plot in Fig. 7e. The ASC device
achieves an excellent energy density of 43.6Wh kg�1 at a power
density of 770Wkg�1, outperforming many other previously re-
ported devices based on the metal sulfides, such as NiCo2S4/NF//AC
(35.6Wh kg�1 at 819Wkg�1) [16], NiCo2S4/CT//AC (40.1Wh kg�1

at 798Wkg�1) [60], NiCo2S4/NS//AC (25.5Wh kg�1 at 334Wkg�1)



Fig. 7. (a) Fabrication of the Fe-Co-S/NF//rGO ASC device; (b) CV curves of ASC at various scan rates from 0 to 1.6 V; (c) GCD curves of ASC at different current densities; (d) Specific
capacitance of ASC at different current densities; (e) Ragone plot of ASC with a comparison to similar ASCs reported previously; (f) Cycling stability and coulombic efficiency of the
ASC at 5 A g�1 for 5000cycles. The inset shows the first and last 5 cycles of charge/discharge curves of the ASC.
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[61], CoSx/C//PCNFs (15.0Wh kg�1 at 413Wkg�1) [62], and
MnCo2S4//rGO (31.3Wh kg�1 at 800Wkg�1) [63]. Even at an ul-
trahigh power density of 5510Wkg�1, an energy density of
13.3Wh kg�1 is still remained.

Moreover, as shown in Fig. 7f, the cycling stability was tested by
GCD technique at 5 A g�1. Remarkably, the specific capacitance can
reserve 89.6% of its initial capacitance after cycling for 5000 cycles
and nearly 100% Coulombic efficiency throughout the cycling sta-
bility test, which is comparable or higher than that of the previ-
ously reported ASC devices (See Table S1). The initial and the last 5
cycles of GCD curves (inset in Fig. 7f) reveal a very regular cycling
charging-discharging behavior.
4. Conclusions

In summary, hierarchical core-shell hollow iron-cobalt sulfide
nanoarrays supported on conductive nickel foam as binder-free
electrode for high-performance supercapacitors have been
successfully fabricated through a novel MOF-engaging templated
method. Owing to the merits of complex compositional and unique
structure, the Fe-Co-S/NF electrode exhibits an ultrahigh specific
capacitance of 2695 F g�1 and a favorable cycling stability. The ASC
devices assembled with Fe-Co-S/NF (cathode) and rGO (anode)
exhibit an excellent energy density of 43.6Wh kg�1, and an
outstanding cycling stability with 89.6% capacitance retention over
5000 cycles. Therefore, this work proposes a novel MOF-engaging
templated method for manufacturing hierarchical core-shell hol-
low hybrid materials as high-performance electrodes of energy
storage and conversion devices.
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