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Reduced graphene oxide/CoS, porous nanoparticle
hybrid electrode material for supercapacitor

Graphene/transition metal hybrid electrode materials are considered promising electrode materials for

supercapacitor applications. However, the stacking of graphene sheets and agglomeration of transition metal

parts are still challenging issues to overcome in order to achieve the expected theoretical performances.
Herein, a reduced graphene oxide/cobalt disulphide porous nanoparticle hybrid electrode material is
fabricated using sulphur as the template precursor. The unique porosity derived from the sulphur template

gives favourable open structures for easy diffusion of electrolyte ions and better accessible active sites, and

free space for volume changes and results in improved electrochemical performance. In this hybrid material

the graphene layers serve as a conductive matrix and physical support for pours cobalt sulphide nanoparticles.
On the other hand, the porous cobalt sulphide redox-active material uniformly decorated on rGO can
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enhance the pseudocapacitive performance of the as synthesized hybrid material. Using the combined

advantage of graphene and transition metal sulphide the as synthesized composite electrode material has
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1. Introduction

Supercapacitors (electrochemical capacitors or ultracapacitors) are
energy storage devices designed to take advantage of near-surface
charge storage mechanisms'> to achieve excellent power density,*
long cycling stability and improved environmental safety.>®
However, according to the current state-of-art the low energy
density properties limit the practical application of super-
capacitors in different application areas.” Depending on their
energy storing mechanism, supercapacitors can be one of two
types.>® The first is an electrical double-layer capacitor (EDLC),
where energy storage is dominated by electrostatic charge diffu-
sion and accumulation at the electrode/electrolyte interface and
the second is pseudocapacitors where energy storage is achieved
by reversible faradaic reactions that occur at the electrode surface.’

Great research efforts have been in progress by different
research groups to develop novel electrode materials and electrode
structures using different electrode materials (carbon materials,
transition metal compounds, polymers, and composite or hybrid
materials).’*"” Carbon based materials exhibit excellent electro-
chemical aspects like conductivity and cycling stability but suffer
from low specific capacitance.'®® Transition metal based
compounds deliver high specific capacitance which is usually 2-3
times higher than that of carbon materials.*® However, they suffer
from poor rate capability and short cycling stability. Among
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excellent specific capacitance, excellent rate capability and cycling stability. Thus, our design approach can be
considered as a potential candidate to design advanced energy storage devices.

transition metal based electrode materials, cobalt sulphides are
one of promising electrode material for supercapacitor application,
due to their low cost and better electrical conductivity.** However,
like other transition metal compounds transition metal sulphides
also suffer from low cycling stability and low rate capability.

Hybridizing transition metal based pseudocapacitive mate-
rials with carbon materials is becoming one of the promising
research direction.”” The carbon material with excellent elec-
tron transport, large surface area, regular frameworks and
strong thermal/chemical stability is expected to support
different structure of pseudocapacitive materials and increase
rate capability and cycling stability of the hybrid material.**>*
On the other hand, transition metal compounds are interesting
to enhance the energy density of the hybrid material by incor-
porating redox reaction charge storage mechanism.*>*
Different researchers have demonstrated the enhancement in
electrochemical performances of transition metal sulphides
after hybridizing with graphene.***® Even though numerous
work on graphene/transition metal sulphide hybrid materials
are reported in the literature, the stacking of graphene sheets
and agglomeration of transition metal sulphides and volume
changes during charge discharge are still challenging. In this
regard, design of hierarchical porous nanostructure has
attracted great attentions in supercapacitor electrode materials
research.* Specially, design of porous electrode materials
which can result in fast ion diffusion and electron transport and
incorporation of free spaces for volume changes during charge
discharge are highly needed.***
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Herein, we report reduced graphene oxide/porous cobalt
disulphide nanoparticle (rGO/CS) hybrid electrode material
for supercapacitor application. The hybrid material is
prepared by a simple hydrothermal reduction process followed
by thermal annealing process. In this work, we used sulphur as
a template and precursor material. The sulphur template was
used to incorporate open spaces in rGO/CS hybrid electrode
material. Thus, the final rGO/CS hybrid electrode material
incorporates excellent conductive rGO material well-uniformly
decorated with highly porous CS redox active material and
resulted in excellent electrochemical performance. Using
these synergistic advantages, the as prepared electrode mate-
rial resulted in excellent specific capacitance of 1572 F g~ " at
current density of 3 A g7, excellent rate capability of 105% as
current increase from 1 to 20 A g ' and excellent cycling
stability of 92% after 2000 cycles of charge discharge and 88%
after 4000 of charge discharge.

2. Experimental

2.1 Preparation of porous rGO/cobalt disulphide
nanoparticle

All the reagents used in the experiment were of analytical grade
and used without further processing. Pours rGO/CS was prepared
by hydrothermal process followed by annealing process; the detail
of preparation process is presented as follows. Step I, 0.05 g of GO
was added to 25 mL of DI water and sonicated for 3 h. Step II,
a solution containing 0.75 m mole of thiourea (CS(NH,),) was
added into the pre-prepared rGO solution and stirred for 1 h. Next,
a homogenous solution containing CoCl,-6H,0 and CS(NH,), was
prepared using 10 mL of DI water and added to the pre-prepared
solution of step I and stirred for additional 30 minutes. Then,
the as prepared homogenous solution was transferred to a 60 mL
Teflon-lined stainless steel autoclave and heated at a temperature
of 180 °C for 6 h and monolith cylinder like rGO/sulphur/CS
composite was obtained. After washing in DI water it was dried
at a temperature of 60 °C for 24 h. Finally, the dried monolith
structure was annealed using a pipe furnace at a temperature of
500 °C for 5 h and as a final product porous rGO/CS was obtained.

Step [

Sonicated GO

rGO/sulphur/CoS,
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2.2 Structural characterization methods

To study the structure and composition of as synthesized elec-
trode material different techniques are used, namely, Field
Emission Scanning Electron Microscopy (FE-SEM, Gemini SEM
500, Zeiss, Germany), X-ray diffraction (XRD) spectra (Bruker D8
ADVANCE), and Xray Photoelectron Spectroscopy (XPS,
Thermo Fisher ESCALAB Xi+). FE-SEM and FE-TEM were used
to study the topography/morphology of the as synthesized
electrode materials. The XPS analysis was used to understand
the surface chemical states and bonding issues in the hybrid
materials. XRD test was used to study the crystal structure of the
as synthesized electrode materials.

2.3 Electrochemical characterization methods

Electrochemical test was conducted using multi channel elec-
trochemical workstation (CS 2350 Corrtest, Wuhan, China). In
three electrode configuration test the active material was used as
working electrode while Hg/HgO and platinum sheets were used
as reference and counter electrodes, respectively. The electro-
chemical tests conducted using electrochemical work station are,
Cyclic Voltammetry (CV) test, Galvanic charge/discharge (GCD)
test and electrochemical impedance spectroscopy (EIS) tests.

In electrochemical analysis calculating the value of specific
capacitance is key part. In this experiment we calculated the
specific capacitance from the GCD plots. The average mass
specific capacitance values in three electrode configuration can
be calculated from GCD curves, using eqn (1):***

C. = I x At (1)

m X Au

where, Cs (F g~ ") is mass specific capacitance, I (A) is discharge
current, At (s) is discharging time, m (g) is mass of active
material, and Au (V) is operating potential window.

3. Results and discussion
3.1 Structural characterization methods

To understand the as synthesized hybrid structure it is better to
first understand the growth mechanism of rGO/CS hybrid

rGO/CoS,

Fig. 1 Schematic illustration for preparation process of rGO/CS hybrid electrode material.
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structure. Thus, the detail growth mechanism of the as
synthesized hybrid material is proposed as follows (Fig. 1).
Fig. 1 (Step I) spherical CoS, and sulphur are wrapped on the
rGO surface. At this stage the nucleation of nanoparticles starts
by using the functional groups on GO as a nucleation centre.
Once the nucleation started at GO surface the isomerism
structure of thiourea can offer an S-H bond, and the neigh-
boring ones of isomerism can be further oxidized into S-S as
shown in eqn (3). The existence of polymeric sulphur (S, 2) can
reacted with Co," forming the CoS, monomers (eqn (4)) and
later these monomers are grown in to spherical CoS,.*
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The excess thiourea in this hybrid structure (which does
not react with Co>" cations to form CoS,) remains warped
into rGO and CoS, materials after the hydrothermal process.
The excess thiourea used is a key material which acts as
a template for formation of open and pours rGO/CS structure
(Fig. 1 (step II) shows porous CS warped on rGO). During the
annealing process the excessive thiourea in the composite
structure is decomposed into H,S, NH; and CO, and the
bubbling out of these gaseous materials creates porous
structure during this preparation process.*® The detail facile
chemical reaction of porous CS is shown in eqn (2)-(4).*”

Pt R 2
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Fig. 2
sulphur removal process at different magnifications.
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(a) to (c) SEM image of rGO/CS before sulphur removal process at different magnifications and (d) to (f) SEM images of rGO/CS after

RSC Adv., 2019, 9, 26637-26645 | 26639
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During the hydrothermal process the following chemical
reactions will take place:

NH
" Melting || (2)
C = C
/ '\ 180 °C AN
H,N  HoN HN SN

After oxidation and coordination process isomerism struc-
ture of thiourea shown in eqn (2) can offer an S-H bond, and the
neighbouring ones of isomerism can be further oxidized into
S-S as shown in eqn (3):

N NH
\C—E—s—s-i-c
/ ¢

H>N

—  ($)n(Co™),
3)

NH,
Disulphide bond

Next these disulfide bonds will react with Co®" and final CoS,
will be formed, once the monomer of CoS, is formed it will grow
to large nanoparticles (CoS,),,.
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HN, NH

N :
\c—g—s—cO—s—g—C

H
H

—_— (CoSy),

(4)

\
H,N NH,

To understand the application of sulphur as a template
material in rGO/CS hybrid material we conducted a comparative
study before and after sulphur removal process. For simplicity
sample before sulphur removal process is labelled as rGO/CS-
BSR and sample after sulphur removal process is labelled as
rGO/CS-ASR. Fig. 2 shows typical FE-SEM image of rGO/CS-BSR
and rGO/CS-ASR at different magnifications. Fig. 2a—c shows
FE-SEM image of rGO/CS-BSR. At this stage moonlight solid
rGO/CS hybrid structure is obtained. It shows highly agglom-
erated rGO/CS hybrid materials. On the other hand, Fig. 2d-f
shows FE-SEM images of rGO/CS-ASR. The solid moonlight
structure shown in Fig. 2a is completely converted to open 3D
structure as shown in Fig. 2d. Additionally, the nanoparticles
anchored in the walls of the rGO are completely converted into
porous structure (Fig. 2f) after annealing process compared to
the solid nanoparticles in rGO/CS-BSR (Fig. 2c). The open
structure obtained in rGO/CS after sulphur removal process

@) Co2p3/2 (4 2p1/2 (b) Satlight peaks
= BSR
. ~ ——— ASR
3 b}
8 L2 S2p32 g o0
2 2
® k%) )} /
== ==
2 2
£ £
—BSR
— ASR
— 71T T T T 717 T T T T
760 770 780 790 800 810 820 155 160 165 170 175
Binding energy (eV) Binding energy (eV)
8P -
() (d) s = 1GO/CoS,
o i
- ) =5 8 |
L e ASR v - & i o
2> B‘ - ‘ o
g g ! l | o b )
£ g = L CoS; PDF#41-1471)
T 1 7 T T T T T T T ' T | || I T | L t
280 285 290 295 10 20 30 40 50 60 70 80
Binding energy (eV) 2 theta

Fig. 3 XPS and XRD analysis (a) Co 2p, (b) S 2p, (c) C sp? and (d) XRD analysis.
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clearly can facilitate better deep penetration of electrolyte ions
into the hybrid structure and can enhance electrochemical
performance of rGO/CS hybrid materials.

To understand the chemical states of each element in the
composite before and after template removal process we conducted
XPS analysis. Fig. 3 illustrates the relative XPS spectra of different
elements in the composition before and after sulphur removal
process. All the XPS spectra’'s have shown little shift after high
temperature treatment illustrating the changing of chemical envi-
ronments after high temperature annealing due to sulphur removal
process.*®* Fig. 3a illustrates Co 2p spectra; the binding energies
around 781 and 796 eV show Co 2p;/, and Co 2p,,, respectively,
which are close to the reported values in the literature.*>* Fig. 3b
illustrates S 2p spectra; it shows binding energies which can be
assigned to S 2p;,, S 2p1/, and satellite peaks. Clearly there is large
amount of sulphurs which didn't make bonding with cobalt before
hydrothermal process compared to the amount of sulphur which
remains after annealing process. This illustrates as excess free
sulphurs are melted out and only those which make bonding with
metal part and carbon remains in the hybrid material. Fig. 3c
illustrates C sp> spectrum. Obviously, it shows one district peak
around 284 eV confirming the existence of sp* hybridized carbon
atoms illustrating existence of graphene nanosheets in the

25 um
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composite.*** To study the crystal structure of as synthesized
hybrid material we conducted XRD analysis (Fig. 3d). There are clear
strong peaks around 27.8, 32.3, 36, 39.8, 46.3, 49.3 54.9 57.6, 60.1,
and 62.7° which can be indexed to crystal plane of (111), (200), (210),
(211), (220), (221), (311), (222), (230) and (231). Clearly, the diffrac-
tion peaks can be well related to the standard crystal phase of CoS,
(PDF#41-1471). The non existence of other peaks illustrates as pure
phase material is prepared. As it can be seen from XRD analysis the
rGO part is not clearly seen this may be related to the high amount
of the CoS, parts dominating the hybrid material, indicating as the
graphene sheets are wrapped with CoS, and remain in exfoliated
state.” To study the distribution of elements in the composite we
conducted elemental mapping analysis and the result is shown in
Fig. 4. Clearly, the final product showed uniform distribution of
carbon, cobalt and sulphur elements in the composite.

3.2 Electrochemical characterization

Fig. 5 shows the electrochemical test result of as synthesized 3D
rGO/CS hybrid electrode material. Fig. 5a shows the CV plots at
different scan rates from 3 to 15 mV s~ ' within potential
window of 0 to 0.6 V. Clearly, the as synthesized hybrid material
showed a pair of redox peaks illustrating pseudocapacitive

Fig. 4 Elemental mapping of rGO/CoS; (a) SEM images where elemental mapping taken, (b) carbon, (c) cobalt and (d) sulphur.

This journal is © The Royal Society of Chemistry 2019
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property. The relative GCD plots of as synthesized samples are
also shown in Fig. 5b. All the GCD plots have shown plateaus
region on their respective graphs illustrating pseudocapacitive
property which is in agreement with the CV graphs. Both the CV
and GCD plots showed symmetric property during charging and
discharging process and illustrate excellent reversibility of as
synthesized active material. The specific capacitance of as
synthesized hybrid sample is calculated from GCD graphs using
eqn (1). The calculated specific capacitance at different current
densities are 1289.5, 1340, 1572, 1554, 1470, 1490 F g’1 at
current densities of 1, 1.5, 3, 5 and 10 A g~ *, respectively. The as
synthesized material showed highest specific capacitance of
1572 at current density of 3 A g~ '. The increase of specific
capacitance from 1289.5 to 1572 F g~ ' when current density
increased from 1 to 3 A g~ ' maybe due to the activation of active
materials as current density is increased. Fig. 5¢ shows the plot
of specific capacitance as a function of current density.
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Fig. 5 Electrochemical test results of rGO/CS (a) CV plots at scan rates ranging from 3to 15mV s
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In supercapacitor research, rate capability is very important
issue. As current density increased from 1 to 20 A g~ " 105% of
capacitance is retained. This excellent performance can be
directly related to the 3D open structure of as synthesized
hybrid structure which can make deep penetration of electrolyte
and facilitates easy diffusion of ions at high current density. In
supercapacitor design, investigating cycling stability is also
another important issue. In this regard we conducted a cycling
test by applying a constant current density of 5 A g~". Clearly,
after 2000 cycles of charge discharge the capacitance values
remains at 92% and 88% after 4000 of charge discharge. This
excellent cycling stability can be related to structure of CS
decorated on rGO and the structure of rGO to support the
physical stress during continues charge discharge process in
the following aspects. (1) Porous CS are uniformly distributed
on the rGO surface and resulted in uniform distribution of
current density along the composites; (2) the porosity structure
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~1 (b) GCD plots at different current densities,

(c) specific capacitance (F g™%) as a function of current density, (d) cycling stability, (e) EIS plots at low frequency region and (f) EIS plots at high

frequency region.
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in CS enables free space to accommodate volume changes
during charging discharging process. (3) The rGO in the hybrid
material is excellent flexible substrate to support volume
changes and stress during charge discharge process and resul-
ted in good cycling stability.

To understand electrochemical reaction kinetics related to
ion and electron transport issues we conducted EIS study. The
EIS result is plotted in Fig. 5e and f. In EIS plots, the inclined
line illustrates excellent ion transports while the least inclina-
tion angle shows less ion transportation characteristics. As we
can see form Fig. 5e, our rGO/CS showed good slope implying
better ion transportation rate. Moreover, the high frequency
impedance characteristic is shown in Fig. 5f. In EIS plot
samples having smaller semi-circle diameters illustrates high
charge transfer characteristics at electrode electrolyte interface.
In our rGO/CS the open structure facilitates easy transportation
of electrolyte ions while the rGO part facilitates electron trans-
port during charge discharge process and ensures an improved
electrode kinetics and mass transport.

In general, compared to recent reports (Table 1) our rGO/CS
has shown excellent electrochemical performances. To clearly
elaborate the performance of the as synthesized material we did
a comparison test with cobalt sulfides reported with and
without rGO. Clearly as we can see from Table 1 samples with
rGO has showed better performance compared to pristine
samples; this can be related to excellent properties of rGO as
physical support to facilitate electrical conductivity and effective
utilizations of active materials. Additionally the excellent
thermal/chemical stability of rGO enhanced the cycling capa-
bility of these hybrid materials. The key question need to be
answered here is why performance difference is observed
between samples hybridized with rGO and in particular why our
material outperforms the other reports hybridized with rGO?
The answer is related to the structure/morphology of as
synthesized hybrid materials. Structure/morphology of transi-
tion metal sulphide decorated on graphene and the structure/
morphology of graphene on which the transition metal
sulphide decorated unquestionably play key role on electro-
chemical performance of rGO/transition metal sulphide

View Article Online
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electrode materials. Thus the performance difference observed
in this report is directly related to structure morphology of as
synthesized material. In our design we used sulphur as
a template material and we introduced porosity to the as
synthesized hybrid materials. This porous structure can facili-
tate deep penetration of electrolyte ions to access better active
sites and leads to maximized utilization of active materials and
leads to improved capacitance compared rGO/cobalt sulphides
reported in the literatures. We also tried to compare the rate
capability of our material with reported literatures as shown in
Table 1. Clearly, our hybrid material showed 105% capacitance
retention as current density is increased from 1 to 20 A g "
which is by far better than the reported materials listed in Table
1. The higher capacitance at both low current density and high
current densities can illustrate as the electrolyte ions have
sufficient time to diffuse into the active materials at both high
and low current densities. As we have seen in the SEM images
(Fig. 2e and f) both the rGO/CS frame works and the nano-
particles are porous structure which can facilitates easy diffu-
sion of ions at both low and high current density. Thus, the
sulphur template enables to obtain porous structure and avoids
the agglomeration of samples and better rate capability is ob-
tained compared with other reported literatures. The other
relative comparison we did is cycling stability. As we can see
from Table 1 the cycling stability reported in most literatures is
for less than 2000 cycles of charge discharge. Relatively our
sample has shown good cycling stability of 92% after 2000
cycles of charge discharge and 88% after 4000 cycles of charge
discharge which is better than most of the reported materials.
This good cycling stability can be related to the following points.
(1) The cobalt sulphide nanoparticles are uniformly distributed
on the rGO surface and resulted in uniform distribution of
current density along the composites; (2) the rGO in the hybrid
material is excellent flexible substrate to support volume
changes and stress during charge discharge process and resul-
ted in good cycling stability. (3) The porosity structure in cobalt
sulphide nanoparticles accommodate volume changes during
charging discharging process and good cycling stability is
obtained.

Table 1 Comparison of electrochemical performance of our rGO/CS with reported literatures

Specific capacitance

Capacitance retained

Electrode material (Fg'ag™h Retention rate (%, A g7 ) (%), cycles, current (A g™ Reference
NiCo,S, porous nanotube 933, 1 58.95,1t0 5 63, 1000, 1 25
Nickel cobalt sulfide 1036, 1 65.08, 1 to 20 87, 2000, 5 26
3D cauliflower-like NiC0,S, 1471,1A g7} 86.5, 1 to 20 94.9, 1000, 10 53
NiCo,S, nanoparticles 1440, 3 75.1, 2 to 50 107.9, 1000, 3 54
CoNi,S,/C0oSg 1183.3, 2 74.9, 2 to 20 97.3, 1000, 12 55
Cockscomb NiCo,S, 968, 1 74,1 to 20 89, 4000 56
Acetylene black-NiCo,S, 768, 2 80, 2 to 20 — 57
CoS, nanocrystals 654, 0.5 76,0.5t0 5 72, 600 45
CoNi,S,~-G-MoSe, 1141, 1 50.8, 20 108, 2000, 20 58
CuCo,S,/graphene C 665, 7.5 87.06, 5 to 10 83, 1000, 4 59
NiC0,S,/rGO 1498, 1 72.3, 40 89.1, 10, 000 60
NiCo0,S./rGO 1451, 3 52.3, 20 76.36, 2000, 5 61
CoNi,S,- TGO 1390, 1 62,1 to 20 57,5 62
rGO/CoS, 1572, 3 105, 1 to 20 92, 2000, 5 This work
88, 4000, 5

This journal is © The Royal Society of Chemistry 2019
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4. Conclusions

In summary, we reported porous rGO/CS hybrid electrode
material using sulphur as template precursor. The porous nano
sized CS redox-active material density decorated on rGO ensures
improved electrode kinetics. Additionally, the unique porosity
derived from sulphur template resulted in better accessible
active sites and fast and favourable diffusion of ions along
electrode materials. On the other hand, graphene layers in the
composite provide a highly conductive matrix for CS and also
suppress the volume change and agglomeration of CS. Thus,
using these synergistic advantages the as synthesized hybrid
electrode material has shown excellent electrochemical perfor-
mance of 1572 F g~ ' at current density of 3 A g~ ', with excellent
rate capability of 105% after current increased from 1 to
20 A g ' and excellent cycling stability of 92% after 2000 cycles
of charge discharge and 88% after 4000 of charge discharge.
This kind of hierarchical porous composite electrode material
may show great potential for advanced energy storage devices in
future.
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