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Three dimensional Ni,,.Fe, ,S;-graphene-2D-
MoSe, as an efficient material for supercapacitorst

Zhen-Guo Yang*? and Jia-Hui Liang®

A ternary NipsFes ,S4-graphene-2D-MoSe, (Niji4Fes ,S4-g-MoSe,) nanocomposite was designed and
fabricated through a facile two-step method. Well-dispersed Nij. Fe, ,S4 nanoparticles on graphene

sheets were achieved using a hydrothermal method followed by coating with MoSe, nanosheets using in

situ adsorption. The synergistic effect of the three components present in Niy,Fe, ,S4-g-MoSe, yielded

enhanced electrochemical properties in terms of high specific capacitance reaching up to 2108 F g~ at
a current density of 1 A g~ with capacity retention of 93.3% after 4000 cycles at the high charge—
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discharge current density of 5 A g—*. These outstanding capacitance features were mainly attributed to the

unique NiyxFes ,S4-g-MoSe, nanostructure, allowing easy access to the pseudocapacitive species and fast

DOI: 10.1039/c7ra08785¢

rsc.li/rsc-advances advanced supercapacitors.

1. Introduction

In the past few years, the increasing demand for large-scale
industrial operations has created a new direction focusing on
high power and energy-density storage devices."* Among them,
supercapacitors (SCs) have attracted particular attention due to
their large power densities, long cycle life (>100 000 cycles), and
rapid charge-discharge rates.”** It is widely accepted that the key
to developing effective SCs relies on the design and synthesis of
high-performance electrode materials."*™® Generally, SCs can be
divided into two groups based on their energy storage mecha-
nisms: (i) electrical double-layer capacitors (EDLCs) based on
carbon-active materials as electrodes,””™ and (ii) pseudocapaci-
tors consisting mainly of redox-active materials.>*>*

To date, numerous carbonaceous materials, including acti-
vated carbon, mesoporous carbon, carbon nanotubes and gra-
phene have been investigated for EDLC electrodes.**” However,
although carbon-based capacitors provide higher power densi-
ties, their energy densities are lower than those of pseudocapa-
citors. On the other hand, pseudocapacitors suffer from inferior
cycling abilities while they possess much higher energy densi-
ties.”*** To reconcile the disadvantages of each SC type, one
strategy is to combine both electrode materials by coupling
pseudocapacitors with EDLCs based carbon materials.”***

More recent research investigations have been focusing on
ternary composites because of their enhanced electrochemical
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ion/electron transfer. Overall, the prepared 3D nanocomposite is promising as an electrode material for

performances when compared to binary composites.’***** The
combination between properties of individual components often
boosts the performance of the electrodes. However, unfortu-
nately, the pseudocapacitive performance of the hybrid materials
is still lacklustre. They lack well-defined nanostructures and
inadequate synergistic effects. Thus, a pivotal challenge in energy
storage devices is to construct integrated nanoarchitecture of
hybrid materials with excellent synergistic effects, where the
structural features and electroactivities of each constituent could
fully manifest with rapid ion/electron transport.***°

Two-dimensional (2D) materials, such as molybdenum sele-
nide (MoSe,), are considered as active components for energy
devices because of their unique nanosheet morphology and large
surface area.***® However, using MoSe, only still suffer from poor
electrochemical properties. A feasible way to overcome this issue
is by combining MoSe, with conductive matrices, like graphene
and pseudocapacitors to improve the specific capacitance and
rate capability of the resulting electrodes. Despite the great
efforts devoted in this field, the resulting MoSe, nanosheets still
suffer from agglomerations and separation from the graphene
sheets due to the poor interfacial properties. By contrast, ternary
co-metal sulfide, such as NiCo,S,, could result in better SCs
properties because of its rich redox reactions than binary nickel
sulfide and cobalt sulfide.”***

In this study, the design and fabrication of unique three-
dimensional (3D) Niy..Fe, ,S;-graphene-2D-MoSe, (Nij.Fe, -
S4-g-MoSe,) hybrid was performed through a two-step hydro-
thermal method followed by adsorption. The morphology,
microstructure and electrochemical properties of the obtained
Ni;..Fe, ,S4-g-MoSe, in comparison with separate components
were investigated. The contributions of the different components
in the electrochemical performances were also discussed.

This journal is © The Royal Society of Chemistry 2017
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Compared to Niy.Fe, ,S4-g and Niy,,Fe, ,S;-MoSe, counter-
parts, the fabricated Ni,..Fe, ,S;-g-MoSe, exhibited remarkable
electrochemical performances with higher capacitance values
and long cycle life.

2. Experimental
2.1 Materials and synthesis

Graphite and MoSe, (99.9%) were purchased from Sigma-
Aldrich. All the other chemicals were of analytical grade and
used as-received without further purification. Double distilled
water was used for the preparation of the aqueous solutions and
washing processes.

2.2 Preparation of Ni,.,Fe, ,S,;-g-MoSe, nanocomposite

The following procedure was used for the synthesis of the Ni; -
Fe, ,S,-g-MoSe, nanocomposite. Firstly, graphene and MoSe,
nanosheets were prepared according to our previously published
report using an initial concentration of 3 mg mL™.*> Next, Ni
(NO3),-6H,O (1 mmol), FeCl;-6H,0 (2 mmol) and thiourea (9
mmol) were dissolved in 25 mL of graphene solution (IPA/water
1:1). Ammonia (1 mL) was then added dropwise to the solution
followed by magnetic stirring for 0.5 h and sonication for 1 h. The
mixture was transferred into a Teflon-lined autoclave, then sealed
and heated at 200 °C in an oven for 24 h. The obtained product
was filtered off and the collected solid was washed three times
with water and ethanol and dried in a vacuum oven at 60 °C for
12 h to yield Niy.,Fe, ,S;-g, which was placed in 25 mL MoSe,
nanosheet solution (IPA/water 1 : 1) under sonication for 30 min.
Finally, the mixture was left to rest for 24 h, and the resulting
Niy.Fe, ,S,-g-MoSe, nanocomposite was filtered off and dried in
a vacuum. For comparison, the Ni,,Fe, ,S;-MoSe, counterpart
was obtained by the same procedure but without adding the gra-
phene solution. The synthesis process is shown in Fig. 1.

The working electrodes were prepared by mixing 80 wt%
active material, 10 wt% polyvinylidene fluoride (PVDF) and
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10 wt% carbon black. The mixture was then dispersed in
N-methyl-2-pyrrolidone to form a homogeneous slurry. After
that, the slurry was pasted on nickel foams and pressed into
thin disk electrodes with uniform thicknesses (10 MPa for
1 min). The mass loading of the active materials on each elec-

trode was approximately 4 mg cm ™2,

2.3 Characterization

The X-ray diffraction (XRD) patterns were recorded on a Rigaku
D/MaxUltima IT Powder XRD 6s X-ray diffractometer, operating at
40 kv and 20 mA using Cu K radiation (1 = 0.15406 nm). Fourier
transformation infrared profiles (FTIR) were measured on
a Nicolet 670 spectrometer using KBr pellets. UV-Vis diffusive
reflectance spectra were acquired on a Shimadzu UV-3600 spec-
trophotometer. Raman was conducted using a 514 nm wave-
length laser on a RENISHAW invia Raman Microscope.
Thermogravimetric analysis (TGA) was conducted on a TA Q-600
from ambient temperature to 600 °C in argon atmosphere at
a heating rate of 10 °C min~". The elemental compositions were
determined using XPS (PHI Quantera X-ray photoelectron spec-
trometer). The morphologies of the nanocomposites were ob-
tained by field emission scanning electron microscopy (FEI
Quanta 400 ESEM FEG), transmission electron microscopy
(TEM), and high-resolution TEM (HRTEM) acquired with a JEOL
2010 at the acceleration voltage of 200 kV. Nitrogen adsorption—
desorption isotherms were carried out on Micromeritics Tristar
3000 porosimeter at 77 K.

An Autolab 302 electrochemical workstation was used to
characterize the electrochemical behaviors. A three-electrode
glass cell containing 6 M KOH aqueous electrolyte was
employed for the electrochemical measurements. The cyclic
voltammetry (CV) curves were obtained at various scan rates
(5, 10, 20, 50, and 100 mV s ') in the potential window of
0-0.6 V. The galvanostatic charge-discharge (GCD) was recor-
ded at various current densities (1, 2, 5, 10 and 20 A g~ ') in the
potential window of 0-0.4 V.

Fig. 1 The process used for the preparation of Niy,cFe, ,S4-g-MoSe;.

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion
3.1 Characterization

Fig. 2a shows the XRD patterns of the as-prepared samples.
Except the few peaks indexed to MoSe,, all the other features
could be ascribed to the cubic phase of Ni;.,Fe, ,S4 (JCPDS no.
47-1740). The shift of the (002) peak to lower 26 values when
compared to bulk MoSe, suggested an expanded layer space in
MoSe,, resulting from the liquid phase exfoliation (LPE).

Fig. 2b illustrates the TGA curves of Nij.,Fe, ,S4, Nij,Fe, ,S,-
g, Niy.Fe, ,S;-MoSe,, and Ni,,Fe, ,S;-g-MoSe,. A weight loss of
Ni;.Fe, ,S, occurred in the 400-600 °C range (Fig. 2b), attributed
to the thermal decomposition of Ni,,,Fe, ,S;. The TGA profiles
indicated that the addition of graphene and MoSe, nanosheets
improved the thermal stability of the nanocomposites.

The Raman spectra of the samples are depicted in Fig. S1.7
The spectra consisted of sharp peaks between 200 and
600 cm ™', typically associated with the crystalline Ni,,,Fe, S,
and MoSe,. The peaks were overlapped with each other, making
them hard to distinguish. D and G peaks of graphene were
visible around 1300-1600 cm .

The FTIR spectra of Nij . Fe, .Sy, NijFe, ,S;-g, Nij,Fe, ,Ss-
MoSe, and Ni, ,Fe, ,S,-g-MoSe, are gathered in Fig. S2.7 Typical
peaks of Ni;,,Fe, ,S, and MoSe, can be seen around 600 and
1100 cm ' while the characteristic skeletal vibration of C=C in
graphene nanosheets appeared at 1625 cm ™. This confirmed the
formation of the sp> carbon skeleton.

To gain further information on the chemical state of Nij -
Fe, ,S, in Niy.Fe, ,S;-g-MoSe,, X-ray photoelectron spectros-
copy (XPS) was conducted and the results are shown in Fig. S3.+
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Fig. 2 XRD patterns (a) and TGA curves (b) of NijiFes Ss, Nipiy-
Fe,_4S4-9, NipxFes 4 S4-MoSe,, and Niy Fes S4-g-MoSes.
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The XPS survey spectrum of Ni,.Fe, ,S,-g-MoSe, indicated the
presence of C, Ni, Fe, Mo and Se elements (Fig. S3at). As shown
in Fig. S3b,} the binding energies of Fe 2p;,, and Fe 2p,,, were
recorded at 711.4 and 724.9 eV, respectively. Similarly, the Ni 2p
spectrum (Fig. S3ct) can be fitted by two spin-orbit doublets,
characteristic of Ni** and Ni*" with two shake-up satellites. The
Mo 3d (Fig. S3df) and Se 2p spectra (Fig. S3ef) can also be
divided into two main peaks.

Overall, XRD, TGA, FTIR, Raman and XPS analysis showed
that the ternary Ni,.,Fe, ,S;-g-MoSe, nanocomposite and its
counterparts were successfully prepared.

SEM and TEM were conducted to analyze the morphology of
the samples. Ni;Fe, ,S;-g-MoSe, exhibited typical clusters of
nanosheets (Fig. 3a). The high magnification image shown in
Fig. 3b revealed that Ni;.Fe, ,S,, graphene and MoSe, nano-
sheets were interconnected. The TEM of Ni;.Fe, ,S;-g-MoSe,
further indicated that the Ni,,Fe, ,S, sheets were composed of
nanoparticles with average diameters of about 20 nm lying on
graphene and MoSe, sheets (Fig. 3c). The microstructure of
Niy.Fe, ,Ss-g-MoSe, was further investigated by HRTEM, and the
data are illustrated in Fig. 3d. The lattice fringes could be assigned
to the following crystal planes: 0.34 nm for graphene (002) and
0.28 nm for MoSe, (002). Moreover, from the electron diffraction
pattern, it could be found that mixed pattern of crystals exist. The
collected indices were consistent with the XRD data, demon-
strating the successful formation of sheet-particle-sheet structure.

Based on the different characterizations, the formation of
Ni,,Fe, ,S;-g-MoSe, could be explained by the following
mechanism: before performing the hydrothermal process, IPA
was first mixed with water to form a uniform co-solvent for LPE
of graphite and MoSe,. Polar solutes and water are known to be
miscible at the thermodynamic equilibrium and tend to self-
aggregate to form microemulsions. Thus, Fe*" and Ni** were
absorbed onto the micro-liquid drops during the hydrothermal
process. The reaction of Fe** and Ni** with OH ™" assembled the
species into nanoparticles. Next, the Ostwald-ripening of the

Fig. 3 Low and high-resolution SEM (a and b) and TEM images (c and
d) of NipyxFes ,S4-g-MoSe2. Inset is the corresponding electron
diffraction pattern.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4

CV curves of NiyyxFeo ,Sa, NipixFer 4S4-9, NijiFes S4-MoSe, and NigyFes ,S4-g-MoSe; at a scanrate of 5mV s
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~1 (c) Comparison between

NiixFea_xS4-g-MoSe, and Niy,Fe,_S4-g during long cycling. (d) Cycle stability of Niy,Fe,_,S4-g-MoSe; at different current densities (d).

assembled microspheres aggregated the Nij,,Fe, ,S, nano-
particles into nanosheets, and recrystallization occurred on
both the outside and inside of the microspheres during the
gradual sulfuration process with S>~.

4. Electrochemical performance

The electrochemical performances of all samples were investi-
gated by galvanostatic charge-discharge (GCD) and CV
measurements in 6 M KOH as the electrolyte. The GCD curves
were measured in the potential window of 0-0.4 V, and the data
are shown in Fig. 4a and S4.f The specific capacitance was
calculated according to eqn (1).

1At

n= oy (F ) 0

where C is specific capacitance (F g~ "), I is the charge-discharge
current (A), m is the mass of the active material present on one
electrode (g), AV is the potential window, and At is the discharge
time (s).

Fig. 4a summarizes the calculated responses of Ni;.,Fe, ,S4,
Nij. Fe, :Ss-g, NijFe, ,S;-MoSe, and Ni,,Fe, ,S;-g-MoSe, at
different current densities ranging from 1 to 20 A g~ . Apparently,
the addition of graphene and MoSe, nanosheets enhanced the
SC composed of ternary composite-a product due to the effective
electrochemical utilization of Ni;.,Fe, ,S;. The Nij,Fe, ,S;-g-
MoSe, composite exhibited excellent capacitance reaching up to

This journal is © The Royal Society of Chemistry 2017

2108, 1898, 1872, 1650 and 1536 F g~ ' at current densities of 1, 2,
5,10 and 20 A g, respectively. These values were much higher
than those obtained with the Ni,,,Fe, ,S,-based counterparts.

Fig.5 SEM and EDX mapping of Niy,sFe, ,S4-g-MoSe, before (a) and
after (b) cycling.

RSC Adv., 2017, 7, 45170-45176 | 45173
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Fig.6 SEM and EDX mapping of Niy, Fe,>_,S4-g before (a) and after (b)
cycling.

As shown in the CV of Fig. 4b and S5,f the area surrounded
by the CV curve of Ni;.,Fe, ,S4-g-MoSe, in the three-electrode
systems was the largest, meaning a highest capacitance when
compared to other Nij,Fe, ,S,-containing samples. The
material amount and device capacitance (Cp,, F g ') can be
calculated using the CV measurements and eqn (2).

JI(V)dv
vmAV (

= F gl
where m is the total mass of the electroactive material in both
the positive and negative electrodes (g), v is the scan rate (Vs 1),
and AV is the potential window (V). As the scan rate increased,
the anodic peak shifted slightly towards the positive potential,
which is probably originated from the Niy., Fe, ,S;-g-MoSe,
nanocomposite electrode.

Long cycle life is another imperative criterion of commercial
SCs. To confirm the advantages of the ternary composite in the
effective electrochemical utilization of Ni,,,Fe, , and MoSe,,
long cycle charge-discharge testing was conducted for

(2)
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Ni,.,Fe, ,-g and Ni,,,Fe, ,-g-MoSe,, and the results are shown
in Fig. 4c. Compared to Ni,Fe, ,g, the Ni;,,Fe, ,-g-MoSe,
composite exhibited far higher specific capacitance and cycling
stability values. The specific capacitance initially increased due
to the full activation of Ni, . Fe, ,S4, with no obvious degrada-
tion of the active material after 4000 cycles retaining 93.3% of
the initial capacity. Fig. 4d illustrated that bringing the current
density to 1 A g~ after one whole cycle induced no significant
change in the specific capacitance. This further confirmed the
excellent electrochemical stability and rate capability of Nij.,-
Fe,_,S;-g-MoSe,.

To gain a better understanding of the long-life performance
of Ni; Fe, ,S;-g-MoSe,, the material was extracted from the
electrode, washed with dimethyl carbonate, then the
morphology and composition were examined with SEM and
EDX mapping and the results were compared with previously
untested samples (Fig. 5a). The color maps revealed the
homogeneous distribution of Ni, Fe and S throughout the entire
particles of C, Mo, and Se nanosheets. Furthermore, even after
4000-cycle of testing, the SEM and EDX mapping of Niji,-
Fe, ,S;-g-MoSe, appeared essentially identical to the original
samples (Fig. 5b). This suggested that the morphology and
composition of the Niy,Fe, ,S;-g-MoSe, nanocomposites
underwent no change during cycling. By contrast, the SEM and
EDX mappings of Ni;.,Fe, ,S;-g before and after cycle tests
varied greatly (Fig. 6).

Based on the experimental results, the unique performance
of Ni,,,Fe, ,S4-g-MoSe, nanocomposite could be explained by
the following mechanism: first, the graphene sheets signifi-
cantly facilitated the electron transport during the charge and
discharge processes due to their high conductivities. This was
confirmed by the EIS results shown in Fig. 7a. Also, they
accelerated the ion diffusion demonstrated by the converted
UV-Vis absorption spectra in Fig. 7b. Secondly, MoSe, served as
a mechanical buffer to alleviate the volume change during the
charge and discharge processes. Also, Nij.Fe, ,S, nano-
particles were strongly anchored into the graphene nanosheets
because of their stable structures. Furthermore, the Nij,,
Fe, ,S, particles acted as a spacer, preventing the graphene and
MoSe, nanosheets from agglomerations. Thirdly, it is well-
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Fig. 7
and Niy xFez_,S4-g-MoSe,.
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(a) EIS curves of Niy,xFe, ,S4-MoSe; and Niy 4Fe, ,S4-g-MoSe;, and (b) DRS curves of NiyxFes ,Sa, NipyxFeo ,S4-g, NigiFes S4-MoSe;,
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known that a higher specific surface areas and larger pore
volumes of composites are beneficial for enhancing the pho-
tocatalytic performance. The N, adsorption-desorption
isotherm of Niy. Fe, Sy, NijiFe, ,S;-g and Nij,Fe, ,S,-g-
MoSe, are shown in Fig. S6,7 the specific surface areas of
Ni;. Fe, ,S4, NijFe, ,S;-g and Ni,,,Fe, ,S4-g-MoSe, are 9.5,
34.5 and 49.2 m* g, respectively. Finally, the synergistic effect
due to the three components in Ni;.,Fe, ,S;-g-MoSe, resulted
in enhanced electrochemical properties, where graphene
provided fast ion/electron transfer, Ni,.,Fe, ,S; boosted the
supercapacity of the nanocomposite, and MoSe, improved the
cycling stability.

5. Conclusions

Ternary Ni;.Fe, ,S;-g-MoSe, was prepared for the first time
through a two-step hydrothermal method followed by in situ
absorption. The resulting microstructures consisted of well-
dispersed MoSe, and graphene nanosheets connected with
Ni;.Fe,_,S, nanoparticles. The obtained Ni;.,Fe, ,S;-g-MoSe,
demonstrated superior electrochemical performances attrib-
uted to the synergistic effect between the 2D MoSe,, highly
conductive graphene networks, Niy.,Fe, ,S, nanoparticles, and
the stable three-dimensional architecture supporting each
component. Thus, the sheet-sphere-sheet nanostructure was
extremely stable during long-life charge-discharge processes,
resulting in improved rate capability and cycling stability. The
evaluation of Niy,,Fe, ,S;-g-MoSe, as electrode active material
for SC revealed high specific capacitance and excellent cyclic
stability. Moreover, the constructed electrodes from this mate-
rial exhibited rapid electron and ion transport rates, with large
electroactive surface areas. These findings indicated Nij,
Fe, ,S;-g-MoSe, as a promising electrode material for SC
applications.
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