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Hierarchically porous electrodes made of electrochemically active materials and conductive additives may

display synergistic effects originating from the interactions between the constituent phases, and this

approach has been adopted for optimizing the performances of many electrode materials. Here we

report our findings in design, fabrication, and characterization of a hierarchically porous hybrid electrode

composed of a-NiS nanorods decorated on reduced graphene oxide (rGO) (denoted as R-NiS/rGO),

derived from water-refluxed metal–organic frameworks/rGO (Ni-MOF-74/rGO) templates. Microanalyses

reveal that the as-synthesized a-NiS nanorods have abundant (101) and (110) surfaces on the edges,

which exhibit a strong affinity for OH� in KOH electrolyte, as confirmed by density functional theory-

based calculations. The results suggest that the MOF-derived a-NiS nanorods with highly exposed active

surfaces are favorable for fast redox reactions in a basic electrolyte. Besides, the presence of rGO in the

hybrid electrode greatly enhances the electronic conductivity, providing efficient current collection for

fast energy storage. Indeed, when tested in a supercapacitor with a three-electrode configuration in

2 M KOH electrolyte, the R-NiS/rGO hybrid electrode exhibits a capacity of 744 C g�1 at 1 A g�1 and

600 C g�1 at 50 A g�1, indicating remarkable rate performance, while maintaining more than 89% of the

initial capacity after 20 000 cycles. Moreover, when coupled with a nitrogen-doped graphene aerogel

(C/NG-A) negative electrode, the hybrid supercapacitor (R-NiS/rGO/electrolyte/C/NG-A) achieved an

ultra-high energy density of 93 W h kg�1 at a power density of 962 W kg�1, while still retaining an energy

density of 54 W h kg�1 at an elevated working power of 46 034 W kg�1.
1 Introduction

With the rapid advancements in emerging technologies (e.g.
electric vehicles and smart grids) and the increasingly strong
desire for a clean and sustainable energy future, the demand for
highly efficient and more powerful energy storage systems and
technologies has become an urgent challenge facing us today.
Supercapacitors (SCs) are considered promising energy storage
devices because of their high specic power density, fast
charge–discharge rate, long cycle life, and pollution-free oper-
ation.1–3 In particular, hybrid supercapacitors (HSCs) composed
of a capacitive electrode (based on an electric double layer) and
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a battery-type electrode (involving a fast redox reaction) have
attracted great attention because they have the potential to
achieve high energy density by broadening the operating voltage
and increasing the capacitance of the hybrid devices.4–6 In
a typical HSC, the negative electrode could be made of active
carbon or graphene-based carbon materials,7–9 whereas the
positive electrode could be based on an intercalation compound
or a transition metal compound.7,9–18 Recently, advances have
been made in enhancing the performance of capacitive elec-
trodes in our group by successfully synthesizing a Co(mIM)2-
modied (mIM ¼ 2-methylimidazole) nitrogen-doped graphene
aerogel (C/NG-A), achieving a relatively high specic capaci-
tance (ca. 400 F g�1 at 1 A g�1)15 and excellent rate capability
while maintaining good cycling stability (99.7% capacitance
retention aer 20 000 cycles). Therefore, the development of
advanced battery-type positive electrodes will be essential in an
effort to make good use of the C/NG-A electrode in the devel-
opment of a long cycle-life HSC with high energy and power
density.

Metal–organic frameworks (MOFs) represent an important
class of crystalline, nanoporous materials, which have been
J. Mater. Chem. A, 2018, 6, 4003–4012 | 4003
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used for many applications because of their exceptional
porosity, high specic surface area, controllable morphology,
and multifunctionalities.19–22 For example, MOFs-as-template
synthesis is considered one of the most promising strategies
for the preparation of SC active materials as MOFs could be
easily converted to battery-type materials or carbons with
a much higher surface area and a diverse range of function-
alities compared to conventionally synthesized materials.23–26

Recently, MOF-74 materials (M2(DOBDC); M ¼ metal, DOBDC
¼ 2,5-dihydroxy-1,4-benzenedicarboxylate), a subclass of
MOFs demonstrating 1-dimensional (1-D) hexagonal pores
lined with square-pyramidal open metal sites, have demon-
strated high capacity when used as templates for the synthesis
of porous carbons or battery-type metal-oxides or hydrox-
ides.27–29 However, the rate capabilities and cycling stabilities
of these pristine MOF-74-derived materials are comparatively
poor. Specically, one efficient solution is to integrate battery-
type electrode materials with graphene, a 2-D “aromatic”
monolayer carbon material.30–32 The advantages of a hybrid
electrode architecture comprising graphene sheets and inor-
ganic nanomaterials include (1) effective improvement of the
electrical connectivity between the individual electroactive
species and shortening of the path for ionic transport through
the electrolyte path;33 and (2) the intimate mixing of the two
phases, allowing synergistic interactions between them,34 and
thus greatly improving the overall electrochemical
performance.

Herein, we report a hybrid electrode composed of active
site-enriched NiS nano-rods and reduced graphite oxide
(denoted as R-NiS/rGO), derived from a facile in situ sulfu-
ration transformation from the parent hybrid Ni-MOF-74/
rGO architecture. Inspired by the work of Cadot et al.,35 we
synthesized Ni-MOF-74/rGO from a one-pot reux method in
water (denoted as R-Ni-74/rGO) instead of the conventional
solvothermal (water–DMF–ethanol solution) strategy.36

Specically, uniformly dispersed NiS nanorods (ca. 200 �
800 nm) derived from the nanocrystallized MOF-74 were
successfully wrapped by rGO; the presence of rGO provides
the desirable electronic conductivity for fast energy storage
and the hierarchically porous structure of the nanohybrid
facilitates rapid access of the liquid electrolyte to active
materials. Besides, the surfaces of the NiS nanorods in the R-
NiS/rGO hybrid electrode are very active for fast redox reac-
tions, as conrmed by experimental measurements and
density functional theory (DFT)-based calculations. When
tested in a three-electrode conguration, the hybrid elec-
trode exhibited high specic capacity, excellent rate capa-
bility, and good cycling performance. Moreover, a hybrid
device with the R-NiS/rGO as the positive electrode and C/NG-
A as the negative electrode (denoted as R-NiS/rGO/
electrolyte/C/NG-A) was fabricated, delivering a greatly
enhanced gravimetric energy density of 92 W h kg�1 and
superior cycling stability compared to those recently re-
ported for asymmetric/hybrid SCs.7,27,30,33,37,38 Further, the
MOF/rGO hybrid-as-template is an effective strategy for
synthesizing battery-type electrode materials with unique
properties for high performance SCs.
4004 | J. Mater. Chem. A, 2018, 6, 4003–4012
2 Experimental
2.1 Synthesis of graphene oxide (GO)

Graphite oxide (GO) was fabricated from graphite powder by
a modied Hummers method.39,40 Typically, 2.5 g of K2S2O8 and
2.5 g of P2O5 were dissolved in 12 mL of concentrated H2SO4

with 2.5 g of P2O5, and then heated to 80 �C, followed by adding
3 g of graphite powder. The mixture was kept at 80 �C for 4.5 h
before cooled down to room temperature. Then, 500 mL of
deionized (DI) water was added into the mixture. The diluted
solution was kept overnight and then ltered and washed with
DI water. The resulting product was dried in air overnight to
obtain the preoxidized graphite powder. Aerwards, the powder
was added into 120 mL of cold (0 �C) concentrated H2SO4, and
15 g of KMnO4 was then added slowly under stirring during
which the solution temperature was kept below 20 �C. The
mixture was stirred at 35 �C for 2 h, followed by slow addition of
250 mL of DI water in an ice bath to keep the temperature below
50 �C. The resulting mixture was stirred for another 2 h, and
then 700 mL of DI water was added, followed by injecting 20 mL
of 30% H2O2 immediately into the mixture. The solution was
kept for 12 h, and the supernatant was removed. The le solu-
tion was washed with 10% diluted HCl and 1 L of DI water. In
the nal step, the GO dispersion was puried by dialysis for 7
days. The nal concentration of the GO dispersion was ca.
15 mg mL�1.

2.2 Synthesis of Ni-MOF-74/GO

The synthesis of Ni-MOF-74/GO was based on a previous report
with a little modication.30 In a 100 mL round-bottom ask
equipped with a condenser, the ligand 2,5-dihydroxy-1,4-
benzenedicarboxylic acid (0.516 g, 2.6 mmol) was added to an
aqueous suspension of graphene oxide (GO, 3.13 mg mL�1,
24 mL). Aer ultrasonic treatment for 10 min, the mixture was
heated to reux under strong magnetic stirring (oil bath at
160 �C). In a separate ask, nickel acetate tetrahydrate (1.260 g,
5 mmol) was dissolved in deionized water (5 mL) at 80 �C. The
as-obtained light green nickel salt solution was added to the
boiling suspension in one portion under continuous stirring.
The mixture was further heated under reux for 2 h. Aer
cooling down to room temperature, the suspension was le for
precipitation of the product. Then the supernatant was dec-
anted and deionized water was again introduced for exchange.
This process was repeated 3 times (until the pH value of the
supernatant was ca. 7). The nal product was obtained by
freeze-drying. Upon freezing, the loose layered structure of the
composite was rst immobilized through the formation of the
ice crystals. Aerwards, the ice crystals sublimated during
freeze drying.

2.3 Synthesis of pure Ni-MOF-74

The synthesis of pure Ni-MOF-74 was based on a previous report
with some modication.30 In a 250 mL round-bottom ask
equipped with a condenser, a suspension of 2,5-dihydroxy-1,4-
benzenedicarboxylic acid (5.16 g, 26 mmol) in deionized water
(200 mL) was heated to reux under strong magnetic stirring
This journal is © The Royal Society of Chemistry 2018
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(oil bath at 160 �C). In a separate ask, nickel acetate tetrahy-
drate (12.60 g, 50 mmol) was dissolved in deionized water (50
mL) at 80 �C. The light green nickel salt solution obtained was
added to the boiling suspension in one portion under
continuous stirring. Aer a few minutes, a yellow precipitate
started to form. The reaction mixture was further reuxed for
2 h. The nal suspension was centrifuged and the yellow
powder was washed three times with 100 mL portions of warm
deionized water before being dried overnight at 80 �C.

2.4 Synthesis of pure R-NiS/rGO

The as-synthesized Ni-MOF-74/rGO was uniformly mixed with
sublimed sulfur with a mass ratio of 1 : 1 (30 mg for both
samples). The mixture was then placed in a corundum crucible
and transferred to a tube furnace. R-NiS/rGO was synthesized at
350 �C under 5% H2S–95% argon gas ow with a ramp rate of
2 �C min�1, and then kept at 350 �C for 2 h. The furnace was
naturally cooled to room temperature in argon, and the black
powder was taken out and stored for further use.

2.5 Synthesis of pure N-NiS

N-NiS was synthesized from a 30 mg Ni-MOF-74–30 mg
sublimed sulfur mixture at 350 �C in a 5% H2S–95% Ar atmo-
sphere with a ramp rate of 2 �C min�1, and then kept at 350 �C
for 2 h. The furnace was naturally cooled to room temperature,
and the black powder was taken out and stored for further use.

2.6 Synthesis of C/NG-A

The C/NG-A was synthesized based on a recent report.15 Firstly,
a nitrogen-doped graphene aerogel (NG-A) was fabricated by
the following steps: 2.5 mL of GO dispersion was diluted with
8 mL of DI water, followed by sonication for 2 h before adding
10 mL of NH4OH. The mixture was stirred for 1 h and then
sealed in a Teon-lined autoclave. The hydrothermal reaction
was carried out at 160 �C for 24 h to get a cylinder-like
hydrogel. The resulting hydrogel was immersed in DI water,
which was exchanged with fresh DI water several times to
completely remove the residual NH4OH. Secondly, Co(mIM)2-
modied NG-A was synthesized. Typically, 0.144 g of
Co(NO3)2$6H2O and 0.324 g of 2-methylimidazole were each
dissolved in 10 mL of methanol. The suspension was poured
into the latter ligand solution under vigorous stirring. Aer
60 s of stirring, NG-A was added into the mixture, and kept at
room temperature for 24 h. Later, the cylinder-like gel was
taken out and immersed into ethanol. The ethanol was
exchanged with fresh ethanol several times in order to remove
the residual reagent. Aerwards, the resulting sample was
dried using supercritical carbon dioxide, leading to the
Co(mIM)2-modied NG-A. C/NG-A was synthesized by pyro-
lyzing the Co(mIM)2-modied NG-A at 750 �C in a tempera-
ture-programmed furnace under an argon gas ow for 2 h.
The furnace was cooled down to room temperature naturally
in an argon atmosphere. Then the pyrolyzed sample was
treated with concentrated hydrochloric acid at 80 �C for 6 h.
The resulting sample was collected by centrifugation, washed
with DI water, and then dried at 80 �C.
This journal is © The Royal Society of Chemistry 2018
3 Results and discussion
3.1 Characterization of the R-NiS/rGO nanohybrids

The schematic illustration of the detailed formation process of
the R-NiS/rGO is depicted in Fig. 1. The Ni-MOF-74/rGO
precursors were synthesized by mixing the Ni(II)-containing
solution and GO suspension through reuxing in water, fol-
lowed by freeze drying to maintain the morphology of rGO. The
Ni-MOF-74/rGO was mixed with sulfur powder and further
treated by a facile reaction in 5 wt% H2S at 350 �C in a sealed
tube furnace to obtain the R-NiS/rGO. For SC performance
comparison, neat Ni-MOF-74-derived NiS was also prepared by
the same synthesis method. The product was denoted as N-NiS.

Field emission scanning electron microscopy (FE-SEM) was
performed to investigate the microstructure and morphology of
the as-synthesized samples. It is obvious to see that the sizes of
the MOFs in the hybrid material were signicantly reduced to
the nanoscale (ca. 300 � 1200 nm) compared with pristine
micron-sized MOF-74 in Fig. 1 and S1,† and the NiS remained to
be a rod-like nanostructure aer sulfuration with an even
smaller average size of ca. 200 � 800 nm. The SEM images in
Fig. S1b and d† show that the graphene sheets were successfully
intertwined and intimately bounded by the uniformly dispersed
MOF-74 and NiS nanorods. Besides, unlike the common drying
method, freeze-drying effectively avoided the agglomeration of
the graphene sheets and helped keep the loose layered archi-
tecture of the nanohybrids. Additionally, surface elemental
distribution was acquired using energy dispersive spectroscopy
(EDS) to elucidate the composition of R-NiS/rGO (Fig. S2, ESI†).
By reading the survey spectrum, it is obvious to nd that R-NiS/
rGO is composed of Ni, S, C, and O exclusively.

The crystallinities of the as-prepared Ni-MOF-74 and MOF-
74/rGO were conrmed by comparing the powder X-ray
diffraction (PXRD) pattern with the simulated one in Fig. S3
in the ESI.†36 From the enlarged MOF-74/rGO pattern (inset of
Fig. S3, ESI†), the carbon (002) and (100) signals indicate the
successful transformation from GO to rGO during reuxing.
Fig. 2a shows the PXRD pattern of R-NiS/rGO and N-NiS. It is
obvious to see that all the MOF characteristic peaks disappear,
and apart from the carbon (002) signal, other peaks in both
samples could be indexed to the (100), (101), (102), and (110)
plane reections of a-NiS (JCPDS: 02-1280) very well.41 The
presence of graphene is also proved by Raman spectra depicted
in Fig. 2b. The characteristic D and G bands for carbon mate-
rials are observed at 1330 and 1595 cm�1. Compared with the N-
NiS, the ID/IG value of the R-NiS/rGO increased obviously, which
means that there are more defects in the NiS/rGO, indicating
that graphene and NiS species are intimately hybridized in the
hybrid structure. The porous features of R-NiS/rGO were
examined by using nitrogen physisorption isotherms at 77 K as
depicted in Fig. 2c. The adsorption–desorption isotherms are
classied as IUPAC type IV with a type H2 hysteresis loop
observed in the range of 0.5–1.0 P/P0, indicating the formation
of mesopores in the architecture. Quenched solid state func-
tional theory (QS-DFT) was applied to further assess the pore
size distributions of R-NiS/rGO (inset of Fig. 2c). Compared with
J. Mater. Chem. A, 2018, 6, 4003–4012 | 4005
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Fig. 1 Schematic illustration of the synthesis procedure of the R-NiS/rGO from MOF precursors.
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the isotherms of Ni-MOF-74 and Ni-MOF-74/rGO (Fig. S4, ESI†),
we can see that unlike the neat MOF-74 which only demon-
strated micropores, R-NiS/rGO inherited the mesoporous
feature from the parent Ni-MOF-74/rGO and exhibited hierar-
chical porous nature with an appealing distribution of 3–35 nm.
These hierarchical pores will keep the contact areas between
active materials and electrolyte large and sufficient during
electrochemical charge–discharge processes, thus effectively
reducing the self-aggregation of the hybrid structure.42 A
transmission electron microscope (TEM) was applied to further
analyze the morphology and structure of R-NiS/rGO nano-
hybrids. As shown in Fig. 2d and S5,† the rod-like NiS which is
closely intertwined with graphene sheets is an aggregated
structure formed by disorderly stacked NiS nanoparticles (ca. 8
nm), which is in good agreement with the SEM results. The
High-Angle Annular Dark-Field Scanning Transmission Elec-
tronMicroscopy (HADDF-STEM) images shown in Fig. 2e clearly
reveal that Ni and S are homogeneously distributed on the
nanorods, while C exists throughout the whole structure.

X-ray photoelectron spectroscopy (XPS) measurements were
performed to analyze the surface electronic state and compo-
sition of R-NiS/rGO. The presence of elements C, O, Ni, and S
has been supported by the survey scan spectrum (Fig. S6, ESI†),
which is consistent with the EDS results. For the C 1s XPS
spectrum of the nanohybrid, signals including the aromatic-
linked carbon (C]C, 284.6 eV), the C in oxygen single-bonded
carbon bonds (C–O, 285.2 eV), the carbonyl carbon (C]O,
286.4 eV), and the carboxylate carbon (O–C]O, 288.9 eV) can be
observed (Fig. 2f), indicating that there are oxygen-containing
functional groups on the graphene sheets.26 These functional
4006 | J. Mater. Chem. A, 2018, 6, 4003–4012
groups are highly active for anchoring Ni–S species during the
synthesis process, thus greatly enhancing the structural
stability of the nanohybrids.43–45 Fig. 2g shows the high-
resolution spectrum of Ni 2p. The observed Ni 2p1/2 and Ni
2p2/3 peaks centered at 873.7 and 856.1 eV (with a 17.6 eV
difference), along with two corresponding satellites, are
consistent with those of NiS.46,47 The S 2p spectrum in Fig. 2h
can also be divided and tted to the strong peaks at 163.2 eV
(2p3/2) and 162.0 eV (2p1/2), which correspond to the Ni–S bonds
and the S2� in low coordination on the surface, respectively.48
3.2 Electrochemical performance of the R-NiS/rGO
nanohybrids

To evaluate the electrochemical performance, the as-
synthesized samples were tested in a three-electrode congu-
ration in 2M KOH aqueous solution. The cyclic voltammograms
(CVs) of the R-NiS/rGO and N-NiS at a constant scan rate of
10 mV s�1 are depicted in Fig. 3a. Both curves have a similar
shape with a pair of well-dened redox peaks at 0.2 and 0.35 V,
indicating that the capacity is attributed to the two-phase Ni2+/
Ni3+ faradaic reaction. Besides, it is clear to see that the R-NiS/
rGO exhibits a higher current density and larger integral area
than N-NiS, implying a signicantly improved specic capacity
and fast redox reaction kinetics process of the R-NiS/rGO
sample. With increasing scan rates from 10 to 100 mV s�1,
the corresponding currents in Fig. 3b show a rising trend
accordingly, indicating the good rate capability of the active
material. The galvanostatic charge–discharge (GCD) tests are
carried out at different current densities (1 to 50 A g�1). As
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) PXRD patterns of the as-synthesized R-NiS/rGO and N-NiS. (b) Raman spectra of the R-NiS/rGO and N-NiS. (c) N2 adsorption–
desorption isotherms and the corresponding pore size distribution plot (inset) of R-NiS/rGO. (d) TEM image of the R-NiS/rGO. (e) HAADF-STEM
image and the corresponding EDS elemental mappings of C, Ni, and S. (f and h) High resolution XPS spectra of C 1s, Ni 2p, and S 2p of the R-NiS/
rGO.
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shown in Fig. 3c, there are plateaus between 0.25 and 0.35 V
with a relatively small slope prevailing over a wide capacity
range, and all the curves exhibit a high coulombic efficiency due
to the highly reversible redox reactions of the R-NiS/rGO
nanohybrids. For comparison, the CV and GCD curves of the
N-NiS sample are depicted in Fig. S7 (ESI†).

The specic capacities of the as-obtained R-NiS/rGO and N-
NiS were calculated from the GCD curves at all current densi-
ties, and the calculation was based on the entire mass of both
components (Fig. 3d). R-NiS/rGO exhibits a capacity of 744 C g�1

at 1 A g�1 and can achieve as high as 600 C g�1 at an elevated
current density of 50 A g�1 with a capacity retention of 80%. In
contrast, in the case of the N-NiS, the slope shows a sharp
decrease of capacity to 260 C g�1 at 20 A g�1 which is 52% of the
initial value. The cycling stabilities of the aforementioned
samples were further investigated at a current density of
20 A g�1 (Fig. 3f). The R-NiS/rGO electrode demonstrated a very
attractive capacity retention of 89% even aer 20 000 cycles,
indicating a greatly improved cycling performance compared to
the N-NiS (ca. 72%, 10 000 cycles). The greatly enhanced rate
performance and cycling stability clearly show the good elec-
tronic conductivity of R-NiS/rGO, especially when applied at
This journal is © The Royal Society of Chemistry 2018
high current densities, demonstrating that the NiS is intimately
bounded by rGO in the hybrid. The promotion of electronic
conductivity is further supported by the electrochemical
impedance spectroscopy (EIS) tests. As shown in the Nyquist
plots in 2 M KOH within the frequency ranges from 100 kHz to
10 MHz (Fig. 3e), it is obvious that R-NiS/rGO exhibited higher
conductivity compared with N-NiS which exhibited a charge-
transfer impedance of ca. 1.41 U. Specically, a semicircle at
high frequencies with a diameter of ca. 0.65U along the real axis
denotes the charge-transfer impedance at the electrode–elec-
trolyte interface of the R-NiS/rGO electrode. This low charge
transfer resistance is due to the intimate contact with conduc-
tive rGO and the good intrinsic electronic properties of metal
suldes. The low equivalent series resistance in a high-
frequency region signies the excellent conducting properties
in aqueous electrolytes. Besides, the exposure of numerous
active sites within the nanohybrids, and the shortened trans-
port distance in the hierarchical nano-scaled structure also
synergistically contribute to the enhanced SC performance to
some degree. These remarkable electrochemical performances
are highly comparable to those of battery-type electrode mate-
rials reported in the literature.
J. Mater. Chem. A, 2018, 6, 4003–4012 | 4007
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Fig. 3 Electrochemical properties: (a) CV curve comparison of R-NiS/rGO and N-NiS at 10 mV s�1, (b) CV curves of R-NiS/rGO at various scan
rates, (c) GCD curves of R-NiS/rGO at different current densities, (d) specific capacities of R-NiS/rGO based on different current densities, (e)
Nyquist plots of R-NiS/rGO and N-NiS, and (f) cycling performances of R-NiS/rGO and N-NiS.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
4 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 G

eo
rg

ia
 In

st
itu

te
 o

f T
ec

hn
ol

og
y 

on
 0

3/
03

/2
01

8 
13

:4
2:

49
. 

View Article Online
To further broaden the voltage window and enhance the
energy density of the MOF-derived R-NiS/rGO for practical
application. We constructed a hybrid SC by employing the R-
NiS/rGO as the positive electrode and the as-reported
capacitive Co(mIM)2-modied nitrogen-doped graphene
aerogel (C/NG-A) as the negative electrode, as schematically
illustrated in Fig. 4a. The morphology characterization and
electrochemical tests of the C/NG-A are included in Fig. S8
(ESI†). Clearly, the C/NG-A exhibited an overall capacitive
behavior with electrical double-layer contribution from both
MOF-derived carbon and NG-A and slight pseudocapacitive
contribution from the N doping on both the mIM ligand and
NG-A between �1 and 0 V. Based on eqn S2 and S3 (ESI†), the
charge balance was achieved by adjusting the mass ratio (R)
between the negative electrode and the positive electrode to
2.2 (Fig. S9a, ESI†). The CV curves of the as-fabricated device
are presented in Fig. 4b, an operating voltage of 1.6 V could
be achieved, and the shapes of the curves were well main-
tained by increasing the scan rate from 10 mV s�1 to 100 mV
s�1, suggesting the high rate capability of the hybrid device.
GCD performances from 1 A g�1 to 50 A g�1 of the hybrid
device are depicted in Fig. 4c, the curves are battery-type with
a sloping plateau at all current densities and the symme-
tric shapes indicate high coulombic efficiencies. The
specic capacitances calculated based on the total mass of
both electrodes from the GCD curves and the
corresponding rate performance are shown in Fig. S9b (ESI†),
it is notable that more than 58% of the initial capacitance at
1 A g�1 was retained even at an elevated current density of
50 A g�1.
4008 | J. Mater. Chem. A, 2018, 6, 4003–4012
The Ragone plot, which demonstrates the relationship
between energy densities and power densities of different
devices, is shown in Fig. 4d. It can be seen that an energy
density of 93 W h kg�1 was achieved at the power density of
962 W kg�1 for the R-NiS/rGO//C/NG-A hybrid device. Moreover,
an energy density of 54 W h kg�1 can be kept at an elevated
working power of 46 034 W kg�1. The gravimetric energy and
power densities of the hybrid device are superior to those of
other recently reported hybrid/asymmetric devices, including
triple phase NixSy/rGO//G,30 NiCo2S4//G,37 NiCo2S4/N–carbon
foam//ordered mesoporous C/N–carbon foam,38 MOF-74
derived 65Ni–35Co hydroxide//N-doped carbon,27 Ni–Co–Fe
hydroxide//active carbon,7 and CoxNiy(OH)2@rGO//p-
phenylenediamine-modied rGO.33 Stability is another impor-
tant property for the SCs, Fig. 4e demonstrates the cycling
performance of the hybrid device between 0 and 1.6 V at
20 A g�1. It is noted that the R-NiS/rGO//C/NG-A hybrid device
displays a 93% capacitance retention of the initial value even
aer 10 000 cycles, indicating superb cycling stability.
3.3 Investigation of the high supercapacitor performance of
R-NiS/rGO nanohybrids

The high resolution transmission electron microscopy (HR-
TEM) image depicted in Fig. 5a reveals that MOF-derived NiS
nanorods feature a rough surface and abundant edge sites with
an average thickness of ca. 20 nm. To illustrate the difference
between the edge and interior sites in NiS nanorods, areas
marked with yellow (edge site) and blue (interior site) are
randomly picked for further magnication. Fig. 5b shows the
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Electrochemical performance of the two-electrode hybrid device: (a) schematic illustration of the hybrid device, (b) CV curves of the R-
NiS/rGO//C/NG-A at various scan rates, (c) GCD curves of R-NiS/rGO//C/NG-A at different current densities, (d) Ragone plot of R-NiS/rGO//C/
NG-A, other recently reported high performance hybrid/asymmetric SCs are also listed for comparison, and (e) cycling stability of the R-NiS/
rGO//C/NG-A at a current density of 20 A g�1 between 0 and 1.6 V, the inset in (e) shows the GCD curves at the 1st, 5000th, and 10 000th cycles.
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enlarged image of the yellow area; the red regions are NiS
nanoparticles anchored on the MOF-derived carbon sphere, in
which only lattice fringes of 0.195 and 0.293 nm can be
observed, ascribed to the (101) and (110) planes of a-NiS,
respectively (Fig. 5d). However, from Fig. 5c and e which are the
magnied images of the interior blue area, (102) planes with
visible lattice fringes of 0.255 nm are obviously dominant
compared with the yellow area, indicating (101) and (110)
planes as preferential orientations for the edge sites of R-NiS/
rGO nanohybrids. This result is very interesting as edge sites
always feature relatively good exposure to the electrolyte, and if
(101) and (110) planes had better electrochemical activity
This journal is © The Royal Society of Chemistry 2018
compared with the (102) plane, R-NiS/rGO will have a great
chance to be a good electrochemical energy storage material.

To further understand the surface adsorption properties of
a-NiS regarding OH�, rst-principles calculations on (110),
(102) and (101) planes were carried out. The slab structures are
shown in Fig. S10.† The (110) plane is a 4-layer non-polar plane,
with surface Ni and S coordination numbers as 4 and 4. The
(102) plane is a 5-layer non-polar plane, with surface Ni and S
coordination numbers as 4/5 and 4/5 (4/5 represents half 4 and
half 5-coordination). The (101) plane is a 5-layer polar plane,
with surface Ni and S coordination numbers as 4 and 2. Due to
surface relaxation, the Ni–S plane in the (110) surface is
J. Mater. Chem. A, 2018, 6, 4003–4012 | 4009
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Fig. 5 (a) HR-TEM images of the R-NiS/rGO hybrid nanostructure. (b) and (c) Enlarged HR-TEM images from the yellow and blue squares in (a),
respectively. (d) and (e) The visible lattice fringe images obtained from the yellow square in (b) and blue square in (c), respectively. (f) Surface
energy and OH� adsorption energy of different slabs of a-NiS from DFT calculations.
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ruptured from planar. This occurs in (102) and (101) surfaces as
well.

Based on eqn S7 (ESI†), the calculated surface energies for
(110), (102) and (101) slabs are 0.033, 0.069, and 0.086 eV �A�2

(0.528, 1.098 and 1.371 J m�2) which are depicted in Fig. 5f,
respectively. This indicates that in thermodynamic equilibrium,
if there is no solvent adsorption effect on these surfaces, (101)
will be the most stable and enriched plane to be observed, fol-
lowed by (102) and (110).

The OH� adsorption energy that dictates the redox reaction
charge–discharge kinetics was also calculated as the energy
difference between OH� aer and before adsorption on surface
Ni sites. The computed adsorption energies of OH� for (110),
(102) and (101) slabs from eqn S8 (ESI†) are 1.648, 3.101, and
�0.879 eV (Fig. 5f), respectively. For the (102) plane, 4 and 5-
coordinated Ni has nearly degenerate adsorption energy. This is
consistent with the relation that the higher surface energy plane
has stronger adsorption behaviour in general, although (102)
has an exceptionally positive adsorption energy. The adsorption
behaviour is believed to be dictated by the coordination envi-
ronment of surface Ni. Although the adsorption sites of surface
Ni are all coordinated by 4 S atoms, the Ni–S bond lengths are
very different. The (101) surface has the Ni–S bond with an
average length of 2.15�A, and (110) and (102) have the values of
2.23 and 2.35�A. It is found that a longer (or weaker) Ni–S bond
also indicates a weaker Ni–O bond. (101), (110) and (102) have
Ni–O bond lengths as 1.83, 1.86 and 2.95�A. It is very likely that
hydroxide has negligible adsorption on the (102) surface due to
the over 3 eV adsorption energy and large Ni–O bond length
(even larger than S–O bond length 1.73�A that is unlikely to form
due to coulombic repulsion). On the other hand, the favorable
adsorption of hydroxide species on the (101) surface is probably
due to the unique surface kink naturally formed from surface
cleavage that causes steric repulsion between hydroxide and
surface atoms to go to minimum. It is thus energetically
favorable for the (101) surface to do charge–discharge, followed
by (110) and (102) surfaces on which a large over-potential is
necessary to drive the electro-chemical process. Combined with
4010 | J. Mater. Chem. A, 2018, 6, 4003–4012
the TEM results which demonstrate dominant (101) and (110)
surfaces on the edge of the NiS nanorod, the R-NiS/rGO nano-
hybrid is favorable for efficient transport of the electrolyte, thus
improving the effective utilization of the active materials in the
application of SCs.
4 Conclusions

In summary, we have successfully synthesized a hierarchically
porous hybrid electrode composed of R-NiS and rGO by direct
sulfuration of a MOF-74/rGO hybrid material (prepared by
reuxing instead of a conventional hydrothermal reaction).
When tested in a supercapacitor, the R-NiS/rGO hybrid elec-
trode displayed high specic capacity, superb rate capability,
and excellent cycle life, far better than those of other nickel
sulde-based electrodes ever reported. The enhanced electro-
chemical performance is attributed mainly to the (101) and
(110) active site-enriched edges of the R-NiS/rGO hybrid, which
exhibit a strong affinity for OH� in 2 M KOH electrolyte, as
conrmed by experimental measurements and DFT-based
calculations. Furthermore and in particular, when coupled
with a capacitive electrode C/NG-A to construct a hybrid
supercapacitor with a conguration of R-NiS/rGO/electrolyte/C/
NG-A, the hybrid device showed very high energy densities and
power densities. The developed methodology for the fabrication
of hierarchically porous hybrid electrodes is applicable to the
fabrication of other high-performance electrodes for various
energy storage and conversion devices.
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