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In situ grown nickel selenide on graphene
nanohybrid electrodes for high energy density
asymmetric supercapacitors†
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Mengyao Dong,d,e Hu Liu, e Jiaoxia Zhang,d,f Tingxi Li,*g Ning Wang,h

Zhanhu Guo *d and Subramania Angaiah *a

Nickel selenide (NiSe) nanoparticles uniformly supported on graphene nanosheets (G) to form NiSe–G

nanohybrids were prepared by an in situ hydrothermal process. The uniform distribution of NiSe on gra-

phene bestowed the NiSe–G nanohybrid with faster charge transport and diffusion along with abundant

accessible electrochemical active sites. The synergistic effect between NiSe nanoparticles and graphene

nanosheets for supercapacitor applications was systematically investigated for the first time. The free-

standing NiSe–G nanohybrid electrode exhibited better electrochemical performance with a high specific

capacitance of 1280 F g−1 at a current density of 1 A g−1 and a capacitance retention of 98% after

2500 cycles relative to that of NiSe nanoparticles. Furthermore, an asymmetric supercapacitor device

assembled using the NiSe–G nanohybrid as the positive electrode, activated carbon as the negative

electrode and an electrospun PVdF membrane containing 6 M KOH as both the separator and the elec-

trolyte delivered a high energy density of 50.1 W h kg−1 and a power density of 816 W kg−1 at an extended

operating voltage of 1.6 V. Thus, the NiSe–G nanohybrid can be used as a potential electrode material for

high-performance supercapacitors.

1. Introduction

Supercapacitors or electrochemical capacitors have been
widely investigated as promising energy storage systems
because of their high power density, expeditious charge–dis-

charge, long cycle life and environmental friendliness.1–4

Based on the charge storage mechanisms, they are classified
as electrical double layer capacitors (EDLCs) and pseudo-
capacitors. The pseudo-capacitors possess higher specific
capacitance than EDLCs because of the faradaic charge
storage mechanisms.5 However, their energy density is lower
than that of rechargeable batteries, which hinders their practi-
cal applications. Hence, there is an intense demand to
increase the energy density of supercapacitors without conced-
ing their power density. The energy density of supercapacitors
can be improved by increasing the capacitance of the electrode
material (C) or its operating voltage window (V) or both since
the energy stored is proportional to C·V2.6

Asymmetric supercapacitors (ASCs) are an effective tool to
increase the energy density and cell voltage. ASCs consist of a
faradaic positive electrode as the energy source and an EDLC-
type negative electrode as the power source, offering the advan-
tages of both a supercapacitor (power density, rate, and cycle
life) and a battery (energy density). In addition, different elec-
trode materials in one system expand the operating voltage. To
obtain excellent supercapacitor performance, the electrode
material should possess better electrochemical redox reac-
tions, superior electrical conductivity, high chemical stability
and a shorter diffusion path for both electrons and electrolyte
ions.7–12 Activated carbon and graphene with high specific
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surface area, better chemical stability, and good electrical con-
ductivity have commonly been used as negative electrodes and
others.13 Further research effort has also been made to explore
efficient faradaic positive electrode materials with high capaci-
tance and long cycle life. Inorganic nanoparticles grown on
graphene were demonstrated to be viable electrode materials
for asymmetric supercapacitors.14–16 Graphene can be a
perfect substrate for the growth of functional nanomaterials
for electrochemical energy devices because it offers high
specific surface area, high electrical conductivity, and good
mechanical flexibility and is electrochemically active.17–19

Transition metal oxides, sulfides, and selenides have been
explored as high-performance supercapacitor materials
because of their rich valence state for a reversible faradaic reac-
tion, abundance, low cost and environmental friendliness.20–24

For transition metal selenides, a sandwich structure is always
observed, with a metal atom at the center of two selenide
layers.25 Due to its relatively lower electronegativity than that of
oxide and sulfide ions, the selenide ions could create more flex-
ible structures and thereby can prevent the disintegration of the
structure by elongation between the layers during charge–dis-
charge cycles. This behavior can also be attributed to easier
charge transportation, thus favoring the use of transition metal
selenides as a superior electrode material for super-
capacitors.26,27 Recently, CoSe–G nanohybrids demonstrated
better supercapacitive performance than CoSe nanoparticles
while serving as a positive electrode for supercapacitors.28

Compared with polymers or their corresponding metals,
metal chalcogenides such as nickel selenide (NiSe) are attract-
ing increasing attention due to high electrocatalytic activity,
which makes them a promising material for various appli-
cations such as oxygen and hydrogen evolution reactions, dye
sensitized solar cells, optoelectronic devices, wastewater treat-
ment, and electrochemical energy conversion/storage.29–36

Recently, NiSe has been reported to be an efficient electrode
material for supercapacitor applications.37,38 However, there is
no report on the nickel selenide/graphene (NiSe–G) nanohybrid
as a positive electrode material for asymmetric supercapacitors.

Herein, we report nickel selenide nanoparticles grown on
graphene nanosheets by a one step hydrothermal method to
form synergistic effects of highly conductive graphene sub-
strates and electrochemically active nickel selenide sites. Their
structure, morphology, and composition were confirmed by
X-ray diffraction (XRD), Raman spectroscopy, field emission
scanning electron microscopy (FE-SEM), transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS)
studies. The feasibility to use them as an efficient positive elec-
trode material was tested in the asymmetric supercapacitors.
The effects of graphene on their electrochemical and supercapa-
citive behaviors were also studied. The electrochemical activities
of the prepared NiSe and NiSe–G nanohybrids were studied
using electrochemical impedance, cyclic voltammetry (CV) and
galvanostatic charge–discharge studies. Asymmetric super-
capacitors (ASC) were fabricated using NiSe–G nanohybrids as a
positive electrode and activated carbon (AC) as a negative elec-
trode and 6 M KOH soaked in an electrospun polyvinylidene

fluoride (PVDF) polymer membrane as an electrolyte as well as
a separator. The energy storage performance of these electrodes
was evaluated and compared with the recently reported tran-
sition metal chalcogenide based electrodes for ASC.

2. Experimental section
2.1 Materials used

Nickel chloride hexahydrate (NiCl2·6H2O, 98% pure), sodium
nitrate (NaNO3, 99% pure), hydrazine hydrate (N2H4·H2O,
99–100% pure), and N-methyl-2-pyrrolidinone (NMP, 99%
pure) were purchased from Merck. Selenium powder (Se,
>99.5% trace metal basis) and polyvinylidene fluoride (PVdF,
molecular weight 530 000) were obtained from Sigma-Aldrich.
All chemical reagents were of analytical grade and were used
as received.

2.2 Preparation of NiSe–G nanohybrids

The NiSe–G nanohybrids were prepared by a simple hydro-
thermal method. Briefly, 0.0691 g nickel chloride (NiCl2) and
0.0229 g selenium (Se) powders were taken in a 1 : 1 mole ratio
and then dissolved in 50 mL of deionized water. Into this, the
required quantity of graphene oxide (0.02 g) prepared by a
modified Hummers’ method39 was dispersed by ultra-
sonication. To this, hydrazine (10 mL) was then added drop by
drop with constant stirring to act as a reduction agent to
increase the graphitization nature of graphene as well as the
reduction of Ni2+ to form nickel selenide nanoparticles onto
graphene. This mixture was transferred into a Teflon-lined
stainless steel autoclave and kept at 120 °C for 12 h. After
being cooled down to room temperature, the obtained precipi-
tate was washed several times with distilled water and kept
inside a vacuum oven at 50 °C for 12 h to obtain the NiSe–G
nanohybrid with a mass ratio of 1.0 : 0.5. Pure NiSe nano-
particles were also prepared under the same reaction con-
ditions without the addition of graphene oxide.

2.3 Physical characterization

The morphology and nanostructures of the prepared NiSe
nanoparticles and NiSe–G nanohybrids were observed by using
field emission scanning electron microscopy (JSM, JEOL
7600F) and high-resolution transmission electron microscopy
(Philips, model: CM 200). X-ray photoelectron spectroscopic
(XPS) data were acquired using a Kratos AXIS Ultra DLD
(Kratos Analytical Ltd) with an X-ray source of mono Al-Kα
(1486.71 eV, 5 mA) and an operating power of 75 W. Unless
mentioned otherwise, the data were acquired at an angle of
90° between the substrate and the detector, with a step size of
1 eV and a dwell time of 100 ms. The fitting and deconvolution
of peaks were carried out using the XPSPEAK 4.1 software. The
peaks were referenced with respect to the C 1s peak at 284.6
eV. Information about the phase and crystallinity was obtained
by the X-ray diffraction technique (Rigaku, Ultima IV) with
nickel-filtered Cu-Kα radiation in the range of 20 to 80° with
an increment of 0.05°. The Raman spectra were recorded using
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a confocal micro-Raman spectrometer (Renishaw RM 2000)
under a 20 mW Innova Ar+ ion laser at 514 nm.

2.4 Electrochemical characterization and fabrication of ASC
devices

The supercapacitive properties of the prepared NiSe nanoparticle
and NiSe–G nanohybrid electrodes were measured in a three-
electrode cell configuration. The NiSe and NiSe–G electrodes were
used as working electrodes. A saturated calomel electrode (SCE), a
platinum electrode and a 6 M KOH solution were used as the
reference electrode, the counter electrode, and the electrolyte,
respectively. The working electrode was prepared by mixing
80 wt% of the prepared electroactive material (NiSe/NiSe–G),
10 wt% of black pearl carbon (activated carbon) and 10 wt% of
poly(vinylidene fluoride) in N-methyl-2-pyrrolidone to form a
homogeneous slurry. This was coated on the stainless steel (SS)
substrate with a geometric surface area of 1 cm2 and then dried at
70 °C for 5 h in a vacuum oven. All the electrochemical perform-
ance measurements were carried out using an electrochemical
workstation (Biologic Model; VSP, France). Cyclic voltammetry
curves were recorded in the potential window of −0.2 to +0.4 V at
various scan rates such as 5, 10, 25, 50 and 100 mV s−1.
Galvanostatic charge–discharge curves were recorded at various
current densities such as 1, 3, 5, 7 and 10 A g−1 in the potential
range of −0.2 to +0.4 V. Electrochemical impedance measure-
ments were recorded in the frequency range of 0.01 Hz–100 kHz
at the open circuit potential with an AC amplitude of 5 mV.

The ASC devices were fabricated using NiSe–G nanohybrid
as the cathode and activated carbon as the anode and the elec-
trospun PVDF polymer electrolyte membrane was prepared as
per the procedure reported elsewhere40 and soaked in 6 M
KOH as the electrolyte as well as the separator.

From the charge–discharge curves, the specific capacitance
(Csp) of the working electrode and the ASC device was calcu-
lated using eqn (1):41

Csp ¼ i� Δt
ΔV �m

ð1Þ

where ΔV is the potential drop during discharge (V), Δt is the
discharge time (s) and m is the mass of the active electrode
material (g). To obtain the charge balance between the two

electrodes, an optimum mass balance of the positive and nega-
tive electrodes was calculated using eqn (2):

mþ
m�

¼ C� � ΔV�
Cþ � ΔV�

ð2Þ

where C+/C− represents the specific capacitance of the positive
and negative electrodes, m is the mass of the active material,
and ΔV+/ΔV− is the potential window of the positive and nega-
tive electrodes in the three-electrode system.

Electrochemical studies such as cyclic voltammetry and gal-
vanostatic charge–discharge studies were performed for the
assembled ASC device. From the charge–discharge curves, the
energy density (E) and power density (P) of the ASC device were
calculated using eqn (3) and (4):

E ¼ Csp � V2

2
ð3Þ

P ¼ E
t

ð4Þ

where Csp is the specific capacitance of the ASC device (F g−1),
V is the potential window of the ASC device, and Δt is the dis-
charge time.

3. Results and discussion

Fig. 1 shows FE-SEM images of NiSe nanoparticles, graphene
oxide, and NiSe–G nanohybrids, respectively. Pure NiSe nano-
particles aggregate to form large agglomerations (Fig. 1a).
Fig. 1b shows that pure graphene oxide possesses a two-dimen-
sional thin wrinkle sheet-like structure. Fig. 1c shows uniform-
size NiSe nanoparticles uniformly distributed onto graphene
nanosheets and some were wrapped by graphene nanosheets.
The functional groups in graphene oxide such as –OH and
–COOH could serve as active sites for Ni2+ adsorption, which
led to the homogeneous distribution of NiSe nanoparticles on
the surface of graphene nanosheets.42 In NiSe–G nanohybrids,
the incorporated graphene nanosheets are observed to prevent
the aggregation of NiSe nanoparticles.

Fig. S1† shows the energy dispersive X-ray analysis (EDX) of
NiSe nanoparticles and NiSe–G nanohybrids, respectively. The

Fig. 1 FE-SEM images of (a) NiSe nanoparticles, (b) graphene oxide and (c) NiSe–G nanohybrids.

Paper Nanoscale

20416 | Nanoscale, 2018, 10, 20414–20425 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 0
1 

O
ct

ob
er

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 2

/2
7/

20
19

 9
:3

3:
38

 P
M

. 
View Article Online

http://dx.doi.org/10.1039/c8nr06345a


NiSe samples displayed the presence of Ni and Se, whereas in
the NiSe–G nanohybrid samples displayed the presence of C,
Ni and Se species clearly in EDX spectra. The atomic percen-
tages of Ni and Se were found to be 46.01 and 53.99, respect-
ively, and hence the corresponding stoichiometric ratio is con-
firmed to be Ni0.85Se.

Fig. 2 shows a HRTEM image of the NiSe nanoparticles and
NiSe–G nanohybrids. Fig. 2a shows that the synthesized NiSe
nanoparticles are spherical in shape with an average mean dia-
meter of 23 nm and agglomerate with each other. It is
observed that the homogeneously distributed NiSe nano-
particles have better contact with graphene nanosheets due to
the presence of wrinkles (Fig. 2c). The SAED diffraction rings
of the NiSe nanoparticles (Fig. 2b) and NiSe–G nanohybrids
(Fig. 2d) can be indexed to the (101), (103), (201), (211) and
(212) planes of NiSe (space group: P63/mmc, JCPDS no. 18-
0888), indicating the polycrystalline nature of NiSe.

Furthermore, elemental mapping using TEM was carried
out to elucidate the distribution of chemical elements in the
NiSe–G nanohybrid. The elemental distribution image of the
NiSe–G nanohybrid (Fig. 3) shows a uniform distribution of
nickel (Ni) and selenium (Se) elements in the investigated
region (Fig. S2†), indicating the formation of nickel selenide
nanoparticles and thereby validating that the nickel selenide
nanoparticles are homogeneously dispersed on the graphene

nanosheets as observed from FESEM and HRTEM studies.
Also, no other impurity elements are observed.

XPS was employed to explore the nature of chemical
bonding and chemical state of NiSe–G nanohybrids. The XPS
spectrum of NiSe–G nanohybrids (Fig. 4a) clearly shows the
obvious peaks of C 1s, O 1s, Ni 2p, and Se 3d originating from
graphene and NiSe in the NiSe–G hybrid. The presence of the
O 1s peak was due to the unavoidable adsorption of oxygen on
the surface of hybrids from the environment. The carbon peak
(Fig. 4b) at 284.6 eV corresponds to the C–C peak, whereas the
peak at 284 eV corresponds to the sp2 hybridized carbon
atoms (CvC) from graphene.43 The CvC bond of the sp2

structure contributes to the high electrical conductivity of gra-
phene nanosheets. The Ni 2p (Fig. 4c) peaks at 855.6 eV and
873.1 eV correspond to Ni 2p3/2 and Ni 2p1/2, representing the
characteristics of Ni2+ for NiSe.44 The Se 3d (Fig. 4d) peaks at
54.9 and 58.8 eV are ascribed to Se 3d5/2 and Se 3d3/2, repre-
senting the metal–selenide bond (Ni–Se bonds of NiSe).45 It
reveals that the NiSe–G nanohybrids mainly contain C, Ni2+,
and Se2−, indicating the in situ growth of NiSe nanoparticles
onto the graphene nanosheets.

Raman spectra of graphene oxide, NiSe nanoparticles, and
NiSe–G nanohybrid are shown in Fig. 5. In the Raman spec-
trum of graphene oxide, peaks at around 1340 cm−1 and
1582 cm−1 correspond to the D band and G-band, respect-

Fig. 2 TEM image of (a) NiSe nanoparticles, (b) SAED patterns of NiSe nanoparticles, (c) NiSe–G nanohybrids, and (d) SAED patterns of NiSe–G
nanohybrids.
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ively.43 The ID/IG ratio was found to be 0.71. In the Raman
spectrum of NiSe, the peak observed at around 204 cm−1

corresponds to the stretching vibration and libration modes or
the combination of both the Se–Se pairs (Ag and Tg).

44 The
peak at around 506 cm−1 can be assigned to the longitudinal
optical (LO) one phonon mode of NiSe. There is no indication
of elemental selenium, as no peaks were observed at 141 and
235 cm−1.46 In the Raman spectrum of NiSe–G nanohybrids, a
D band at around 1333 cm−1 and a G band at around
1582 cm−1 are observed. The slight shift of the D band towards
the higher frequency region is attributed to the increase in the
structural disorder of graphene in NiSe–G.47 The ID/IG ratio for
NiSe–G is 1.16. The higher ID/IG ratio of NiSe–G nanohybrids
than that of graphene oxide is due to the removal of oxygen
functional groups in graphene oxide sheets and the re-estab-
lishment of numerous small conjugated G-networks
(sp2 domains). This shows that the reduction of graphene
oxide and the NiSe Raman modes are suppressed due to the
higher intensity of D and G bands of graphene. The inset
shows an enlarged version of NiSe–G at particular Raman
shifts from 150 to 800 cm−1. It is observed that there is no
change in the vibrational mode of NiSe in the NiSe–G nano-
hybrid. This indicates that there is no phase change in the
NiSe nanoparticles due to the addition of graphene.

Fig. 6 shows the X-ray diffraction (XRD) patterns of pure
NiSe nanoparticles and NiSe–G nanohybrids. The major diffr-
action peaks displayed in the XRD pattern of both the samples

could be well indexed to the hexagonal phase of Ni0.85Se
(JCPDS no. 18-0888) with the lattice constants a = 3.6240 Å, b =
3.6240 Å, and c = 5.2880 Å.30,48 In the XRD pattern of NiSe–G
nanohybrids, the peaks at around 21° and 42.6° correspond to
the (002) and (101) planes of graphene nanosheets. Strong and
sharp peaks indicate that the active NiSe nanoparticles are well
crystallized in the NiSe–G nanohybrid and are also present in
adequate quantity. No other impurity peaks appear in the XRD
pattern, which indicates that pure NiSe nanoparticles and NiSe–
G nanohybrids were formed with high phase purity and crystal-
linity by a simple hydrothermal method. The diffraction peaks
corresponding to nickel selenide nanoparticles in NiSe–G nano-
hybrids are slightly broader than those of pure NiSe. This indi-
cates that the NiSe nanoparticles on graphene are smaller
(∼19 nm) in size than pure NiSe (∼21 nm) nanoparticles.

The electrochemical performances of single electrode NiSe
and NiSe–G are observed through cyclic voltammetry, galvano-
static charge–discharge and electrochemical impedance
studies using 6 M KOH as the electrolyte. Fig. 7a shows the CV
curve of NiSe and NiSe–G electrodes at a scan rate of 10 mV
s−1, with a similar mass loading, and the peak current density
of NiSe–G nanohybrids is larger than that of pristine NiSe.
This ensures the large amount of charge storage and higher
specific capacitance of the NiSe–G nanohybrid electrode.
Furthermore, a negligible shift is observed for the reduction
potential peak and a very slight shift is observed for the oxi-
dation potential peak of the NiSe–G nanohybrid electrode, as

Fig. 3 EDS elemental mapping of C, Ni, and Se elements for NiSe–G nanohybrids by TEM.
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Fig. 4 (a) XPS spectrum of NiSe–G nanohybrids, (b) XPS spectrum of C 1s, (c) XPS spectrum of Ni 2p, and (d) XPS spectrum of Se 3d in NiSe–G
nanohybrids.

Fig. 5 Raman spectra of GO, NiSe nanoparticles, and NiSe–G
nanohybrids. Fig. 6 XRD patterns of NiSe nanoparticles and NiSe–G nanohybrids.
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compared with the pristine NiSe electrode. This shift is mainly
due to the lower internal resistance of the NiSe–G nanohybrid
electrode compared with the pristine NiSe electrode, resulting
in a better reversible redox reaction. For the NiSe electrode a
significant polarization at high potential (0.4 V) is observed,
whereas there is no polarization effect in the NiSe–G nano-
hybrid electrode. The CV curves of NiSe and NiSe–G electrodes
are measured in the potential range of −0.2 to +0.4 V (vs. SCE)
at various scan rates (5–100 mV s−1), see Fig. S3† and 7b,
respectively. The CV curve of NiSe (Fig. S3†) exhibits two
strong anodic and cathodic peaks at 0.21 V (vs. SCE) and 0.07
V (vs. SCE) at a scan rate of 5 mV s−1, indicating the oxidation
and reduction processes of nickel ions [Ni(II) ↔ Ni(III)]. The
NiSe electrode presents a pseudocapacitve nature and the
charge storage mechanism is purely a faradaic redox reaction
and its proposed reaction mechanism is as follows:49

NiSeþ OH� ! NiSeOHþ e�:

The CV curves of NiSe display a symmetrical redox peak at
all the scan rates, indicating the high reversibility of the elec-
trode. The CV curve of NiSe–G (Fig. 7b) also exhibits two
strong anodic and cathodic peaks at 0.25 V (vs. SCE) and

0.06 V (vs. SCE) at a scan rate of 5 mV s−1, attributed to the oxi-
dation and reduction process of nickel ions [Ni(II) ↔ Ni(III)].50

The anodic and cathodic peaks of the NiSe–G nanohybrid elec-
trode are shifted slightly to the right and the left, indicating
that the kinetics of the electrode mainly depends on the rate-
controlling process.51 Moreover, the area under the CV curves
of NiSe–G is more than that of NiSe, suggesting a greater
amount of charge storage. This is because the presence of gra-
phene nanosheets improved the adsorption of ions (OH−) at
the interface and creates an electrical double layer. The charge
storage process of NiSe–G electrode presents both the mecha-
nisms i.e. pseudocapacitance behavior from NiSe and electrical
double layer behavior from graphene nanosheets. The peak
current density and integral area of the CV curves obviously
increase with increasing the scan rate and the redox peaks are
clearly visualized even at a higher scan rate of 100 mV s−1.
This reveals that the NiSe–G electrode has a higher rate capa-
bility and a more reversible nature in the KOH electrolyte.
Fig. 7c presents a relationship between the square root of the
scan rate (v)1/2 and the anodic peak current (ipa). Both NiSe
and NiSe–G electrodes show a linear behavior between v1/2 and
ipa, which indicates that the redox reaction mainly depends on
the diffusion controlled process.52,53

Fig. 7 (a) CV curve of the NiSe and NiSe–G electrode at the scan rate of 10 mV s−1, (b) CV curve of the NiSe–G nanohybrid electrode at various
scan rates (5 to 100 mV s−1) in the potential window of −0.2 to +0.4 V vs. SCE, (c) relationship between the square root of the scan rate and the
anodic peak current of NiSe and the NiSe–G nanohybrid electrode, (d) galvanostatic charge–discharge curves of the NiSe–G nanohybrid electrode
at various current densities (1 to 10 A g−1).
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The galvanostatic charge–discharge (GCD) processes for
NiSe and NiSe–G electrodes were performed to determine the
capacitive performance, specific capacitance, and rate capa-
bility. The galvanostatic charge–discharge curves of NiSe and
NiSe–G electrodes are tested in the potential range of −0.2 V to
+0.4 V (vs. SCE) at various current densities from 1 to 10 A g−1,
see Fig. S4† and 7d. Both the GCD curves have plateaus, which
further confirms the anodic and cathodic peaks in the CV
curves, indicating the pseudocapacitive nature of the electro-
des. The NiSe discharge curve (Fig. S4†) consists of one slug-
gish potential drop favoring the redox reaction of nickel ions
and another potential drop that indicates the internal resis-
tance of the electrode.54 But, in the case of the NiSe–G dis-
charge curve (Fig. 7d), two sluggish potential drops are
observed; one denotes the redox reaction of nickel ions and
another is attributed to the slow adsorption/desorption of OH−

ions onto the graphene sheets associated with redox reaction
of Ni2+/Ni3+.55,56 The nonlinear discharge curve of the NiSe–G
electrode takes more time to discharge than NiSe. Obviously,
the specific capacitance of NiSe–G is higher than that of NiSe.
The calculated specific capacitance of both the electrodes from
eqn (1) was found to be 1280, 1232, 1133, 1073 and 1026 F g−1

for the NiSe–G electrode and 705, 650, 633, 571 and 483 F g−1 for
the NiSe electrode at a current density of 1, 3, 5, 7 and 10 A g−1,
respectively, see Fig. S5.† Increasing the current density leads to
an increase in the voltage drop with lower redox reaction,
which significantly reduces the specific capacitance. The NiSe–G
electrode has maintained a specific capacitance of 1026 F g−1

even at a higher current density (for example, 10 A g−1), manifest-
ing an excellent rate capability of 80%; however, only 69% is
maintained under a higher current density for the NiSe electrode.
A low coulombic efficiency is observed from the GCD curve of
the NiSe electrode due to polarization at the higher voltage
(0.4 V), whereas the NiSe–G nanohybrid electrode exhibiting a
higher coulombic efficiency with no IR drop in the discharge
curves, demonstrates a minimum internal resistance with a
better contact between the electrode and the substrate material.

The electrochemical impedance analysis was conducted to
determine the resistivity, charge-transfer characteristic and ion
diffusion behavior of the NiSe and NiSe–G electrodes. Fig. 8a
shows the Nyquist plots of both the NiSe and NiSe–G electro-
des, showing a quasi-semicircle followed by a straight line. In
general, the quasi-semicircle in the higher frequency region
corresponds to the interfacial charge transfer resistance, while
the straight line in the lower frequency region corresponds to
the Warburg impedance that indicates the electrolyte ions’
diffusion in the electrode.57 In the high frequency region, the
NiSe electrode shows a quasi-semicircle whereas the NiSe–G
electrode shows negligible semi-circular shapes indicating that
both the electrodes possess a low interfacial charge-transfer
resistance (Rct).

58 In the lower frequency region, a straight line
towards the −Z″ axis is observed for the NiSe–G electrode,
whereas an inclined line is observed for the NiSe electrode.
The NiSe–G electrode favors an ideal capacitive behavior with
lower diffusion resistance.59 The inset in Fig. 8a shows the
equivalent circuit fitted for the resulting electrochemical impe-
dance data, where Rs denotes bulk solution resistance, Rct rep-
resents charge-transfer resistance, CPE accounts for constant
phase elements due to double-layer capacitance, Zw indicates
the Warburg diffusion resistance, and Cf represents faradaic
pseudocapacitive element. In the higher frequency region, the
intercept on the Z′ axis is the equivalent series resistance (ESR)
that gives information about the internal resistance of the elec-
trode, contact resistance between the electrodes and current
collectors and the ohmic resistance of the electrolyte. The Rs

value of NiSe–G is found to be 0.11 Ω, lower than that of NiSe
(0.73 Ω), implying a lower ESR with a better electrical conduc-
tivity. The Rct of NiSe–G is 0.77 Ω and that for NiSe is found to
be 1.17 Ω. The NiSe–G electrode possesses a lower ESR and
Rct values along with the ideal vertical line, suggesting good
electrochemical conductivity, enhanced ion diffusion rate
and ideal capacitive behavior.53 The cyclic stability of NiSe
and NiSe–G electrodes studied over 2500 charge–discharge
cycles at a current density of 5 A g−1 is displayed in Fig. 8b.

Fig. 8 (a) Nyquist plots of NiSe and NiSe–G (inset: the equivalent circuit), and (b) cyclic stability of NiSe and NiSe–G electrodes at a constant
current density of 5 A g−1.
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After 2500 cycles, the NiSe–G electrode exhibits 98% capaci-
tance retention, whereas NiSe retained only 92% of its initial
capacitance. Interestingly, NiSe–G exhibits a higher capaci-
tance retention than NiSe, due to the synergistic effect of gra-
phene nanosheets and NiSe. The NiSe–G electrode exhibits an
excellent capacitive performance that may be attributed to the
following reasons: (1) the NiSe nanoparticles strongly

anchored on the 2D-graphene nanosheets provide a more elec-
troactive area for the redox reaction with better utilization of
OH− ions. (2) The 2D graphene provides a more specific
surface area for the electrolytic ions with a shorter ion
diffusion pathway and facilitates faster electron transport
towards the collector, which significantly reduces the resis-
tance and improves the structural stability of the electrode

Fig. 9 Electrochemical performance of the NiSe–G∥AC ASC device: (a) CV curves of NiSe–G and AC electrodes at a scan rate of 10 mV s−1, (b) CV
curves in various voltage windows at a scan rate of 25 mV s−1, (c) CV curves at various scan rates ranging from 5 mV s−1 to 100 mV s−1, (d) galvano-
static charge–discharge profile at various current densities from 1 A g−1 to 10 A g−1, (e) Ragone plot of the ASC device (inset: two ASC devices con-
nected in series to light up the commercial red LED) (AC – activated carbon, rGO – reduced graphene oxide, NP – nanoporous carbon, CF – con-
ductive fabric, and CC – carbon cloth), and (f ) cycling stability test and coulombic efficiency of the ASC device up to 3000 cycles.

Paper Nanoscale

20422 | Nanoscale, 2018, 10, 20414–20425 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 0
1 

O
ct

ob
er

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 2

/2
7/

20
19

 9
:3

3:
38

 P
M

. 
View Article Online

http://dx.doi.org/10.1039/c8nr06345a


material.60 (3) Metal selenides with alkaline electrolyte exhibit
a highly reversible redox reaction and promote more charge
storage. For these reasons, NiSe–G can be used as a promising
electrode material for supercapacitor application.

For the practical applications of NiSe–G, electrochemical
studies are carried out for an asymmetric supercapacitor
device, NiSe–G∥AC. To determine the potential window of the
ASC device, CV measurements for these two electrodes at the
scan rate of 10 mV s−1 under the three electrode system were
carried out, Fig. 9a. The CV curves of NiSe–G and the AC elec-
trodes are −0.2 to +0.4 (vs. SCE) and −1.2 to 0.0 V (vs. SCE),
respectively. The common measured potential range for both
the electrodes is 0.0 to −0.2 V and hence a slight overlapping
of these two CV curves appears. To obtain an efficient and
stable ASC device, the optimum loading mass ratio of NiSe–G
to AC should be 0.3, as calculated from eqn (2). Fig. 9b
shows the CV curves of the optimized NiSe–G∥AC ASC device
at various potential windows from 1.2 V to 1.8 V at a scan rate
of 10 mV s−1. Actually, no peak is observed up to 1.4 V. But, at
1.6 V, the anodic and cathodic peaks are observed. By increasing
the operating voltage up to 1.7 V the CV curve still maintained
the redox reaction well with no water splitting, but the charge
time of the ASC device is significantly greater than the dis-
charge time at low current density (1 A g−1), which leads to
poor coulombic efficiency (Fig. S6†); whereas, in the high
potential window of 1.8 V, the CV curve exhibits a sharp
current density indicating the evolution of hydrogen that leads
to damage of the electrodes. Thus the NiSe–G∥AC ASC device
can be operated at the potential window of up to 1.6 V for
stable electrochemical performance.

Fig. 9c shows the CV curves of NiSe–G∥AC at different scan
rates ranging from 5 to 100 mV s−1 in the potential window of
0.0 to 1.6 V. The charge storage mechanism of the ASC device
indicates both pseudocapacitance and electrical double layer
capacitance contributions. The shape of the CV curve exhibits

a redox peak from the positive electrode (NiSe–G) and there is
no obvious distortion observed even at higher scan rate, which
implies good reversibility of the ASC device. Fig. 9d demon-
strates the galvanostatic charge–discharge (GCD) of NiSe–G∥AC
at different current densities ranging from 1 to 10 A g−1 in the
potential window of 0.0 to 1.6 V. The plateaus in the discharge
curve are well consistent with CV curves, which is due to the
redox reaction of nickel selenide, and the slanted line indi-
cates the surface adsorption and desorption of ions. From the
GDC curves using eqn (1), the calculated specific capacitance
for the NiSe–G∥AC ASC device is found to be 141, 135, 128 and
99 F g−1 at a current density of 1, 2, 5 and 10 A g−1, respec-
tively. Thus, the fabricated ASC device shows better rate capa-
bility with 70% of capacitance retention at a high current
density of 10 A g−1. The energy and power densities of the
NiSe–G∥AC ASC device were calculated using eqn (3) and (4)
and are shown in Fig. 9e. The maximum energy density is
50.1 W h kg−1 at a power density of 816 W kg−1; even at a
higher current density of 10 A g−1, the ASC device reaches a
higher energy density of 35.2 W h kg−1 at a power density of
7.92 kW kg−1, which is significantly superior to most of the
previously reported chalcogenides and its composites as the
positive electrode for the ASC (Table 1).

To determine the viability of the fabricated ASC device, two
ASC devices were assembled in series to light a commercial red
light emitting diode (LED 2.0 V). Two ASC devices are charged
for 5 s to deliver a power output of 3.2 V and easily lighted the
red LED (inset in Fig. 9e). The cyclic stability is performed at
a constant current density of 1 A g−1 for 3000 continuous
charge–discharge cycles between 0 and 1.6 V (Fig. 9f). The
NiSe–G∥AC ASC device maintained a better cycling stability
with a capacitance retention of 84.4% even after 3000 cycles
with 98% of coulombic efficiency. This is attributed to the
excellent reversible redox reaction between the electrode and
the electrolyte that provides better electrochemical stability.

Table 1 Summary of the so far reported ASC devices based on chalcogenides and their composites as positive electrodes

Cell configuration Electrolyte Cell voltage (V) CD (A g−1) Csp (F g−1) ED (W h kg−1) PD (kW kg−1) Ref.

NiS/rGO∥NPC 3 M KOH 1.6 2.0 47.8 17.0 2.28 11
CoSe-G∥AC 6 M KOH 1.6 1.0 128.0 45.5 1.10 28
Ni3Se2NSs@CF∥AC@CC 1 M KOH 1.5 1.0 86.6 32.8 0.67 37
Ni0.85Se∥AC 3 M KOH 1.6 1.0 92.9 32.2 0.78 38
3D-CoS/graphene∥AC 2 M KOH 1.6 1.0 80.0 29.0 0.80 58
Co0.85Se∥AC 3 M KOH 1.6 1.0 126.0 45.0 0.80 61
Co0.85Se∥N-PCNs 2 M KOH 1.6 — — 21.1 0.40 62
Mo9Se11∥AC 3 M LiOH 1.6 1.0 55.0 42.0 0.96 63
Ni3S2/CNT∥AC 2 M KOH 1.6 1.0 55.8 19.8 0.78 64
Ni3S2/CoS∥AC 2 M KOH 1.6 1.4a 79.4 14.4 0.26 65
Ni0.85Se@MoSe2∥GNS 2 M KOH 1.6 0.5 71.5 25.5 0.42 66
NiSe@MoSe∥NPMCN 2 M KOH 1.6 0.5 91.7 32.6 0.41 49
NiTe∥AC 3 M KOH 1.6 1.0 47.8 33.6 0.80 67
NiSe–G∥AC 6 M KOH 1.6 1.0 141.0 50.1 0.81 This work

a Current density in mA cm−2. Abbreviations: CD: current density, Csp: specific capacitance, ED: energy density, PD: power density, AC: activated
carbon, PNS/rGO-40: nanoporous nickel sulphide-reduced graphene oxide, NC: zeolitic imidazolate framework (ZIF-8) derived nanoporous
carbon, N-PCNs: nitrogen-doped porous carbon networks, CoSe-G: cobalt selenide–graphene nanohybrid, Ni3Se2 NSs@CF: conductive fabric
(CF)-supported cauliflower-like nickel selenide nanostructures, CC: carbon cloth, GNS: graphene nanosheets, NPMCN: nitrogen-doped pomelo
mesocarp-based carbon nanosheets.
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4. Conclusion

In summary, NiSe–G nanohybrids have been successfully syn-
thesized through an in situ hydrothermal approach and have
been used as the positive electrode for asymmetric super-
capacitors. The prepared NiSe–G hybrid electrode has a high
specific capacitance (1280 F g−1), a better rate capability and
an excellent cycling stability (98% after 2500 cycles) with low
charge transfer resistance (0.77 Ω) relative to NiSe nano-
particles. This enhanced electrochemical performance of
NiSe–G is mainly due to its synergistic effect. The graphene
nanosheets prevent the aggregation of NiSe nanoparticles
whereas the NiSe provides more electrochemically active sites that
enhance the supercapacitive performance. Furthermore, the fabri-
cated ASC device, NiSe–G∥AC, exhibits a high specific energy
density of 50.1 W h kg−1 at a specific power density of 816
W kg−1, which is significantly much higher than those of recently
reported ASC devices based on chalcogenides as positive electro-
des. Also, a red LED is lit up with the fabricated ASC device,
which is evidence that the device can be used for practical
applications.
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